
Abstract 
 

HELDT, CARYN L.  Affinity Adsorption of Viruses Using Small Peptide Ligands. 
(Under the direction of Dr. Ruben G. Carbonell.) 
 

The removal of viruses from process streams is an extremely important problem 

to the pharmaceutical industry, as more biotherapeutic products are being produced from 

human or cell-based sources.  Commonly, nanofiltration or chemical inactivation is used 

to remove viruses from protein therapeutic products.  Nanofiltration efficiently removes 

large viruses, and chemical inactivation renders many enveloped viruses noninfectious.  

Yet there remains a group of small, nonenveloped viruses whose removal from process 

streams still pose serious challenges.   

In this work, we have explored using affinity absorption on a chromatographic 

support for the removal of small, nonenveloped viruses.  Small peptides as short as three 

amino acids in length were discovered that bind to porcine parvovirus (PPV) and can 

remove PPV from samples containing 7.5% human blood plasma.  Peptide ligands have 

the advantage of being chemically synthesized, and they are more robust, less expensive 

and safer to use than antibody ligands.  Peptide libraries are easier to create and screen 

than chemical libraries, and small peptide ligands are more specific than many dyes and 

metal ions.   

We have chosen to work with PPV, which is often used as a model for virus 

removal studies due to its small size and its ability to withstand chemical inactivation by 

surfactants or changes in pH.   It is also a good model virus for the human parvovirus 

B19.  We have used this virus as a proof-of-concept that small peptide ligands have the 

ability to remove viruses from complex mixtures. 



To begin the work, PPV was produced, radiolabeled with 35S and purified.  The 

purified PPV was examined for many different properties, including virus infectivity, 

protein content, purity, and the ability to bind to small peptide ligands.  The titer of 

infectious virus was examined using three different assays, leading to the conclusion that 

determination of host cell viability using the tetrazolium salt MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) was the most quantitative 

method and could handle a large number of samples.   

Trimeric peptides that bound to PPV were found from the screening of a solid 

phase combinatorial library that was synthesized on a chromatographic support.  The 

resin WRW with a peptide density of 0.1 mmol/g was found to bind all of the PPV in a 

seeded saline solution, and was able to clear all detectable viruses in the first three 

column volumes from 7.5% human blood plasma.  The removal of PPV by WRW was 

slightly improved by reducing the peptide density to 0.008 mmol/g.  The binding of this 

ligand was also affected by the presence of an ethylene oxide spacer arm.  When the 

spacer arm was removed, the binding of WRW at either peptide density was reduced.  

Hexamer ligands that bind to PPV were also identified by screening libraries constructed 

using the best trimers..  The hexamer ligands did not perform as well as the trimer 

ligands.  It is apparent that having a suitable secondary structure is important for the 

binding of hexamer ligands to PPV. 

 The removal of viruses from process streams using small peptide ligands is a 

novel method that can remove PPV from mixtures containing up to 7.5% human blood 

plasma.  This work lays the foundation for additional studies with other viruses and 

ligands in the future.  
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1.1 Introduction 

The removal of viruses from biotherapeutics is an important problem in the 

biopharmaceutical industry.  There are currently many ways that viruses are inactivated 

or removed from therapeutics.  This dissertation explores a novel way to remove viruses 

using small peptides as affinity ligands for adsorptive removal of viruses using 

chromatographic columns or membranes.  This work demonstrates that using small 

peptide ligands for specific adsorption of viruses may be a viable option for virus 

removal in the future. 

1.2 Overview 

This dissertation explores several different methods for isolating and purifying 

porcine parvovirus (PPV) from cell culture lysates and different methods for screening 

solid phase combinatorial libraries to identify small peptide ligands that bind specifically 

to the virus.  The dissertation begins with a description of the growth, purification and 

titration of PPV to determine the amount of infectious virus in a sample.  After this, 

different screening approaches are described, including changing screening conditions 

and library design, in an effort to identify one or more a small peptides that binds to the 

virus.  This work offers evidence that small peptide ligands may be used in the future to 

remove clinically relevant viruses from solutions containing other contaminating 

proteins. 

The first two chapters of this dissertation present an overview of virus removal.  

Chapter 1 contains a summary of the subsequent chapters.  Chapter 2 offers a thorough 

review of the current literature on the removal of viruses from biotherapeutics and other 
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aqueous sources.  This chapter describes how virus removal is quantified and 

characterized, some of the current techniques used, and some suggestions for future new 

approaches to virus removal.   

The next two chapters illustrate work done with the production, purification, and 

titration of PPV.  Chapter 3 is a paper that has already been published on the titration of 

PPV and other viruses by an MTT colorimetric assay, which utilize the reaction of the 

tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, MTT) 

with the mitochondria of metabolically active cells to determine cell viability.  This work 

was done in collaboration with Dr. Dennis T. Brown in the Department of Molecular and 

Structural Biochemistry at North Carolina State University.  Different parvoviruses were 

titrated, along with Sindbis virus, which was work conducted by Dr. Usharani Mudiganti, 

a former graduate student from Dr. Brown’s laboratory.  Chapter 4 describes preliminary 

work that was done on the production of PPV and 35S labeled PPV and on the 

characterization of virus purification techniques for the different aspects of the ligand 

identification and virus removal work that is found in the final chapters.   

The final chapters of this dissertation present the discovery and chromatographic 

resin preparation of small peptide ligands that bind to PPV.  Chapter 5 is a paper that was 

previously published on the discovery of trimeric ligands that bind to PPV in 

collaboration with Dr. Lee-Ann Jaykus in the Department of Food, Bioprocessing and 

Nutrition Science at North Carolina State University.  In Chapter 6, the effects of varying 

peptide ligand density and length of spacer arm to increase the distance between the 

ligand and the resin are explained.  Chapter 7 describes the screening of hexamer libraries 



 4

that were created from the trimer ligands discovered in Chapter 5.  The hexamer peptide 

libraries were created in an attempt to improve the binding exhibited by the trimer 

peptide ligands to PPV.  Finally, Chapter 8 summarizes the results from the previous 

chapters and gives some recommendations for future work. 

Appendix 1 describes an antibody-based screening approach as an alternative to 

the radiological ligand screening method described in Chapter 5.  Appendix 2 adds to the 

data that was described in Chapter 6 on the effects of peptide density and spacer length 

on the efficacy of the RAA trimer ligand for PPV binding.  Appendix 3 has data from 

three experiments that may be useful to anyone that may continue this work. The 

experiments described in this appendix are: (1) the binding of PPV to different amino 

resin lot , (2) the use of radioactivity to determine if PPV is binding to the plastic and 

tubing used in the experimental setup and (3) using whole blood in infectivity assays.  
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2.1  Introduction 

A biotherapeutic is any product that is made to improve human health and comes 

from a biological source, including human blood plasma, animals, cell culture or bacterial 

fermentation.  A few examples are shown in Table 2.1.  One of the major requirements of 

such products is that the risk they pose to the recipient should be minimal.  Yet, the 

sources of these products are living organisms, so there is an inherent risk that these 

products may contain viruses that could infect the patient.  There is a documented history 

of vaccines and plasma products being contaminated with viruses, including hepatitis B 

and simian virus 40 (1).  In the recent past, these products have maintained a good safety 

record through improved screening of plasma donors, quality control and quality 

assurance of the final products, and the development of new virus inactivation and 

removal methods.  Although the safety record has been excellent,  there is a long and 

growing list of viruses that may contaminate biotherapeutic products, including West 

Nile Virus and Hepatitis C (2, 3), and safety concerns still exist.  There is a strong interest 

in continuing to identify new and better ways to remove viruses from biotherapeutics. 

A common way to reduce pathogen contamination in biotherapeutics has been 

through the screening of source material.  For products from human blood plasma, the 

most common being albumin, factor VIII, and monoclonal antibodies, the screening of 

donors by both behavioral questionnaires and subsequent testing of the donation for at 

least five different viruses is now routinely done (4, 5).  Cell culture banks that are used 

for therapeutic production need to be certified to be free of viral contamination (1).  

These steps of screening the source material reduce, but do not eliminate, the likelihood 
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of contamination.  For example, problems arise when cell lines produce retroviruses, as 

has been found with some murine cell lines (1).  It is also likely that a person could 

asymptomatically contract a virus, and it may be one of the viruses that are not screened 

for after donation.  In instances such as these, the viruses introduced at the feed level 

must be removed or inactivated during the process. 

Table 2.1  Examples of human therapeutics produced from living organisms. 
Protein Use Name Brand Manufacturer 
Erythropoietin Red blood cell growth Epogen ®  Amgen 

Colony-simulating factor 
Whole blood cell 
growth Neupogen ®  Amgen 

Interferon Anticancer Infergen ® 
Schering 
Plough 

Insulin Diabetes Humulin ® Eli Lilly 
Interferon beta 1b Anticancer Betaseron ® Berlex 
Hepatitis B Vaccine Hepatitis B prevention RECOMBIVAX ® Merck 
Tumor Necrosis Factor A 
receptor Anticancer Enbrel ® Immunex 

Human Growth Hormone 
Growth and Wound 
Healing Geno Tropin ® GE Healthcare 

Factor VIII Hemophilia KoGENate ® Talecris 
Interferon beta 1a Multiple sclerosis Avonex ® Amgen 

Heart disease Reo Pro ® Centocor 
Respiratory syncytial 
virus Synagis ® MedImmune 

Monoclonal antibodies 

Anticancer Rituxan ® Biogen Idec 
Data taken from Harrison et al. (6) 

 There has long been a focus on the clearance of enveloped viruses from 

manufacturing processes, including human immunodeficiency virus (HIV) and hepatitis 

B virus (HBV) due to their high mortality rate.  Enveloped viruses can be inactivated by 

changing the composition of the process stream.  It is common to reduce the pH of a 

stream for monoclonal antibody purification (7), and this is effective in inactivating many 

of the enveloped viruses (8).  In plasma fractionation, steps including a low pH hold 

(usually pH 3 or 4 for several hours, depending on the tolerance of the protein product), 
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solvent/detergent addition, and pasteurization all reduce the infectivity of enveloped 

viruses (4).  Yet there are many small, nonenveloped viruses, like hepatitis A virus 

(HAV) and human parvovirus B19 (B19) that are not effectively inactivated in this 

manner.  These smaller, nonenveloped viruses have a less sever clinical impact, as they 

infrequently cause death in healthy individuals, but they can cause problems to many 

people receiving biological therapies, especially in patients that may be immuno-

compromised.   

Nonenveloped viruses are most likely being transmitted through biotherapeutics.  

This was shown when a significantly higher prevalence of B19 antibodies was found in 

hemophilia patients receiving plasma-derived clotting factors.  Of the hemophiliacs 

treated, 93% had antibodies against B19, compared to only 61% of the general population 

(9).  The removal of these nonenveloped viruses needs to be improved to prevent 

transmission to patients through contaminated therapeutic treatments. 

 For similar reasons, the inactivation and removal of viruses is also important to 

ensure the safety of the drinking water supply (10).  Inactivation methods, like chlorine 

and UV treatments are common (11), and are also effective against enveloped viruses, 

but certain nonenveloped viruses, like adenoviruses, are known to resist these treatments 

(12).  Other nonenveloped viruses that may be present in waster water include norovirus, 

rotavirus, and HAV (10).  Removal methods, including flocculation or coagulation 

followed by removal of the aggregated particles by filtration (11), can remove some 

viruses, but improvement in this area is still needed.  The biotherapeutic industry and the 
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drinking water industry have very similar problems that could be solved by improved 

virus removal techniques.  

In this review, we focus on the different methodologies available for the removal 

of small, non-enveloped viruses from biological sources of biotherapeutics and briefly 

touch on the possibilities for water decontamination. We describe the most common 

methodologies currently available, such as filtration and precipitation, as well as 

alternatives being developed, such as the use of specific and non-specific ligands on 

membranes and chromatographic resins. 

2.2  Virus Removal Techniques 

When a virus validation study is conducted, many different issues need to be 

considered.  First, the model virus needs to be chosen.  The actual contaminating 

infectious virus may be used, but that is often impractical because the virus may be hard 

to obtain, is present in very low concentrations, or can be difficult to detect.  A surrogate 

virus is often used to overcome these difficulties.  Depending on the mechanism of 

removal, the surrogate needs to have several attributes similar to those of the actual virus 

to be removed, including size, charge or some other characteristics.  The purification 

procedure used for the virus material may affect the results of the virus removal operation 

and must also be considered.  Also, the methods used to quantify the virus infectivity will 

determine impact the level of virus clearance that can be determined in screening tests.  

Many of these considerations are known to those who perform viral clearance studies on 

a regular basis, but are not often mentioned in the literature. 
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2.2.1  Clinically Relevant Viruses and Their Surrogates 

 When using a surrogate for virus clearance studies, it needs to have physical and 

chemical characteristics similar to those of the virus that may potentially contaminate the 

product.  A mammalian virus can be used, which may be the actual contaminating virus, 

or a virus from the same taxonomic group that has similar structure and protein sequence 

may also be used.  The choice depends on the safety of using the actual virus in the 

laboratory and the availability of a cell culture system to replicate and titrate the virus.  In 

some cases, a bacteriophage can also be used, which is a virus that infects bacteria.   

 In biopharmaceuticals, B19 and HAV are the most important nonenveloped 

viruses that may contaminate a product.  For water purification, HAV, norovirus, and 

rotavirus are common viruses that have significant public health implications.  All of 

these viruses are difficult to work with in a laboratory setting.  There has been limited 

success at finding a tissue culture system that can replicate and titrate B19 (13, 14).  The 

parvoviruses that can be found in canine (CPV), porcine (PPV), and murine (MVM) 

populations, as well as the insect virus Aedes aegypti densonucleosis virus (AaDNV) are 

often used as B19 surrogates.  The surrogate viruses can be titrated in cell culture (15, 16) 

and this makes them easier to work with than B19.  HAV is also difficult to analyze and 

quantify, but it does have a cell culture system that allows the titration of infectious virus 

(17).   The main draw back is that the assay for HAV infectivity takes over a week.  

Other enteric viruses, like norovirus and rotavirus, do not have cell culture systems 

available (18), and so they can only be used in the laboratory from naturally occurring 

outbreaks, giving them limited usefulness for the screening of candidate virus removal 
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techniques.  Commonly found nonenveloped viruses and some of their surrogates can be 

found in Table 2.2, along with their size and ability to be cultured in the laboratory. 

Table 2.2  Properties of nonenveloped viruses used for virus removal studies. 
Virus* Abbreviation Diameter 

(nm) 
Cell Culture 
System 

Reference 

Mammalian Viruses 
Human Parvovirus B19 B19 18-25 N (13) 
Canine Parvovirus CPV 18-25 Y (19) 
Porcine Parvovirus PPV 18-25 Y (19) 
Mice Minute Virus MVM 18-25 Y (19) 
Adeno-associated Virus AAV 18-25 Y (20) 
Hepatitis A virus HAV 25-30 Y (19) 
Poliovirus  28-30+ Y (21) 
Encephalomyocarditis virus EMCV 30 Y (22) 
Norovirus  35-39+ N (21) 
Simian Virus 40 SV40 45 Y (23) 
Rotavirus  80+ N (18) 
Human Adenovirus 5 Ad5 80-110+ Y (24) 

Insect Viruses 
Aedes aegypti densonucleosis virus AaDNV 20 Y (16) 

Bacteriophages 
Enterobacteria phage MS2 MS2 24 Y (25) 
Enterobacteria phageφX-174 φX-174 25-28 Y (26) 
Pseudomanas phage pp7 pp7 26+ Y (27) 
Bacillus phage φ29 φ29 42-60 Y (28) 

*Virus names found in van Regenmortel (29) 
+Virus diameters found in The Universal Database of the International Committee on 
Taxonomy of Viruses (ICTVdb) http://www.ncbi.nlm.nih.gov/ICTVdb/index.htm 
  

 Virus infectivity assays using mammalian cell culture are complicated, expensive, 

and time consuming.  As a way to decrease the time and effort needed to do virus 

removal studies, bacteriophages, which are viruses that infect bacteria, are becoming 

more commonly used.  Bacteriophages can be titrated overnight (30), compared to a 

week or more for many mammalian viruses, and there is no need for a laminar-flow 

safety cabinet and CO2 incubator.  They are comparable in size to small, mammalian 

nonenveloped viruses.  For example, the diameter of  φX-174 was measured to be 27 nm 

by dynamic light scattering (31).  The sizes of other nonenveloped viruses that are used in 
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virus clearance studies are shown in Table 2.2.  Some bacteriophages, known as 

coliphages, also have similar structure to enteric viruses, which may contaminate water 

supplies.  These bacteriophages, which originate from the bacteria that inhabit the 

mammalian intestine, are excreted in the feces (32).  In a survey of raw and treated water 

sources, there was a high level of bacteriophages in every sample that contained 

mammalian enteric viruses.  This makes them good candidate surrogate viruses for 

artificial spiking, and as possible natural indicators of drinking water quality and safety 

(32).   

 Bacteriophages can be very advantageous as surrogates for mammalian viruses, 

due to their ease of manipulation and quantification.  This makes them excellent choices 

as surrogates in filtration studies when the virus removal mechanism is solely based on 

size.  Yet, there are other characteristics of viruses that may be exploited to aid in their 

removal, including charge or affinity interactions.  In these cases, the surrogate virus or 

bacteriophage used should be as close as possible to the actual virus.  This may require 

the use of more complicated mammalian cell culture systems.  In short, bacteriophages 

are the suggested surrogate viruses to replace mammalian viruses, but the validity of the 

choice depends on the method of removal being evaluated. 

2.2.2  Gold Nanoparticles as Virus Models 

 Another popular substitute for mammalian viruses in removal studies is gold 

nanoparticles. Nanoparticles the same size as a mammalian virus can be used to 

determine if nanofiltration membranes have the proper pore size to exclude the virus, and 

allow the flow properties within the membrane to be determined without the biological 
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contamination of viruses.  This method eliminates any need for infectivity assays, either 

mammalian or bacterial, and allows for quick determination of nanoparticle retention.  

 The retention of 20 nm diameter gold nanoparticles compared to B19 virus was 

examined for hollow fiber membranes of 35, 20 and 15 nm nominal pore size, similar to 

the membrane fibers used in the commercially available Planova filter (33).  The 

membranes were examined by electron microscopy to determine the depth of penetration 

of the gold particles within the filter.  The particles were detected throughout the 35 nm 

pore size membrane, but concentrated closer to the feed side in the smaller pore size 

membranes.  These results appeared to be similar to those found with the B19 spiked 

material, which penetrated the 20 and 15 nm membranes to a slightly lesser degree than 

did the nanoparticles, most likely due to adsorption of the virus to the membrane that 

would retard the penetration of the virus (33).  The retention of gold nanoparticles as 

surrogates for viruses was also demonstrated with different ultrafiltration (UF) 

membranes for water purification (34).  The gold nanoparticles had a smaller diameter 

than the MS2 bacteriophage surrogate used, but still correlated well with virus removal, 

and the detection of the gold particles was much more sensitive than the available 

detection of the bacteriophage.  This suggests the potential advantage of using gold 

nanoparticles in integrity testing of membranes.  Any membrane that had been tested with 

an actual virus could not be used in production for the fear that the virus may still be 

present within the membrane.  But if the gold nanoparticles could be removed by 

backflushing of the membrane, then this may become a way to test the integrity of the 
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actual membrane to be used in manufacturing.  In so doing, small defects in the 

membrane could be identified much more readily. 

 Gold nanoparticles with a diameter of 10 nm and 43 nm were shown to be 

preferentially rejected by an anion exchange membranes compared to a cation exchange 

membrane (35).  The gold particles have a negative charge in the pH range 5.2-2.6, yet 

the stronger ion exchange membrane, Sartobind Q, retained fewer of the 10 nm particles 

than did the weak ion exchange membrane Sartobind D, which is the opposite of the 

expected result.  Other experimental anomalies were found, including the higher rejection 

of the larger particles, even though the larger particles had a smaller zeta potential, which 

in turn means a smaller negative charge density.  One suggestion by the authors was that 

the concentrations of the 10 nm and 43 nm particles were different, which would allow 

for a large difference in retention and a difficulty in comparing the different gold 

nanoparticle sizes.  The use of gold nanoparticles may become a useful tool in 

determining viral clearance of ion exchange membranes, but the method needs to be 

optimized further.  

2.2.3 Virus Purification Methods 

There has been some discussion in the literature about the nature of the virus 

spike that should be used to validate a viral clearance step, and there is not a simple 

answer to this problem.  The virus spike may be made by simply adding a small amount 

of infectious virus to cell culture, allowing the virus to overtake the cell population, and 

then collecting the supernatant (36).  This method leaves all of the proteins from the cell 

culture media in the virus spike material, which often contains animal serum, and any 
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proteins that may have come from the cells themselves.  Alternatively, extensive virus 

purification may be done prior to spiking, including by CsCl (15) or sucrose (37) 

gradients ultracentrifuged for times as long as overnight, followed by dialysis to remove 

the CsCl or sucrose.  For nonenveloped viruses, a concentration step, which often 

involves precipitation with polyethylene glycol (PEG) (38) can be used at the beginning 

of a purification scheme.  Purification of viruses has also been reported using different 

types of chromatography steps (33), although this is not commonly used in virus removal 

experiments.  Virus purification is labor intensive, time consuming, and requires the use 

of expensive equipment.  All of these preparation methods may change the state of the 

virus, as was demonstrated in a study using adenovirus (39).  When the virus was buffer 

exchanged, the extent of aggregation changed with buffer composition.  Any high speed 

centrifugation, be it in a density gradient or to pellet the virus, may shear the virus and 

change the composition of the virus population.  When PEG is used to precipitate the 

virus, the PEG may not be completely removed and can cause virus aggregation. 

Viral clearance studies are best conducted with native virus at concentration 

levels that are found in contaminated products.  Yet, this is often not feasible.  Native 

virus is difficult to obtain, and is often associated with other proteins in the sample.  The 

concentrations of these viruses are often low, making it difficult to demonstrate effective 

virus removal by the unit operation being examined.  So, a decision must be made as to 

how the virus spiking material should be prepared before viral clearance studies can be 

conducted.   
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The purity of the virus spiking material should depend on the viral clearance 

mechanism.  Both Darling (1) and Burnouf et al. (3) advocate for pure virus solutions to 

be used in spiking studies, as the contaminating proteins that accompany the spiking 

solutions may disrupt the performance of the purification step.  The purity of the virus 

spike may influence the scale-down viral clearance studies.  For example, if the clearance 

step binds the product, then the virus spike may introduce competitive proteins that can 

reduce the yield of the step.  If the clearance step is nanofiltration, the lack of purification 

may result in large aggregates of virus that are easily removed by the small pore size of 

the filter (40) and the resulting virus reduction would be artificially high.  It is important 

to make sure that the purity and yield of the product remains within manufacturing 

specification when performing the spiking experiments, which will help determine if the 

virus spike is interfering.  Any time viral interference is present it brings into question 

whether the viral clearance study would reflect the real performance with naturally 

contaminated product.  There are times however, when the presence of aggregates or 

competing proteins may represent the most situation or have no effect at all on the 

process.  For example, when ion exchange or affinity chromatography is used to remove 

viruses, the virus aggregate may have to compete between the binding affinity for the 

resin and the convective flow around the particle which may be strong enough to 

overcome the binding affinity.  In this case, it may be more difficult to remove aggregates 

than single virus particles.   

The actual state of viruses in biotherapeutic solutions or in aqueous streams is 

unknown, since they first must be purified before being analyzed.  Naturally occurring 
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viruses may be aggregated as they enter the process or they may be single virus particle 

entities.  From this point of view, as long as the contaminating proteins in the virus spike 

do not affect the purity and yield of the protein to be purified, then the scenario which is 

most difficult to remove should be used in virus preparations, whether that is purified or 

not purified.  Many times, the preparation of the virus spike may not even be mentioned 

in viral clearance studies (41, 42) and so it is difficult to assess the affect of the virus 

spike on the process. 

 Hongo-Hirasaki et al. (37) looked at the difference in removal between cell 

culture supernatant containing PPV and purified PPV.  They found no difference in how 

much virus was removed from the solution after a nanofiltration step.  The experiments 

tested the removal of PPV with a Planova hollow fiber membrane made of regenerated 

cellulose.  A cell culture supernatant solution was created, filtered through a 0.2 µm filter 

and then spiked into an IgG solution for virus filtration studies.  A purified solution of the 

same cell culture supernatant was made by concentrating the virus into a pellet with high 

speed centrifugation, purifying the virus with a sucrose gradient and then storing in TE 

buffer containing Tris and EDTA.  These two virus preparation were spiked into human 

IgG solutions at a concentration of 1%.  Upon filtering 200 L/m2, there was no difference 

between the cell culture supernatant and purified virus stocks, as they were both 

completely removed from solution (37).  This was an attempt to look at different 

purification methods on the outcome of filtration of virus, but it is likely that the factors 

that may affect the difference in the filtration of these different spiking virus materials 

was canceled out by other factors in the experiment.   
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 There are two scenarios where having aggregates of virus may increase or 

decrease the retention of the virus with the filtration membrane.  In the first scenario, 

virus retention could increase due to the presence of aggregates, since it is easier to retain 

larger aggregates than smaller individual viruses (37).  The only way that the aggregation 

of the virus could change the virus retention of the membrane was if the non-aggregated 

virus first was found to penetrate the membrane.  Then the aggregated virus, which would 

be retained by a larger pore size membrane, could be observed to be completely withheld 

by the membrane.  With the membrane already completely removing all non-aggregated 

virus, there was not any way that this experimental design could show a difference 

between aggregated and non-aggregated virus.  We have done gel filtration 

chromatography on virus cell culture supernatant with and without 0.2 µm filtration (data 

shown in Section 4.3.2.2) and the aggregates are greatly reduced by filtration with a 0.2 

µm filter.  So, from the experimental set-up, the affect of virus aggregates was not tested 

because aggregated virus was not filtered through the Planova membrane, since it was 

removed prior to the experiment.   

 The second scenario where virus retention could change because of the use of an 

unpurified virus stock is if the presence of aggregates or contaminating virus proteins 

fouled the membrane.  The fouling of the membrane may plug smaller pores in the 

membrane and allow for more virus to flow through the larger pores of the membrane, 

thus decreasing the virus retention.  This scenario was also not evaluated by Hongo-

Hirasaki et al (37).  Solutions containing 5, 10, and 30 mg/ml of IgG were spiked with 

only 1% of PPV solutions, so there was much more IgG protein present to contribute to 
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the fouling than would come from unpurified proteins associated with the PPV solutions.  

Bolton et al. (30) also tested two different virus spike purities.  An IgG solution was 

spiked with gradient purified φX-174 that contained very little host cell protein.  This 

solution was then either tested as is or spiked additionally with cell culture supernatant 

from 324K cells, which are the host cells for MVM.  There was a similar flux decline 

versus bacteriophage reduction when the solutions were filtered through a Viresolve NFP 

filter, independent of whether the solutions contained or did not contain cell culture 

supernatant.  The supernatant was clarified before use by centrifugation to remove any 

large proteins and was spiked at a 1% concentration.  There was the same flux decline 

versus bacteriophage reduction in the presence and absence of the cell culture 

supernatant, so the extraneous proteins found in the supernatant did not interfere with the 

removal of the bacteriophage.  This may also be due to the a low spike percentage and 

that many of the large proteins had been removed by centrifugation prior to the spike 

(30).  These two studies showed that with small spikes and simple clarification of the 

supernatant, there did not appear to be differences in virus removal efficacy.  Since the 

clarified cell culture supernatant is simplier to produce and usually of higher titer, it may 

be more advisable to use minimally purified material for virus clearance studies. 

 The guidelines from the US Food and Drug Administration (FDA) recommend a 

spiking volume of not more than 10%, but spiking volumes as high as 5% were shown to 

impact chromatography steps that were intended to bind the product, thereby reducing the 

protein yield of the step (1).  In the case of an anion exchange column that is supposed to 

bind contaminating proteins and viruses, and have the protein product flow through the 
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column, a higher than normal protein load because of the cell culture supernatant may 

reduce the efficacy of virus removal.  This may be a good challenge for the column to 

examine how it functions under high protein loads.  Also, columns may have difficulty 

binding large aggregates, and the shear forces of the flowing liquid around the 

chromatographic bead may compete with the binding force to remove the virus from the 

column.  In this case, aggregation may inhibit the removal of the virus, whereas with 

filtration, the presence of aggregates may enhance the removal of the virus.  Since the 

state of the virus when it enters the removal step is unknown, a clearance step that 

removes both states of the virus is considered more robust than one that relies on 

knowing the state of the virus.  

2.2.4  Detection Methods 

Infectivity reduction is most commonly reported in terms of log reduction value 

(LRV) of virus.  This is calculated by determining the amount of virus that was present in 

the solution at the beginning of the removal step and then comparing it to the amount of 

virus present in solution at the end of the virus reduction step, as shown in equation 1, 

where cf is the concentration of the virus after the viral clearance step and ci is the initial 

concentration of virus, 









−=

i

f

c
c

LRV 10log        (2.1) 

The FDA requires that there be at least one step within the process that has an LRV of 4 

logs (99.99% removal) for nonenveloped viruses, and at least two individual steps that 
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can clear 4 logs each for enveloped viruses (43).  This is due to the fact that enveloped 

viruses are known to cause more serious diseases than nonenveloped viruses. 

 The reporting of LRV is relative, and depends on the starting titer of the virus as 

well as the limit of detection of the assay being used to determine the viral concentration.  

This is demonstrated by the use of the TCID50, where TCID50 is the 50% tissue culture 

infectious dose or the dose that induces cytopathic effects in 50% of infected cultures.  If 

the virus titer in the originally spiked material is 8 log10(TCID50/ml), and the limit of 

detection of the assay to detect the virus is 1.5 log10(TCID50/ml), then the maximum LRV 

for the process that could be measured is 6.5 logs (i.e. 8-1.5).  The value of the titer of the 

spiking material is an absolute value, and the limit of detection is an absolute value, but 

the LRV is relative to both of these values.  If the original spiking material could only be 

found in a concentration of 6 log10(TCID50/ml), then the maximum measured LRV would 

be 4.5 logs, but that does not mean that the process that was measured to clear at 4.5 logs 

can clear less virus than the process that was measured to clear at 6.5 logs.  The original 

spiking concentration and the detection limit of the infectivity assay determine the 

maximum LRV that can be measured for a particular operation, and care must be taken in 

comparing the LRV of different operations, as they may have different starting titers and 

limit of detections, which greatly affect the LRV. 

 The LRV is also relative to the starting material titer because it is a percentage of 

the starting titer.  An LRV of 3.0 logs measured with on starting titer could have a greatly 

different meaning if the starting titer of the solution is different.  The measurement of 3.0 

logs demonstrates a 99.9% reduction in virus concentration.  If the starting titer was 8.0 
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log10(TCID50/ml), then 3.0 logs LRV represents the removal of 9.99 × 107 TCID50 for 

each milliliter applied to the system, but there still remain 1 × 105 TCID50 units of virus 

in solution.  If the starting titer was 5.0 log10(TCID50/ml), then 3.0 logs LRV represents 

the removal of 9.99 × 104 TCID50 for each milliliter applied to the system, but there still 

remain 1 × 102 TCID50 units of virus in solution.  The LRV only represents the 

percentage of the virus removed, and not the actual amount of virus removed.  This 

makes it difficult to compare systems purely on LRV, which is the standard comparison 

for viral clearance steps.  Yet, this system allows for relative comparison between viruses 

irrespective of starting titer. 

 There are currently two major ways to detect viruses, i.e. by infectivity in cell 

culture or polymerase chain reaction (PCR).  There are also labeling methods that can be 

used to detect viruses, like fluorescence (34) and radioactivity (44), but they are used less 

often.  Specifically, these methods may alter the virus by the addition of a label, so it 

must be confirmed that this type of detection does not interfere with the virus removal 

mechanism.  

Infectivity assays can be difficult, time consuming, and labor intensive, yet they 

are an accurate way to determine if a virus has been inactivated or removed from 

solution.  It has been the standard for viral quantitation for many years, but the use of 

PCR as a viral detection technique is becoming more common.  PCR can be done in a 

couple of hours, compared to over a week for some infectivity assays.  Blood products 

are beginning to be screened with PCR for HIV, HAV, HBV, hepatitis C virus and B19 

(4, 45), showing that the method is gaining in popularity.  PCR is a great method to use 
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as a positive or negative screen for virus contamination, which is how it is applied to 

blood donations.  Yet, it is difficult and time consuming to use the method quantitatively 

since it requires many repetitions of the samples and rigorous controls.  Another 

drawback of PCR is that it shows only the presence of the nucleic acids of a virus, so it 

may detect noninfectious virus.  If the virus clearance step involves some type of 

inactivation of the virus, the inactivated virus may or may not be detected with this 

method.  But, some viruses, like B19 (13, 14), do not have a good cell culture system, 

and in this case PCR is an alternate detection method.  Zhao et al. (46) developed a PCR 

protocol to quantitatively evaluate the removal of MVM from a nanofiltration step and 

compared PCR to removal as determined by a TCID50 infectivity assay. 

Due to limitations of both infectivity assays and PCR. it is difficult to completely 

understand the virus removal mechanism.  A typical TCID50 assay requires between 4-8 

replications, and has a limit of detection of around 1.5 log10 (TCID50/ml) or about 32 

infectious particles per milliliter; the error can be as high as ± 1.0 log10 (TCID50/ml) (15) 

for PPV.  For PCR, the assay is more sensitive.  A real-time PCR protocol has been 

established that has a detection limit of 1 infectious particle per reaction for PPV 

extracted from aborted porcine fetuses (47).  A real-time PCR protocol was also found 

for MVM that was capable of detecting 2 copies of viral DNA per 10 µl reaction (46).  

Both of these assays were found to be much more sensitive than the TCID50 assay.  Zhou 

et al. (46) found that the titer by PCR is generally higher than the titer by infectivity and 

suggests that this is due to the presence of free viral DNA in solution.  This was 
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confirmed when the PCR results matched the infectivity results when the free solution 

DNA was removed with nuclease treatment (47).   

Both PCR and infectivity assays can have interference from components present 

in the solution.  We have found that the presence of 50% human blood plasma may 

induce host cell death during a TCID50 assay and will raise the limit of detection of the 

assay, since it is not known if the death of the cells is due to the plasma or the virus.  

Similar problems can occur with PCR, as many substances are known to interfere with 

the enzymes that catalyze the reaction (48).  All of these problems will lead to higher 

limits of detection and are best avoided if possible. 

The lack of sensitive detection of virus was exemplified by Han et al. who created 

a model to look at the retention of virus in an ion exchange membrane.  The Langmuir fit 

of the adsorption isotherm did not completely capture all of the trends in the 

breakthrough curve, and the authors noted that the inaccuracies in the PCR data used to 

obtain the breakthrough curves did not allow further exploration of more complicated 

adsorption models (49).   

Viral clearance studies have traditionally been done on large batches of virus 

spiked protein.  A certain volume of spiked material is passed through a filter or 

chromatographic column and then the titer of the solution before and after filtration is 

measured to determine the amount of virus that was removed (19).  Care must be taken in 

this approach, as it may be difficult to detect a small concentration of virus in a large pool 

of filtrate (1).  There are statistical methods that will help ensure that the amount of virus 

removed from the system is accurately quantified, but it will often raise the limit of 
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detection, as detailed earlier.  It may be better to take periodic samples over the course of 

the process (30, 31) to show the entire breakthrough pattern of the virus.  By measuring 

the viral clearance in this manner, the pattern of the breakthrough may lead to a better 

understanding of the viral clearance mechanism (44, 50).  Bolton et al. explored the 

different mechanisms that can cause flux reduction in a filtration membrane and 

compared it to the viral clearance of the membrane (50).  Flux reduction did not 

necessarily mean there was less virus being cleared by the membrane.  The membrane 

flux can be reduced by different mechanisms, and the different mechanisms can then lead 

to changes in the virus removal, as discussed in more detail in section 3.2.  In an 

adsorption mechanism, understanding how differences in ionic strength and pH affect the 

binding of the virus to the matrix can allow for the determination of a more robust 

process for removal of viruses (23).  Viral removal mechanisms have been tested and 

used for many years without an understanding of what is removing the virus.  It may be a 

combination of size exclusion and adsorption that is dominating the removal of the virus, 

but without careful examination of these mechanisms, no clear understanding of the 

mechanism of virus removal can be achieved.   

2.3  Membrane Removal 

2.3.1  Nanofiltration 

Nanofiltration uses a membrane to remove small particles on the basis of size and 

they have nominal pore sizes in the range of 15-75 nm (3).  Nanofiltration is a common 

final step in many monoclonal antibody processes to ensure the removal of large viruses, 

and to aid in the removal of small viruses (7).  Antibodies have a ‘Y’ shape, with 
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dimensions of about 8 nm from the tip of each of the arms and a height of 14 nm (51), 

and Factor VIII is about 14-16 nm in diameter (52).  This makes it difficult to separate 

these proteins from small viruses based on size, as B19 has a diameter of 18-26 nm (53, 

54), and hepatitis A virus has a diameter in the range of  27-32 nm (19).  For protein 

products that are small, like human serum albumin with a hydrodynamic radius of 2.8 nm 

(55), it is much easier to separate small viruses based on size differences, and virus 

filtration works well as long as the flux reduction can be minimized, since small proteins 

easily foul and block the pores of nanofilters (50). 

2.3.1.1  Dead-end Filtration 

 There are several virus filters on the market, and some of these are listed in Table 

2.3.  Four major small virus filters have been tested for their ability to remove 

parvoviruses from bioprocesses:  the Viresolve NFP (normal flow parvovirus) by 

Millipore Corporation made of polyethersulfone; the Ultipor VF normal flow filter from 

Pall Inc. made of hydrophilic PVDF; the Virosart CPV (canine parvovirus) filter from 

Sartorius GmbH made of polyethersulfone; and the Planova Filter by Asahi Kasei 

Medical Ltd in Japan made of regenerated cellulose (31).  All of these filters are flat 

membranes except for the Planova filter, which is a hollow fiber membrane filter, and 

they are all run in dead-end filtration mode.  Dead-end filtration has advantages for viral 

removal.  Most virus removal technology is disposable, and it is very easy to dispose and 

replace the dead-end filtration membranes compared to tangential flow membranes that 

have a start-up time, and continue on with the filtration.  Also, dead-end filtration is 

usually run until all of the liquid has passed through the filter, allowing the possibility of 
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100% yield of the protein product for this particular step.  The downside of dead-end 

filtration is that a cake layer may form and will continue to grow, leading to reductions in 

flux (31) that may eventually lead to the complete blockage of the filter, as shown in 

Figure 2.1A.  But, if the dead-end filtration step for virus removal is placed at the end of 

the process, as is common (7), the protein load should be low in the product, and all of 

the protein will be expected to pass through the membrane and not be withheld to form a 

cake layer, giving the virus filter a longer life, even in dead-end filtration mode.  The 

other mode of filtration of viruses is tangential flow, which will be discussed in the next 

section. 

Table 2.3  List of several virus retention filters on the market. 
 Membrane 

Manufacturer Name Composition Flow 
Membrane Pore 
Size* 

Millipore Viresolve NFP modified PVDF0 Dead-end 
up to 160 kDa 
proteins 

Millipore Viresolve NFR polyethersulfone Dead-end 
up to 700 kDa 
proteins 

Millipore Viresolve 70 hydrophilic PVDF0 Tangential 
up to 70 kDa 
proteins 

Millipore Viresolve 180 hydrophilic PVDF0 Tangential 
up to 180 kDa 
proteins 

Pall 
Ultipor VF 
DV20 hydrophilic PVDF0 Dead-end 

up to 160 kDa 
proteins 

Pall 
Ultipor VF 
DV50 hydrophilic PVDF0 Dead-end 

up to 300 kDa 
proteins 

Sartorius Virosart CPV polyethersulfone Dead-end 20 nm pore size 

Asahi Kasei Medical Planova 15N 
regenerated 
cellulose Both+ 15 nm pore size 

Asahi Kasei Medical Planova 20N 
regenerated 
cellulose Both+ 19 nm pore size 

Asahi Kasei Medical Planova 35N 
regenerated 
cellulose Both+ 35 nm pore size 

Asahi Kasei Medical Planova 75N 
regenerated 
cellulose Both+ 72 nm pore size 

0 polyvinylidene fluoride 
+ Planova membranes have been reported to be run in dead-end and tangential flow 
modes 
* Membrane sizes are either reported a nominal pore size or the upper exclusion limit for 
globular proteins 
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Figure 2.1  Comparison of cake build up for dead-end and tangential flow filtration.  (A)  
Dead-end filtration has a continuous cake build up, so the flux will continue to decrease 
and may eventually be completely blocked.  The fluid flow is in the same direction as the 
flux through the membrane, so it is possible to pass all of the solution through the 
membrane.  (B) Tangential flow filtration has a finite cake build up because eventually a 
time will be reached when the shear forces of the flow will equilibrate with the 
convective forces through the membrane not allow any more cake to be deposited.  This 
allows for a steady-state flow through the membrane, but due to the flow being tangential 
to the flux, there will be a remainder of the fluid that will not pass through the membrane. 
 

Many groups have used nanofilters to remove viruses from various solutions.  The 

Planova filter with a pore size of 35 nm was able to remove less than 1.0 logs of PPV 

from a Factor VIII solution (56), but when two 35 nm Planova filters were put in series, 

2.6 logs of porcine parvovirus were removed from an IgG solution (40), demonstrating 

that each filter can remove approximately 1 log of virus.  When the smaller pore size 20 

nm Planova filter was used, 4.9 logs of B19, as detected by PCR, were removed and >5.1 

logs of PPV were removed from a Factor VIII solution (56).  All detectable PPV was 
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removed from an IgG solution using a 20 nm Planova filter with IgG concentrations 

between1 – 30 mg/ml (37).   When a 15 nm Planova filter was used to filter an anti-

thrombin solution, the LRV was >4 logs for enveloped viruses, including HIV and bovine 

viral diarrhoea virus (BVDV) and  the nonenveloped viruses PPV and HAV (19).  In a 

different study, >6.1 logs of PPV were removed from solutions containing Factor VIII, 

although there was a 13% loss of the von Willebrand Factor (vWF)-Factor VIII complex 

due to the large size of the complex and the need to dissociate it before filtration (57).  

Purified B19 was completely removed with both a 20 and 15 nm pore sized hollow fiber 

membranes similar to the Planova membrane, whereas a 35 nm membrane was unable to 

retain the virus (33).  This was determined by infectivity, semi-quantitative PCR, and 

antibodies tagged with gold nanoparticles and microscopic visualized (33).  A solution of 

urokinase was filtered through a Virasolve NFP filter with a nominal pore size of 20 nm, 

and the final solution contained >94% of the original urokinase activity while clearing 

>4.8 logs of PPV and >4.6 logs of HAV (58).  This solution, containing 2.3 mg/ml of 

protein, was able to maintain an acceptable flux through the membrane for the process 

requirement of filtering 3.5 L in 30 minutes through a 4,800 cm2 membrane (7.3 L/m2) 

(58).  However, when human serum albumin was added to a final protein concentration 

of 4.4 mg/ml, a significant drop in flux was observed, most likely due to fouling of the 

membrane by albumin.  This is consistent with what Lute et al. observed when they 

overloaded these same filters, which had a substantial flux reduction after 100 L/m2 were 

passed through the filter at a protein content of 0.83 mg/ml (31).  The addition of a 

prefilter was able to adsorb hydrophobic fouling species from an IgG solution and 
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increase the capacity of the Viresolve NFP membrane, which was suspected of being 

fouled by the hydrophobic, denatured IgG molecules in solution (59).  The change in 

LRV of the membrane was not tested, but if the decreased flux model developed by the 

same group holds true, then the LRV for the membrane should also increase with an 

increase in flux.  

All of these studies show that as the pore size of the membrane approached the 

diameter of the virus, parvoviruses were able to be excluded from the membrane.  This 

result is as one would expect.  Yet, 15 and 20 nm membranes are rarely employed for 

virus removal in a manufacturing setting.  Their major draw back is that the small pore 

size is easily blocked by proteins in solution or even the viruses themselves and lead to 

the requirement of large membrane areas to maintain process throughput requirements. 

2.3.1.2 Tangential Flow Filtration 

Tangential flow filtration is most often used to concentrate protein solutions or to 

exchange buffers by diafiltration where the retentate contains the desired product.  For 

the tangential flow filtration of viruses, the viruses are withheld in the retentate and the 

protein passes through the membrane.  It may be difficult to obtain product yields of 

>95% in this mode of filtration due to a small percentage of protein being held up in the 

retentate, whereas in dead-end filtration, all of the protein solution can be passed through 

the filter, as illustrated in Figure 2.1.  Yet, this type of filtration has the advantage of 

having a steady-state cake layer that will not grow with time to reduce the flux.  As long 

as membrane adsorption is reduced or eliminated, the steady-state flux will not change 

for the filtration process, and it may allow for larger volumes to be filtered with a smaller 
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membrane area.  It must be noted that viral clearance is often not obtained until this cake 

layer is formed (60), so start-up of this type of filtration will begin with a lower viral 

clearance.  This can be dangerous as it may allow virus in the downstream part of the 

process during start-up. 

A 35 nm filter run in tangential flow mode from Asahi-Kasei, Japan was used to 

remove enveloped and nonenveloped viruses from a solution containing partially purified 

IgG (61).  The enveloped viruses were completely removed and 5.7, 4.8, and 2.3 LRV for 

HAV, B19 and MVM, respectively, was obtained (61).  There was also a depth filter in 

place before the tangential flow filter, and this also contributed to the virus removal, but 

it was not specified how much virus was removed by the depth filter and how much by 

the 35 nm filter.  The presence of the depth filter may explain why a 35 nm filter was able 

to remove more virus from an IgG solution than was possible for 35 nm filters described 

earlier in dead-end filtration mode.   

The Virasolve 180 (180 kDa cutoff) filter was used in tangential flow mode to 

remove many viruses, including PPV and HAV from an IgG solution.  An 80% recovery 

of the IgG was demonstrated with a log clearance of 3 and >5 for PPV and HAV, 

respectively (62).  A 60-70 kDa cutoff membrane was used to remove HAV from water 

and all detectable virus was removed under tap water pressures (about 0.5 bar) with 

acceptable flux (63).  Using a 500 kDa cut-off membrane, 4.2 logs of PPV were removed 

from a solution of red blood cell (RBC) haemolysate (26), and had an average removal of 

3.6 logs during multiple reuse studies.  During the same studies, φX-174 bacteriophage 

was cleared by only 0.4 logs for one experiment, but repeating the experiment gave 
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values of 4.9 and 4.3 logs when suspended in PBS.  The authors hypothesized that when 

the bacteriophage diameter is close to the nominal pore size, a slight change in the pore 

size distribution can cause a drastic change in the bacteriophage retention.  If this is a 

valid explanation of the lack of viral clearance of one membrane sample, it shows the 

importance of integrity testing of individual membranes, as discussed in section 2.2.  

Upon addition of RBC haemolysate, 2.5 logs of φX-174 bacteriophage were cleared 

when the RBC was diluted 4-fold with PBS, and the clearance of the bacteriophage 

decreased as the concentration of the RBC was increased. It is likely that there was a 

higher concentration of lysed cells at a higher RBC concentration, which plugged the 

smaller pores of the membrane, allowing the passage of bacteriophage through the larger 

pores (26).   There was also a complicated relationship shown between transmembrane 

flux, crossflow flux and bacteriophage retention.  The authors concluded that the 

combination of these variables must be empirically derived to determine the best 

conditions to optimize the LRV, but as will be discussed in the next section, some useful 

models of membrane fouling have been developed that may make the determination of 

transmembrane flux and crossflow flux less empirical. 

Tangential flow filtration has also been used to purify the insect parvovirus Aedes 

aegypti densonucleosis virus (AaDNV) by the selection of different molecular weight 

cut-off membranes which separated the virus and the contaminating proteins into 

different streams according to their molecular weight (64, 65) much like the sieving of 

powders into different particle sizes.  Larger molecular weight membranes had a large 

flux decrease, most likely from viruses clogging the pores of the membranes.  This 
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particular application was for virus purification, but Evtushenko et al. showed that viruses 

and proteins can be fractionated into different streams by controlling the pore size and pH 

of individual streams and applying a voltage gradient across the membrane (66).  

Solutions of IgG and α-1-antitrypsin were purified and allowed for removal of canine 

parvovirus (CPV) in one step with the electrophoretic movement of proteins through a 

membrane.  IgG at a pH of 4.6 allowed the neutrally charged CPV to stay in the sample 

stream, whereas the positively charged IgG was moved through a 1000 kDa membrane, 

resulting in a 4 log reduction in CPV.  Using a smaller pore size membrane, α-1-

antitrypsin moved through the membrane at a pH of 8.0, and the CPV, also negatively 

charged, remained in the higher molecular weight stream due to the size exclusion of the 

membrane pore size, resulting in over 6 LRV of CPV removal (66).  The combination of 

electrophoresis and size exclusion allowed for purification of the protein along with viral 

removal all in one step.  It was also done in tangential flow, which does not have a 

decrease in flux once steady-state is obtained, and may allow for a continuous virus 

removal step. 

2.3.2  Modeling of LRV Loss 

Bolton et al. developed a comprehensive model that describes the flow of virus 

through a filter by examining the decline in flux due to different mechanisms and shows 

how these different mechanisms affect the change in LRV (30).   Fouling can be caused 

by the creation of a cake layer from particles that are too large to enter the pores of the 

membrane, by the plugging of pores by particles close to the size of the pores, and by 

adsorption of species to the pores that reduces the pore size (Figure 2.2).  Bolton et al. 
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demonstrated that LRV and flux reduction do not correlate in all cases.  The reason for 

the flux reduction must be determined to allow for prediction of the relationship between 

LRV and flux reduction.  Bolton et al. concluded that cake formation only reduces flux, 

but does not affect LRV.  When the flux reduction is from pore plugging, then LRV 

decreases as flux decreases.  This is due to the fact that these membranes do not have 

uniform pore sizes, and there are present in the membrane pores larger than the viruses 

that are to be retained.  As pore plugging occurs, it reduces the number of small pores, 

and so more of the flow is through the larger pores, thus more viruses are able to flow 

through the membrane.  When the fouling of the membrane is due to the adsorption of 

protein species on the pore walls, this only makes the pores smaller and therefore does 

not affect LRV as the smaller pores retain more virus than the larger pores.  Extensive 

testing of all major filter brands using bacteriophages pp7 and ΦX-174 showed that flux 

decline was not necessarily indicative of LRV decline, and that this was likely to be due 

to different mechanisms of flux decline by the different membranes (31).  This shows that 

each filter needs to be assessed on a case-by-case basis, as the protein solution being used 

may affect the flux reduction of the filter, and therefore the LRV.  By understanding the 

flux reduction mechanism of each protein stream, then a membrane could theoretically be 

created that is more suitable for that stream.  Nanofiltration is currently run on a case-by-

case basis, but as the understanding of membrane fouling broadens, it may be possible to 

improve the membrane properties so that a more universal membrane could be created. 
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Figure 2.2  The three mechanisms of flux reduction during virus filtration.  (A) A cake 
layer is formed, reducing the flux through the membrane.  (B) A virus about the same 
size as the pore becomes trapped in the pore and stops any flow through that pore.  (C) 
Small protein molecules adsorb to the wall of the pore, reducing its pore size. 
 
2.3.3  Increasing Virus Size 

Small pore size membranes are very capable of sieving out viruses with respect to 

size, but as described earlier, it is also very easy to have a decline in flux due to cake 

formation or fouling.  In water filtration, it is expensive and often impossible to have high 

pressure equipment that may be required for use with these small pored membranes, as 

high pressure drops can be created across them.  One way to allow the use of larger pore-

sized membranes is to increase the size of the virus by flocculation or coagulation. 

In water purification, the addition of coagulants has become an interesting area of 

research to improve the ability of membranes to remove viruses.  The addition of salts, 

like aluminum and ferric salts, causes the viruses to flocculate by a salting out effect, 

which is the reduction of electrostatic repulsions between molecules by the addition of 

electrolytes.  Fiksdal and Leiknes have shown that a 0.2 µm membrane can remove 

almost all detectable MS2 bacteriophage (diameter of 24 nm) when flocculated with 
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aluminum sulfate or aluminum chloride salts containing 3 mg/L of aluminum, compared 

to less than 1 log retention without the flocculating agent present (25).  Ferric chloride 

was shown to flocculate a solution of MS2 bacteriophage and was also able to remove the 

virus with a 0.2 µm membrane at a concentration between 6-9 mg/L of iron(III) 

depending on pH (67).  This is a good way to reduce the amount of viruses in water, but 

can be greatly complicated if used in a bioprocess stream containing other proteins. 

Nanoparticles made of calcium phosphate have been shown to bind to DNA and 

viruses (24).  These particles were added to a viral spike solution containing one of the 

following viruses:  the enveloped viruses murine leukemia virus or HIV-1, or the 

nonenveloped viruses adenovirus or adeno-associated virus.  The particles were removed 

and the supernatant was tested for the presence of virus.  No enveloped viruses were 

detected, either by PCR or infectivity, in the supernatant, and very little nonenveloped 

viruses were detected, as shown by the presence of a band in a DNA gel, which was not 

quantified.  This process was tested for enveloped viruses and also the nonenveloped 

adenovirus and adeno-associated virus (24).  The nanoparticles were even able to clear 

viruses in the presence of 20% fetal calf serum, which contains many different proteins.  

These particles, which are made from harmless substances, may be an inexpensive way to 

remove viruses from water.  They are also able to remove viruses from protein solutions, 

and may find a use in biotherapeutic production. 

The salting out of viruses can be used in bioprocess streams if a salt that 

preferentially flocculates the virus but not the protein product can be found.  The addition 

of 0.3 M of different amino acids, with glycine showing the most improvement, allowed 
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7.5 LRV of B19 with a Planova 35N membrane, as detected by PCR.  This was reduced 

to about 5 LRV in the presence of 5% IgG solution, with a 100% recovery of IgG, and 

was reduced to about 2 LRV in the presence of 5% albumin.  The glycine was shown to 

preferentially aggregate the virus and not the IgG in solution (68), which allowed for its 

removal with a larger pore-sized membrane without withholding the IgG.  This is due to 

the fact that the addition of glycine to a solution hydrates the protein and virus in 

solution, as the glycine is excluded from the protein surface (69),  and this can either 

stabilize the protein structure, as in the case of IgG, or cause aggregation of the proteins 

due to unshielded attractive interactions, as in the case for the virus.  Although not stated 

by the authors, since the LRV decreased in the presence of albumin, it is possible that the 

albumin bound to the membrane pores and plugged the smaller pores, leading to a lower 

LRV, as was demonstrated by Bolton et al. (50).    

The addition of polymers has also been shown to aggregate viruses for removal 

with larger-pored membranes.  The polymer polyethylene glycol (PEG) was added to an 

IgG solution to remove B19 (70).  Addition of 3% PEG to a solution containing residual 

caprylate from a caprylic acid treatment step earlier in the process allowed over 4 LRV of 

B19 by a Millipore V-NFP membrane (70).  It was also able to remove any polymeric 

IgG from the final formulation, as was also desired from the process.  The addition of 

cationic polymers allowed the removal of >4 LRV MVM in the presence of Chinese 

hamster ovary cells (CHO) by flocculation of all cellular debris and virus and subsequent 

filtration through a large pore size membrane in tangential flow mode (60).  The 

formation of a cake layer allowed greater removal of MVM than did a clean membrane.  
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This is important to the startup of a tangential flow module, i.e. that until the cake layer is 

formed, the removal of the virus may not be as efficient as expected. 

Another way to increase the size of the virus is to coat it with antibodies, as 

shown in Figure 2.3, which may create a corona around the virus that can increase its 

diameter by 10-20 nm.  Kreil et al. added anti-MVM antibodies to an IgG preparation and 

showed that MVM could be removed (36).  When B19 and HAV were added to IgG 

solutions containing different amounts of their respective antibodies followed by 

filtration with a Planova 35N membrane, a clearance of 5.6 LRV or greater of B19 as 

determined by PCR and >3.8 LRV of HAV as determined by infectivity were obtained.  

A comparison of animal viruses with and without neutralizing antibodies in solution 

showed that small parvoviruses and enteroviruses were retained by the Ultipor DV20 (20 

nm nominal pore size) membrane without antibodies, but neutralizing antibodies were 

required for removal by a Ultipor DV50 (50 nm nominal pore size) membrane (71).  

 

Figure 2.3  Increasing the diameter of a virus by coating it with antibodies.  The virus can 
go from a 20 nm diameter virus to a 48 nm diameter particle that is easier to remove by 
size exclusion. 

20 nm 

14 nm

48 nm 
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The solution containing the virus may naturally flocculate the virus particles, 

allowing for larger pore-sized membranes to remove viruses, even when the pore size is 

larger than the virus diameter.  This was demonstrated when sewage containing naturally 

occurring norovirus and particulates was filtered with a 0.1 µm ceramic filter, which has 

a pore size that is larger than the diameter of the virus (see Table 2.2), and all of the virus 

appeared to be removed.  When the same solution was artificially spiked with polio virus, 

the polio virus was not retained by the filter (21), showing that the naturally occurring 

virus was already bound to the particulates, or flocculated and therefore more easily 

removed.  Human plasma or any animal-derived products may already contain 

neutralizing antibodies that increase the size of the virus, allowing for filtration of the 

viruses with membrane that have a pore size larger than the diameter of the virus.  In this 

case virus spikes may represent scenarios that are more difficult to remove than the 

naturally occurring case, where the virus is already aggregated, flocculated or coated with 

antibodies.  But since the state of the virus is often unknown, the artificial spike of virus 

used in viral clearance studies represents a worse case scenario, and so if the unit 

operation is able to remove the virus in the case of an artificial spike, it should be even 

more robust when applied to naturally contaminated process streams.   

2.3.4  Charge Interaction Membranes 

Viruses can be removed with ion exchange membranes, given the right pH of the 

solution and pore size distribution of the membrane.  The parvovirus AaDNV was used to 

examine the binding of viruses to anion and cation exchange membranes.  At neutral pH, 

the virus bound to the anion exchange membranes, and at acidic conditions, it bound to 
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the strong cation exchange membranes, as would be expected from a virus that has a pI of 

5.6 (16).  Over 4 logs of MVM were also cleared with the Sartobind Q membrane in a 

neutral pH buffer (42), where the virus was negatively charged.  The Sartobind D 

membrane was used to purify rotavirus-like particles.  The virus particles bound to the 

weak cation-exchange membrane under optimized conditions at a conductivity of 5.4 

mS/cm and a pH of 7.3 (72).  The addition of the membrane adsorber to the purification 

scheme of the virus particles increased the overall yield from 37% to 46%.  

Much work has been done with the Sepharose Q chromatography resins, as will 

be elaborated on in section 2.4.2, but a shift may be occurring in their use.  Specifically, 

positively charged membranes may soon be seeing more application for virus removal 

and possible addition into manufacturing processes due to their improved flow properties 

over chromatography columns, and their ability to remove viruses.  The downfall is that 

membranes have reduced capacities compared to chromatographic resins, but in 

manufacturing, if the anion exchange column is just binding contaminating DNA and 

viruses from solution (7), it may not need a high binding capacity.   

2.4  Chromatography 

 Nonenveloped viruses contain proteins on their coat, and many enveloped viruses 

have membrane proteins that protrude from their lipid membrane.  From this perspective, 

viruses can be treated like proteins (73) that need to be purified or removed and so 

chromatography lends itself well to the removal of viruses.  But just like any 

chromatographic separation, there must be a careful selection of bead properties, such as 
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bead diameter, pore diameter, and functional group, to have a successful chromatographic 

separation. 

2.4.1  Size Exclusion Chromatography 

Size exclusion chromatography (SEC) is widely used for the purification of 

viruses as either a primary purification method (74), or as a polishing step (75-77).  This 

step is rarely looked at for virus removal due to the low loading volume that can be 

applied to the column, although if size exclusion chromatography is currently in the 

purification scheme for a protein, it could be evaluated for virus removal capability. 

To enhance the ability of a size exclusion chromatography column to remove 

viruses from a solution of bovine serum albumin (BSA), φ29, a bacteriophage with a 

diameter 42 nm, was spiked into BSA and separated on Sephacryl S300 HR.  In normal 

SEC mode, there was less than a 1 LRV of the bacteriophage, but when a surfactant was 

added to the solution, a 3.17 LRV was achieved (28).  The addition of the surfactant did 

nothing to the retention of the bacteriophage because it was already excluded from the 

pores of the resin and was eluted in the void volume, yet the retention time of the BSA 

was increased due to the presence of micelles in the mobile phase.  The surfactant 

micelles excluded the BSA from part of the mobile phase and therefore the protein 

partitioned longer into the stationary phase (78) causing the protein to be retained longer 

in the column than when no surfactant was present, giving a greater resolution between 

the bacteriophage and BSA.  This is a unique example of how the modification of an 

existing chromatography step can enhance the viral clearance of the unit operation. 
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2.4.2  Ion Exchange Chromatography 

 The focus of ion exchange chromatography has been Q-Sepharose, which 

contains the same strong anion exchange group as Sartobind Q membranes.  It is known 

that negatively charged viruses will bind to Q-Sepharose, but optimization is required to 

have the virus separate completely from the protein product.  When a Factor VIII product 

was run through a Q-Sepharose column, only 1.33 logs of PPV were removed because 

both the Factor VIII and the virus were bound and eluted from the column (79).   

 A more effective way to use an anion exchange column is in frontal mode, where 

the product does not bind to the column, but the negatively charged impurities, which 

include viruses, cellular debris (80) and DNA, will bind and be separated from the protein 

product.  For antibody purification, the Q-Sepharose column is used in frontal mode, and 

>4 LRV of PPV were removed by the anion exchange step alone (81).  Curtis et al. 

examined extreme processing conditions of an anion exchange column in frontal mode to 

determine at which operating extremes the column could still bind to the nonenveloped 

virus SV40.  The virus had a lower LRV when loaded in high salt conditions regardless 

of pH, which was tested in the range of 7-8.5 when loaded onto a Q-Sepharose Fast Flow 

column.  At a salt ionic conductivity of 12 mS/cm or lower, the virus completely bound 

and was removed from the antibody product (23).  A conductivity of 12 mS/cm or lower 

is typical for the operation of an ion exchange resin, as high salt is often used to elute 

proteins from these types of columns.  High salt in the loading buffer would shield the 

interactions of the virus and the ion exchange resin and reduce the amount of virus that 

would bind to the resin.  Also required was the proper contact time, which can be 
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manipulated by column length and/or superficial velocity of the fluid.  Although all of the 

column lengths and superficial velocities reported by Curtis et al. were able to clear over 

5 logs of SV40, there was a detectable amount of virus that eluted with the higher flow 

rates and shorter column (23).  It is possible that the investigators were approaching the 

limit to the minimal contact time that was needed to bind the virus to the anion exchange 

column using their conditions.  The contact time must be long enough for virus diffusion 

and resin binding, which may be considerable.   

2.4.2.1  Optimization of Bead Geometry  

To improve the mass transport of viruses, which often have smaller diffusivities 

than many proteins due to their larger diameters, the bead structure of an anion exchange 

resin can be modified.  For example, small, solid-cored anion exchange beads were used 

to bind bacteriophage ΦX-174, instead of the typical porous beads that are often used in 

protein chromatography (82).  Solid-cored beads were able to bind as much as or more 

bacteriophage than Q-Sepharose Fast Flow beads depending on the conditions, even 

though the binding capacity for BSA in the solid beads was lower (82).  It would be 

expected that the BSA capacity of the solid-cored beads would be smaller because BSA 

takes advantage of the interior surface area to bind to the beads, whereas the virus only 

binds to the outer surface of the bead.  Consequently, a solid-cored bead would most 

likely have the same binding capacity for viruses as a porous bead, but with a largely 

different BSA binding capacity.  The advantage of these solid-core beads is that they can 

withstand much higher flow rates and pressure drops across the column due to their stable 

core, which compared to porous agarose beads, may be compressed under the same 
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conditions.  Also, the virus, DNA and many of the host cell proteins that are expected to 

bind to the anion exchange column are large in size.  These have diffusional limitations to 

entering the bead, or they may be physically too large to enter the pores, and therefore the 

center of the bead is often not used for binding.  By adding a solid core to the bead, the 

bead has improved physical attributes without limiting the binding capacity of the bead to 

these larger entities.  Also, less buffer is needed to achieve equilibrium for the cored 

beads due to less time needed for the buffer to penetrate into the center of the porous 

structure.  

 Other groups have looked at different anion exchange bead structures for the 

purification of viruses.  Although these applications were for purification, the evaluation 

of resin geometry can also be applied to virus removal.  Large Q-Sepharose XL beads 

with the ion exchange groups on flexible dextran arms were used for the purification of 

adenovirus and facilitated separation of the virus from other host cell proteins in clear 

distinct peaks (83).  The virus most likely stayed on the outside of the particle, since the 

pore size was only about 12 nm (84) and the cellular proteins entered into the pores of the 

beads.  When eluted, the virus eluted in a very sharp peak and the proteins eluted in a 

broad peak.  This was likely due to the fact that less axial dispersion occurs for the virus, 

which is located on the outside of the resin, whereas when proteins diffused into the pores 

and bound, they had to diffuse further.  This may have led to broader peaks for the 

proteins upon exiting the column.   

 The effect of pore size on anion exchange purification of adenovirus was 

examined using the small pore size Q-Sepharose XL and comparing it to the large pore 
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size PL-SAX (Varian/Polymer Laboratories), having an average pore size of 400 nm.  

There appeared to be little difference in binding of adenovirus to the resins due purely to 

pore size (85).  The maximum capacity of the resin was theoretically determined to be the 

capacity of a monolayer of virus deposited onto a smooth, spherical bead the same 

diameter of the average resin particle.  It was found that the binding capacity of the Q-

Sepharose XL beads was twice that of theoretical capacity, whereas the PL-SAX resin 

was four times the theoretical capacity (85).  This demonstrates that some virus was 

penetrating into the larger pores of the PL-SAX resin, but the virus was still not utilizing 

all of the internal surface area.  Also, the theoretical capacity assumed smooth beads, and 

the beads were known to have a rough surface, so this can also account for the larger 

measured capacity, and not necessarily the binding of the virus to the internal pores.  The 

authors also noted that the binding of ovalbumin, with a diameter only twice the size of 

the pores of the Q-Sepharose XL beads had a capacity 50 times higher than that of the 

virus, yet the PL-SAX resin with a pore size four times that of the virus diameter was 

unable to utilize the internal surface area for virus binding.  One way to reconcile this 

difference may be in the binding strength of the virus.  It takes a higher ionic strength to 

elute the virus from Q-Sepharose XL beads, relative to other proteins (83) and so once 

the virus binds, it may begin to block the pores, whereas the protein may be in 

equilibrium with the surface, facilitating its penetration into the pores.   

 This leads one to conclude that chromatographic beads may not have the best 

geometry for binding of viruses.  They have been used up to this time because it was a 

natural extension to use the tools of protein purification directly for viruses.  The use of 
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different structures, like monoliths, membranes, or small, solid-cored beads, which 

reduce the diffusion limitations of high surface area, porous chromatographic beads, may 

work better for the removal of viruses.  Although many of the processes described above 

were for virus purification, gaining a better understanding of the binding of viruses to 

anion exchange columns relative to protein binding can increase our understanding and 

help in the optimization of anion exchange columns for virus removal. 

2.4.2.2  Optimization of Charge Density  

 Satoh et al. tried to concentrate different viruses by adsorption onto magnetic 

beads (86).  The beads were coated with anionic polyethyleneimine, which contained 

primary, secondary and tertiary amine groups and after incubation with different virus 

solutions, some enveloped viruses such as SV-40 were able to bind to the beads, yet PPV 

and polio virus were unable to bind (86).  The charge density on the beads appeared to 

affect the binding of different target molecules to the beads; lower molecular weight 

polymers were unable to bind as well as the higher molecular weight polymers, which 

have a higher charge density per surface area of the bead.  This idea of charge density is 

rarely explored, although it may greatly affect the binding of viruses.  Han et al. showed 

there was no difference on the retention of AaDNV between a membrane containing a 

tertiary amine group (Q membrane) and one containing a primary amine group (D 

membrane) (49), at pH 7.0 in water and cell culture growth media.  The optimization of 

the charge density may allow for better separation between proteins and viruses by 

finding conditions that the virus may bind, but proteins may have difficulty binding. 
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 Anion exchange chromatography is common at the end of a process to remove 

viruses, DNA, and cellular components.  This is best done in frontal mode, where the 

protein product passes through the column without binding and the impurities bind to the 

column.  Literature on the purification of viruses using anion exchange chromatography 

gives some insight into the pore sizes, bead sizes, and charge densities that best bind 

viruses, and may help to shed light on different bead geometries that improve virus 

binding compared to the standard Q-Sepharose chromatographic column.  Bead 

geometries that limit diffusion through small pores enhance virus binding, as well as 

rougher surfaces and high charge densities. 

2.4.3  Affinity Chromatography 

 Affinity chromatography utilizes the specific interaction of a protein to a matrix 

ligand to bind and purify the protein.  This interaction is often the result of multiple weak 

interactions with different modes of attraction, including hydrophobic, ionic, hydrogen 

bonding and van der Waals, which in concert create a specific affinity of the compound 

to the ligand.  This method of chromatography has found great use in the purification of 

proteins, with the use of a protein A column to bind IgG as the most common example 

(87).  Another common affinity column is heparin, which binds to coagulation factors 

and other blood proteins (87).  Affinity chromatography for virus removal in the presence 

of proteins can be done in two different modes, protein in binding mode, where the 

protein binds to the column and the virus is found in the flow through and protein in 

frontal mode, where the virus binds and the protein to be purified flows through the 

column. 
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2.4.3.1  Protein in Binding Mode 

As a way to increase the viral clearance in a process, the affinity chromatography 

capture step is often evaluated for its ability to clear viruses.  Since the interaction of the 

ligand with the protein to be purified is considered to be specific, and many other proteins 

do not bind, leading to high yield and purity of the protein product, then it is natural to 

evaluate these affinity chromatography operations for their ability to remove viruses.  

Any unit operation that achieves a viral clearance over 1 log can be counted towards the 

viral clearance of the overall process. 

The heparin chromatography step was evaluated for its ability to remove viruses 

from an antithrombin III solution (19).  A large amount of CPV and BVDV (bovine viral 

diarrhea virus, an enveloped RNA virus) were found in the flow through of the column, 

but 4-5 logs of virus were eluted with the product, leading to an average of only 2.5 LRV 

of CPV and 2.9 LRV of BVDV (19).   A peptide ligand discovered to purify recombinant 

Factor VIII was tested for its ability to clear viruses. Most of the virus was found in the 

flow through and the wash, and the column was able to remove between 3.1-4.6 LRV of 

MVM and between 1.5-4.4 LRV of other viruses (88).  It was found that a protein A 

column is able to remove CPV and other viruses, with the CPV concentration being 

reduced by 3.8 LRV (89).  All of the enveloped viruses were cleared from the column, 

whereas the nonenveloped viruses were not cleared because they bound to the column 

and eluted with the protein product.  The authors speculated a size-exclusion 

phenomenon due to the smaller size of the nonenveloped viruses and their ability to 

penetrate the pores of the resin, but from other work, viruses are excluded from the pores 
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of most resins (85).  It is more likely that there was an interaction of the virus with the 

protein A ligand.  

In all cases cited above, nonenveloped viruses still bind to affinity columns, 

leading to an LRV below 4 in most cases.  These unit operations can be evaluated for 

their viral clearance, and it can be added to the overall viral clearance of the process, but 

affinity steps that bind the protein product are not usually used as the main source of viral 

clearance in a process.  The only way that an affinity column could be used for viral 

clearance would be if an affinity ligand is found that has no affinity for viruses and all 

viruses pass through the column without absorbing.  In the cases cited above, that was not 

the case. 

2.4.3.2  Protein in Frontal Mode 

Affinity ligands are often found from phage display libraries (90) or solid-phase 

libraries (44).  These techniques allow the screening of millions of combinations of 

peptides that may bind to viruses.  These methods are often used because the natural 

protein-receptor recognition is through the amino acids, and so using peptides as ligands 

has a natural biochemical bias.  Other sources of ligands have also been tried in an effort 

to find inexpensive ways to remove viruses from water and therapeutics. 

Trying to use natural sources, palm leaves and the chitin from shrimp shells were 

used to bind viruses from water (91).  The chitin was not effective, but the palm leaves 

were able to remove >95% of the poliovirus spike applied to the column (91).  The 

binding was destroyed when the leaves were incubated with alkali for 1 hour.  This leads 
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to an interesting area of looking for natural sources that may have the ability to bind to 

viruses to inexpensively remove them from drinking water. 

Another source of virus binding material was found using activated sludge from a 

wastewater treatment plant.  Proteins from the bacteria in the sludge were purified and 

were found to bind to poliovirus.  It was later confirmed by ELISA that the protein would 

bind the capsid of the virus, and could be used as an affinity ligand for removing 

poliovirus from water sources (92), even though the actual removal of the virus from the 

solution was never reported. 

In our group, we have a different approach to finding affinity binding compounds 

for virus removal.  We screen random solid-phase peptide libraries to find peptides that 

bind proteins (93) and this approach has been successful with many different proteins, 

including IgG (94) and  staphylococcal enterotoxin B (95).  Several trimeric peptides 

have been found that can remove over 4 logs of PPV from saline solutions and solutions 

containing 7.5% humans blood plasma (44).  The peptides were screened from a specially 

designed library for the binding of viruses.  A spacer arm made up of ethylene glycol was 

added to the library to increase the access of the more conserved amino acid sequences 

on the virus surface, which are often buried in canyons on the virus surface. The library 

was also reduced from a hexamer library that contained about 34 million different 

combinations, that was used to find ligands that bind to proteins (94-96), to a trimer 

library that contained just under 6000 different combinations.  This allowed for the 

repetitive screening of the library under different conditions to find the best binding 

peptides.  The hexamer library was too large to allow for this repetitive screening. The 
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interaction of these small peptides with the virus has been demonstrated to be specific, 

since virus could be removed from solutions with complex competition, like human 

blood plasma.  The ability of the peptides to remove virus from saline could make them 

applicable to water purification using chromatographic columns or membranes.  The 

attachment of the peptide to a membrane, for instance, would facilitate the use of larger 

pore-sized membranes that are able to maintain high flow rates and low pressure drops, 

but still have the ability to remove small viruses.  The ability of the peptides to remove 

viruses from mixtures containing human blood plasma shows that these peptides may be 

used in the final polishing step of biotherapeutics.  The incorporation of these peptides in 

either the anion exchange column (as a mixed media column) or the attachment of the 

peptides to the final nanofiltration step may increase the ability of these operations to 

remove viruses, without adding a new unit operation to the purification process.   

2.4.4  Column Cleaning 

Cleaning of the columns used in manufacturing of biotherapeutics is also 

important in viral clearance, as the hold up of virus from one batch may contaminate 

consecutive batches.  The importance of cleaning was demonstrated by the large amount 

of virus that was eluted with a high salt wash from a Factor VIII solution (79) and from 

the 0.1M NaOH wash from an antithrombin III solution (19).  Proper cleaning of these 

virus retaining columns is very important.  Viral clearance is reduced when the column is 

either not properly cleaned with NaOH, or the height of a theoretical plate (HETP) is 

affected due to ligand leakage or column channeling (41).  Viruses retained by the 
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column may contaminate future batches that are virus-free, so any unit operation that may 

be used to retain viruses must be carefully cleaned and/or disposed of when appropriate. 

2.5  Future 

The removal of viruses from therapeutics and water sources has improved greatly 

over the past few decades, but there is still a high prevalence of B19 antibodies in 

patients who receive biotherapeutics (9), and there are still outbreaks of HAV from 

contaminated water and food sources. 

The pore size of the filters used for virus removal has been slowly decreasing, and 

in many cases the pore size has reached the size of the virus to be removed.  This allows 

for the filtration of these viruses by size-exclusion, but it makes their use problematic.  

They foul and require high pressure pumps to maintain flux through the membrane, 

which may be cost prohibitive in many situations.  Currently, many researchers are 

working to develop ways around these problems (25, 67) so that larger pored membranes 

may be used to remove viruses.   

Some researchers have tried to make the membrane more attractive to the virus by 

addition of charge to the pores or affinity ligands with the ability to specifically bind to a 

target virus.  While ligands may be inexpense, it is important that the membrane remain 

inexpensive as well.  For use in biotherapeutic manufacturing, membrane cost is 

important, but so is ease of use and integration into the current process. 

Another area of research is in the removal of viruses by chromatography.  

Currently, anion exchange columns may be used for the removals of viruses, host cell 

proteins, and DNA from a protein product.  Investigators are exploring better resins that 
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may have an advantage for virus binding.  There is also the possibility of having a 

column with affinity ligands that may specifically bind viruses.  This would be a 

powerful method for the removal of viruses, as it would be specific, unlike most of the 

currently available technologies. 

For the biotherapeutic market, no manufacturer will want to add an additional step 

to their process for the removal of viruses.  The two most common steps for 

nonenveloped virus removal are the anion exchange column and/or nanofiltration.  Any 

new steps that are introduced need to either be integrated into these steps, or be able to 

replace their functionality completely.  That is the advantage of development of virus-

specific ligands, because they may be added to either the filtration or the chromatography 

step, without the addition of new unit operations.  The use of mix-mode resins is 

becoming more popular in antibody separations (97), and this may be the next approach 

to removing viruses, as the affinity ligands found in our laboratory have both 

hydrophobic and ionic characteristics (44). 

Many lessons can be learned from the protein purification literature and it can be 

applied to viral clearance.  The optimization of column chromatography may be coming 

to an end, as the resins in use are being pushed to have a greater capacity while handing 

higher flow rates and pressure drops.  Other forms of protein purification are being 

explored, like aqueous two-phase extraction and crystallization (7), and these are all 

candidates for future methods to remove viral contaminates from process streams.  
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3.1 Introduction 

 A common and significantly challenging problem in virology is the titration of 

viruses which produce cytopathology during a productive infection, but for which 

titration by plaque assay is difficult, cumbersome, or has not been developed.  This 

problem is compounded when working with viruses within the same family, or genus, if 

no uniform and comparable method is available.  It is not possible to directly compare 

infectious virus titers if different assays must be used.  Parvoviruses are a family of 

single-stranded DNA viruses in which different methods of titration are employed for 

individual viruses.  Quantitation methods currently employed for mammalian 

parvoviruses include polymerase chain reaction (PCR)-based procedures (1-5), reverse 

transcriptase-polymerase chain reaction (RT-PCR)-based methods (6), plaque assays (7, 

8), and TCID50 assays (9, 10).  Virus titration by PCR is limited to the detection of DNA 

molecules, derived from the total number of virus particles present in a stock, not the 

number of infectious particles. This is particularly a problem with viruses such as PPV in 

which the particle to plaque-forming units (pfu) ratio can exceed 106 particles/pfu (11).  

Methods employing RT-PCR rely on the amplification of virus mRNA which may be 

expressed at different levels during an infection, or the variability of many factors during 

cell culture which could affect the production of host cell factors involved in the infection 

(5, 12).  While titration of virus infectivity by plaque assay is the “gold standard” for 

titration of infectious virus, this assay is limited by the relatively small number of 

samples that can be processed at a time, and can be fairly costly and labor intensive.  

Virus titration by TCID50 assay requires an experienced eye and a great deal of time to 
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read when a large number of samples are to be analyzed.  While titration of animal 

viruses has been reported using the MTT assay, this method has not been widely applied.   

The MTT assay is an established colorimetric method based on the determination 

of cell viability, as opposed to cell cytopathology, utilizing the reaction of a tetrazolium 

salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, MTT) with the 

mitochondria of metabolically active cells.  The reduction of the tetrazolium salt by 

NADH and NADPH within the cells produces insoluble purple formazan crystals, which 

are later solubilized yielding a purple-colored solution (13).  The color intensity of the 

final solution is proportional to the number of viable cells, and can be read 

spectrophotometrically.  This method has been used to titer influenza virus (14), the 

picornaviruses, Coxsackievirus B6 and Ljungan virus (15) and respiratory syncytial virus 

(16).  It is also often applied to determine the cytotoxicity of anti-viral compounds, 

including compounds targeting human immunodeficiency virus (HIV) (17), herpes virus 

(18-20)  and respiratory syncytial virus (21), and also has been applied to determine the 

efficacy of antiviral compounds against HIV (22) and the efficacy of antibodies that 

neutralize vaccinia virus (23). 

The titration of mammalian parvoviruses as a group requires the use of the 

different methods previously mentioned.  Viruses from the family Parvoviridae are 

commonly found in many mammalian species, including canine, murine, porcine and 

human (11).  Although plaque assays have been developed, and are available for PPV (7), 

CPV (24), and MVM (8), these assays require long incubation periods and their success 



 66

is variable.  TCID50 methods are currently available for PPV (2) and MVM (10). These 

methods are, however, cumbersome, subjective, and labor intensive. 

In the present study, a high-throughput method using the MTT assay for the 

titration of infectious canine parvovirus (CPV), minute virus of mice (MVM), and 

porcine parvovirus (PPV) is described.  Although the growth of each virus requires a 

different cell line, the infectivity of these different viruses can be directly compared 

quantitatively by a novel application of this technique.  The MTT assay was used for the 

comparative analysis of several members of the parvovirus family by establishing a 

uniform unit of virus infectivity (MTT50), thereby extending the utility of this titration 

method.  

The use of this titration method was further expanded to include Sindbis virus, 

which is easily titrated by plaque assay.  This was done to illustrate the applicability of 

this technique to facilitate the titration of large numbers of virus samples and to 

standardize the assay to a virus of well known and easily assayed infectivity.  

3.2  Materials and Methods 

3.2.1 Cells and Viruses  

 Porcine parvovirus (PPV) strain NADL-2 was propagated and titrated in porcine 

kidney 13 (PK-13) cells, which were a gift from the American Red Cross (Rockville, 

MD).  PK-13 cells were grown in Eagle’s Minimum Essential Media, EMEM (Quality 

Biological, Gaithersburg, MD) and supplemented with 10% fetal bovine serum (FBS), 

(Hyclone, Logan, UT), 2 mM glutamine (Sigma, St. Louis, MO) and 100 µg/ml 

gentamicin (Gibco, Frederick, MD).  Minute virus of mice (MVM) strain prototype (p) 
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was propagated and titrated in human newborn kidney cells simian virus-40 transformed 

NB324K cells, which were a gift from American Red Cross (Rockville, MD).  NB324K 

cells were grown in RPMI-1640 from (Gibco, Frederick, MD) and supplemented with 5% 

FBS (Hyclone, Logan, UT) and 100 µg/ml gentamicin (Gibco, Frederick, MD).  Canine 

parvoviruses (CPV) strain C-780916 was propagated and titrated in canine tumor cells A-

72, which were purchased from the ATCC (Rockville, MD).  A-72 cells were grown in 

Leibovitz's L-15 media (Gibco, Frederick, MD) and supplemented with 10% FBS 

(Hyclone, Logan, UT), 2 mM glutamine (Sigma, St. Louis, MO) and 100 µg/ml 

gentamicin (Gibco, Frederick, MD).  Sindbis virus heat resistant strain (SVHR) was 

propagated and titrated in baby hamster kidney (BHK-21) cells.  BHK-21 cells were 

grown in EMEM (Gibco, Frederick, MD) and supplemented with 10% FBS (Hyclone, 

Logan,UT), 2 mM glutamine (Gibco, Frederick, MD), 100 µg/ml gentamicin (Gibco, 

Frederick, MD), and 5% tryptose phosphate broth (TPB) (Gibco, Frederick, MD) (25).     

3.2.2 Cell Propagation 

All cells were propagated at 37˚C, 5% CO2 and 100% humidity.  First, all cells in 

75 cm2 flasks were washed with 3 – 5 ml of PBS-D (30 mM KCl, 15.2 mM KH2PO4, 80 

mM Na2HPO4•7 H2O and 0.14 M NaCl, pH 7.4).  Then, 3 – 5 ml of trypsin (0.025% 

trypsin, 0.5 mM EDTA, and 0.0012% phenol red) was added to each flask until the cells 

detached.  An equal amount of the appropriate media was added for each cell line and the 

cells pelleted by light centrifugation.  The pellet was resuspended in the appropriate 

media for each cell line and added to a flask with fresh supplemented media.  The 

frequency and ratio of the cell propagation was distinct for each cell line.  PK-13 cells 
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were propagated every 3 – 4 days and split 1:5 (every flask was split into 5 fresh flasks), 

NB324K cells were propagated every 3 days and split 1:4, A-72 cells were propagated 

every 2 days and split 1:2 and BHK-21 cells were propagated every day and split 1:3 as 

stated in Renz and Brown (25). 

3.2.3 Virus Infection, Production and Purification  

 For the production of each of the individual virus stocks, cells for each virus (PK-

13 cells for PPV, A-72 cells for CPV, and NB324K cells for MVM) were trypsinized as 

stated earlier, counted using a hemocytometer and seeded at a density of 6 x 105 

cells/flask in a 75 cm2 flask.  After 24 hours, cells were infected with either 1000 TCID50 

for PPV and MVM, or a multiplicity of infection (MOI) of 0.01 pfu /cell for CPV in 1 ml 

of PBS-D (phosphate buffer saline without calcium or magnesium) containing 3% FBS 

and 100 µg/ml gentamicin, and rocked for 1.5 hours.  After infection, 9 ml of media were 

added to the flasks and the flasks placed at 37˚C for 5-6 days.  The flasks were frozen at -

20˚C and thawed at room temperature.  Cells were scraped, sonicated on ice (VC130PB 

Ultrasonic Processor Tip Sonicator, Sonics and Materials Inc, Newton, CT) at a setting of 

40 watts and 20 kHz with 5 seconds pulses at a time, 30-40 times to break up any 

remaining intact cells and then purified or concentrated by one of the two following 

methods. 

  MVM and PPV were concentrated by PEG precipitation (2).  For the PEG 

precipitation, the scraped cells and media were centrifuged at 9,000 rpm in an Eppendorf 

centrifuge 5810R and rotor F34-6-38 (10,400 x g) for 15 min at room temperature.  PEG 

and NaCl was added to the supernatant to a final concentration of 5% PEG and 0.5 M 
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NaCl then allowed to sit on wet ice for 4 hours.  Precipitated virus was centrifuged at 

9,000 rpm in an Eppendorf centrifuge 5810R and rotor F34-6-38 (10,400 x g) for 4 hours 

at 8˚C and the pellet was resuspended in 1 x HD buffer (100 mM NaCl, 10 mM sodium 

citrate, 1.1 mM CaCl2, 10 mM Tris-HCl, 2% sucrose, pH 7.2). 

  PPV, CPV, and MVM, were also purified using CsCl gradients (26).  For this 

method, CsCl was added to the scraped, sonicated cells in the culture media to a final 

concentration of 0.83 M, which gave a solution density of 1.39 g/cm3.  This was 

centrifuged overnight at 290,000 x g at 4˚C in a Beckman NTV 90 vertical rotor in an 

Optima L-90K Beckmann Ultra Centrifuge.  The gradient was collected in 0.5 ml 

fractions and fractions having a density between 1.36-1.43 g/cm3 were pooled and 

dialyzed into TE 8.7 buffer (50 mM Tris, 25 mM EDTA, pH 8.7) for PPV, and into PBS-

D, pH 7.4 for MVM and CPV.  

            SVHR virus was obtained by infecting 90% confluent 75cm2 flasks (90% of the 

area of the flask is occupied by the cells) with stock virus at an MOI of 10-50 pfu/cell 

diluted in PBS-D and collecting the virus released into the media after 24 hrs.  SVHR  

infections were done at a sufficient MOI (10-50 pfu/cell) to infect all the cells in the well 

and produce a single cycle infection.  This MOI is possible for viruses which produce 

high titers., whereas with the parvoviruses a lower MOI is required and more than one 

replication cycle is allowed.  The virus was brought to 10% glycerol, flash frozen in 

liquid nitrogen and stored at –800C in 500 µl aliquots.  Sindbis virus stocks were used 

without further concentration or purification. 
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3.2.4 Titration of Viruses and Titer Calculations 

           The TCID50 assay was performed on MVM and PPV, and an attempt was made 

with CPV, but was unsuccessful.  Briefly, the TCID50 assay was performed by seeding 

the cells at 8 x 103 cells/well for PK-13 cells and NB324K cells in a total volume of  200 

µl media/well were added to flat bottomed, 96-well cell culture plates by Costar 

(Corning, NY).  After 24 h, the plates were infected with 50 µl/well of virus sample to be 

titrated in quadruplicate.  This volume was chosen to establish a 5-fold dilution series 

which was then maintained by serial dilution across the plate.   After 6 days, the plates 

were read manually to determine CPE, and were scored by the Kärber method (9, 27).   

Wells were considered to have CPE when there was loss of cell to cell contact. 

 All parvoviruses were assessed for a relative infectious virus titer with the MTT 

assay.  The MTT assay was performed by seeding the cells into flat bottomed, 96-well 

cell culture plates at 8 x 103 cells/well for PK-13 cells and NB324K cells, and at 1 x 104 

cells/well for A-72 cells in a total volume of 100 µl/well. This is the same cell density per 

well as the TCID50 described above, but the volume per well was reduced for this assay 

to accommodate the subsequent addition of the MTT solutions.  After 24 hours, the cells 

were infected by adding 25 µl/well of virus sample to be titrated in quadruplicate, 

maintaining the 5-fold dilution as with the TCID50, which was subsequently serially 

diluted using 5-fold dilutions directly on the plate.  After 6 days, the cell proliferation kit 

MTT (Roche Diagnostics, Indianapolis, IN) was used to assay the number of viable cells 

remaining in each well by addition of 10 µl/well of MTT salt and incubation at 37 0C.    

After four hours (unless specified otherwise), 100 µl of the solubilization buffer (10% 
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SDS in 0.01 M HCl) was added to each well.  After overnight incubation at 37 0C, the 

plates were read on a TECAN spectrophotometer (Phoenix Research Products, Research 

Triangle Park, NC) at 550 nm with a reference wave length of 650 nm. 

          Conditions for the MTT assay of Sindbis virus infected BHK cells were as follows.   

BHK-21 cells were seeded at a density of 1 x 104 cells/well in flat-bottomed 96-well cell 

culture plates from Costar (Corning, Corning, NY). The cells were incubated at 370C and 

were infected 16-20 h later when they were about 90% confluent. For infection, 10-fold 

serial dilutions of virus were prepared in culture tubes by adding 100 µl of virus to 900 µl 

of supplemented 1x EMEM (Gibco, Frederick, MD). All the dilutions were made on ice 

to avoid loss of infectivity of the virus.  From each of these dilutions, 100 µl of virus 

containing media was added to the microtiter plates from which the initial growth media 

was removed.  Seven replicates of each dilution were made down each column of the 

plate by adding 100 µl virus containing media from each dilution tube. The first column 

of the plate contained 100 µl of virus stock (no dilution). The last row of the titer plate 

served as control with no virus. This method of diluting the virus was done in particular 

for Sindbis virus as our experience shows that this virus sticks to certain types of plastic 

and glass surfaces.  To minimize this problem, dilutions were made in the culture tubes to 

avoid any possibility of virus sticking to the walls of the microtiter plate and introducing 

error to the dilutions.  Eight hours after infection, 10 µl/well of MTT solution was added 

and 4 h later, 100 µl/well of the solubilization buffer was added. The plates were 

incubated at 370C overnight and the absorbance was measured at 550 nm as described 

above.  
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 For the parvovirus MTT assays, the 50% infectious dose (MTT50) of the virus was 

defined as the concentration at which the average well absorbance was 50% of the 

average uninfected cell absorbance.  This was determined by plotting the optical density 

of each well versus the –log10 (dilution factor).  The optical density was defined as: 

%100
absorbanceBlank 

absorbance WellabsorbanceBlank density Optical ×
−

=  (3.1) 

the blank absorbance was the average absorbance of 12 - 48 uninfected wells and the well 

absorbance was the absorbance of a particular infected well.  From the plot of optical 

density versus –log10 (dilution factor), the 50% optical density was determined to be at a 

certain –log10 (dilution factor).  This value was converted to a per milliliter basis and 

stated at the MTT50 titer.  For example, if the 50% optical density was found to be 2.5 

log10 and 25 µl had been initially added to the first well, then the titer would be 

10(2.5)/0.025 ml = 4.1 log10(MTT50/ml). 

 Infectious virus titration was done by plaque assay for PPV, CPV, and SVHR.  

MVM could not be titrated by plaque assay because the NB324K cells did not survive 

under agarose for the 4 - 6 days projected for the MVM plaque assay, making this 

approach unsuccessful.  For PPV and CPV, plaque assays were performed by seeding the 

cells at 2 – 4 x 105 cells/flask into 25 cm2 tissue culture flasks.  After about 24 hours 

when the cells were at 60 – 70% confluence, the 25 cm2 tissue culture flasks of cells were 

then infected with 200 µl of virus sample diluted into1x PBS-D with 3% FBS.  Ten fold 

dilutions were made to a point beyond which no infectious virus was expected, depending 

on the initial virus titer.  After 1 hour, the virus inoculum was removed and the cells were 
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overlayed with 7 ml of an overlay media consisting of 2% agarose in H20 diluted 1:1 in 2 

x supplemented media.  The supplemented media used depended on the cell line being 

titrated and was made by doubling the amount of each supplementing constituent (added 

to the 1x media stated above) added to 2x media.  After 2 days at 370C for SVHR, 4 days 

for PPV and 6 days for CPV, the flasks were stained by adding 1 – 2 % neutral red to the 

overlay media and the plaques counted 4-8 hours later.  The number of plaques per 200 µl 

of the virus in the dilution is used to obtain the pfu (plaque forming units) per ml of stock 

virus.  

           The TCID50 assay for Sindbis virus was done using equivalent plates to those used 

for MTT assay.  These plates were used to determine the number of wells showing CPE, 

at 8 hrs after infection, just before adding the MTT reagent.  These plates were scored for 

TCID50 titers as described above.  

 The titers of all virus stocks can be seen in Table 3.2. 

3.3  Results 

 The MTT assay was performed using cell lines competent for PPV, CPV, and 

MVM (for the parvovirus stocks), and Sindbis virus. These results were then compared to 

other infectious assays for these viruses using the same cell lines.  The MTT assay, 

plaque assay and TCID50 assay were performed for PPV and SVHR, but not all three 

assays produced results for CPV or MVM.  For CPV, MTT assay results were compared 

to the plaque assay, while the TCID50 assay was used for MVM.  

When performing the MTT assay for all viruses, the cells were plated onto 96-

well plates and infected approximately 24 hours later.  Each virus sample was added to 
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the plates either in quadruplicate, or using the entire plate for each sample.  After six days 

for the parvoviruses, and 8 hours for Sindbis virus, the MTT solution was added to the 

plates, and the solubilization agent added 4 hours after adding the MTT solution.  The 

plates were then read using a spectrophotometer the following day.  The replicate 

samples were averaged and a plot of the percentage of optical density versus –log10 

(dilution factor) for each sample was constructed to determine the 50% infectious dose 

with the values adjusted to units/ml.  Shown in Figure 3.1 and Figure 3.4, PPV and MVM 

produced a sigmoidal-type curve when plotted in this fashion, and CPV might have 

produced the same curve if a sample of higher titer had been available.  The linear, 

downward sloping phase of the curve was used to determine the dilution that produced 

50% of the optical density of uninfected cells calculated as described above, which was 

determined to be the MTT titer of the virus. 

3.3.1 Titration of PPV 

A stock PPV virus was diluted to different starting concentrations to determine if 

the MTT assay could distinguish virus samples of different titers and if the MTT titers 

were comparable to the TCID50 titers for those samples.  Figure 3.1 shows the data from 

three different initial dilutions of stock virus, where the percent optical density was 

plotted versus the –log10 (dilution factor).  The sample was directly added to the first well 

and arbitrarily given a dilution factor of 0, and a –log10 (dilution factor) of 0.  The second 

well was diluted 5-fold or –log10 (0.2) which is 0.7.   The dilution factors for each set of 

quadruplicate wells, as they were serially diluted across the plate form the x-axis of the 

plot.  The sigmoidal-type curve was very distinct at each dilution and the 50% optical 
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density was easily determined, and when converted to a per milliliter basis resulted in 

each sample generating a similar MTT titer when compared to the TCID50 titer.  This 

curve was found to be an ideal fit for the data since infected cells produced an optical 

density close to 100% and the cells that were beyond (or to the right on the plot) of the 

linear portion of the curve were below 20% optical density.  Since the MTT assay 

appeared to be as sensitive as the TCID50 for determining titers of virus samples, it was 

further optimized to control for sensitivity to different perturbations, including virus 

sample preparation, the ability of different operators to consistently perform the assay, 

and time frame for the addition of MTT solutions.  
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Figure 3.1  MTT titer of stock PPV at different dilutions.  Stock PPV was diluted to  
determine if the MTT assay could distinguish between a range of  titers.  The MTT titer 
was comparable to the TCID50 titer when the –log (dilution factor) was read from the 
50% optical density and this value converted to units/ml.  The titer values are:  (▲) 3.5 
log(TCID50/ml) and 3.4 log(MTT50/ml); (▪) 6.5 log(TCID50/ml) and 6.3 log (MTT50/ml); 
(♦) 9.0 log (TCID50/ml) and 8.8 log (MTT50/ml). 
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PPV stocks were purified by two different methods and stored in different buffers; 

CsCl gradient purified PPV was stored in TE 8.7 (50 mM Tris, 25 mM EDTA, pH 8.7) 

and PEG precipitated PPV was stored in 1x HD buffer (100 mM NaCl, 10 mM sodium 

citrate, 1.1 mM CaCl2, 10 mM Tris-HCl, 2% sucrose, pH 7.2).  These samples were 

diluted to different starting concentrations and the MTT and TCID50 titers were compared 

for the each sample.  There was a correlation between the two titration methods, MTT 

and TCID50 exhibiting a slope of 1 in a log10-log10 plot with an R2 value of 0.94, which 

was not affected by the purification method used, shown in Figure 3.2.  Variations in 

personal technique by different operators were not found to affect the data, producing a 

consistent reading of the MTT values, shown in Figure 3.3.  The TCID50 values also 

exhibited an excellent correlation between these two titration methods (Figure 3.3). 
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Figure 3.2  Correlation between MTT50 and TCID50 for PPV stocks of different purity.   
Two different purification methods were used, PEG precipitated (▫) and CsCl gradient (▪).  
When comparing the MTT50 and TCID50, a good correlation between the MTT50 and 
TCID50 was found with both purification methods. 
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Figure 3.3  Correlation between MTT50 and TCID50 for PPV reproducibility.  
Reproducibility was determined by three separate operators completing the MTT50 assay 
and a consistent operator completing the TCID50 assay since it is a subjective assay.  
When comparing the MTT50 and TCID50 titers a good correlation was found between the 
MTT50 and TCID50 values for each independent operator, as shown by each different 
symbol and R2 values of 0.92, 0.94, and 0.95. 
 

Finally, the sensitivity of the assay to incubation time after infection, as well as 

time between additions of the reagents was assessed using PPV.  Different dilutions of 

stock virus were read by MTT assay 4 to 6 days after infection and compared to the 

TCID50 which was read on day 6.  It was determined that the endpoint dilution of the 

virus was the same on each of the days tested (data not shown).  A diluted amount of 

virus was titrated by varying the time between the addition of the MTT salt solution and 

the solubilization buffer (Table 3.1A), and also the time between the addition of the 

solubilization buffer and the reading of the plates (Table 3.1B).  This was done to 

determine if these incubation periods had any effect on the accuracy of the assay.  The 

assay yielded good results when solubilization buffer was added at least 4 hours and no 
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more than 8 hours after the addition of the MTT salt (Table 3.1A).  When the samples 

were incubated with MTT for less than 4 hours the blank values (uninfected cells) were 

below 0.60 (Table 3.1), indicating that not all the MTT had been metabolized and the 

cells needed more time to process the reagent.  When given between 4 - 8 hours, the 

blank values continued to increase.  Since the assay data is plotted as the percentage of 

the blank optical density, a higher blank value will result in less experimental noise to 

affect the data.  The ideal time frame for reading the plates after the addition of the 

solubilization salt was found to be at least 4 and no more than 48 hours, since this is the 

longest time tested (Table 3.1B).  This was also based on the increasing blank values as 

time continued, based on a requirement that the blank values be above 0.60 (Table 3.1B). 

 
Table 3.1A  Time between addition of MTT salt and solubilizing buffer. 

Hours 
Blank 

(Absorbance) 
MTT Titer 

log10(MTT/ml)
1 0.40 4.7 
2 0.50 4.9 
4 0.68 4.2 
6 0.80 4.5 
8 0.88 4.2 

 
 
Table 3.1B  Time effect after addition of reagents and absorbance measurement for MTT 
assay. 

Hours 
Blank 

(Absorbance) 
MTT Titer 

log10(MTT/ml)
1 0.33 4.0 
4 0.63 4.2 
8 0.61 4.5 
16 0.53 4.4 
24 0.83 4.4 
48 0.92 4.4 
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3.3.2 Titration of MVM 

MVM exhibited similar results to PPV for the MTT assay.  Figure 3.4 shows the 

data from MVM stocks made by CsCl gradient purification or PEG precipitation, both at 

a titer of 6.3 log10 (TCID50/ml).  The MTT titer of 5.1 log10 (MTT50/ml) was easily 

determined by finding the –log10 (dilution factor) for the 50% optical density and 

converting to a per milliliter basis as described in Methods.  Both virus purification 

methods gave reproducible results for MVM titers, which demonstrate that the MTT 

assay is an acceptable assay for evaluating infectivity of MVM from these two 

purification methods. 
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Figure 3.4  Titer of stock MVM purified by two different methods.  Both purification 
methods, PEG precipitated (▫) and CsCl gradient (▪), gave the same TCID50 and MTT50 
titers of 6.3 (TCID50/ml) and 5.1 (MTT50/ml) respectively 
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3.3.3 Titration of CPV 

CPV was the most difficult virus to work with.  The stock virus had a low titer 

which precluded testing the MTT assay at different dilutions, as was done with PPV and 

MVM.  In order to determine the reproducibility of the assay, different serial dilutions 

were made across the plate to determine if the same titer would be found under these 

conditions.  This was only necessary for CPV due to the low titer of the stock.  Figure 3.5 

shows that stock CPV virus serially diluted by 2, 3 or 5-fold dilutions produced similar 

titers as demonstrated by the downward slope of the curve which crosses the 50% optical 

density point at the same place for each dilution. This point was found to be 1.1 log10, 

which translates to a titer of 2.6 log10 (MTT50/ml).   This demonstrates that the assay is 

not affected by changing the dilution ratios across the plate.  This finding was useful 

because it demonstrated that this method is also accurate for verifying the infectivity of a 

low titer sample.  An MTT titer for CPV was not compared to a TCID50 titer as in the 

case of PPV or MVM, because suitable conditions could not be found to produce a viable 

assay.  A CPV plaque assay was performed for comparison of the MTT titer.  The plaque 

assay result for the CPV stock was 4.8 log10 (pfu/ml) compared to 2.6 log10 (MTT50/ml) 

as shown in Table 3.2.   
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Figure 3.5  MTT50 titer of stock CPV using different serial dilutions.  A CPV stock of 
low titer was titrated at different serial dilutions to evaluate the effect of the dilution 
series on the titers.  The assay gave a consistent titer of 2.6 log (MTT50/ml) for each 
dilution series. 
 

3.3.4 Titration of Sindbis virus 

MTT and TCID50 assays were less complex to design for this virus as Sindbis 

virus titration using BHK cells is well established and relatively straightforward. Stock 

virus used in these experiments had a titer of 9.5 log10 (pfu/ml) as measured using a 

plaque assay. The TCID50 values were 100-fold less than the values obtained with plaque 

assays that are done routinely in our laboratory (Table 3.2). BHK cells are split every 24 

hours and in general the Sindbis-infected cells start showing CPE as early as 6 hours after 

infection. The TCID50 value of 7.3 log10 (TCID50/ml),  (calculated by the Kärber method) 

was close to the Sindbis virus MTT titer of  7.5 log10 (MTT50/ml) determined at 8 hours 

post infection. Identical plates to those used in the MTT assay were used to obtain and 

calculate the TCID50 value. The MTT data for Sindbis virus, shown in Figure 3.6, did not 
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generate the ideal optical density curves as seen in the PPV system (Figure 3.1) because 

of differences in the cells used for the infections.  MTT assays were also performed on 

SVHR-infected BHK cells at 16 and 20 hours post-infection (data not shown). Assays 

performed at these times were not as reproducible as those performed at 8 hours post-

infection due to heavy cell growth in the uninfected cell wells. 
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Figure 3.6  MTT50 titer of Sindbis virus.  Cells were infected with dilutions of virus and 
incubated for 8 h as described in the text. From the data points on the graph, and the 
calculation method described in Methods, the MTT50 titer is ~7.0 log units/ml. BHK cells 
were seeded at a concentration of 7.0 X 104 cells/well in 96 well plates and used at 
approximately 80% confluence.  As shown on the graph, cells at the same density seeded 
from a different cell stock ( ) from those seeded on a previous day (●) gave higher 
overall OD values.  The MTT50 titer, however is similar.  Identical plates to those used in 
( ) were used to obtain and calculate the TCID50 value of 7.3 log(TCID50/ml). 
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Table 3.2  Titers of different viruses by MTT, plaque assay and TCID50.   

Virus Blank MTT Titer 
log10(MTT50/ml) 

Plaque Assay Titer 
log10(pfu/ml) 

TCID50 Titer  
log10(TCID50/ml) 

PPV 0.79 ± 0.18 (12) 7.8 ± 0.9 (12) 7.0 ± 0.4 (11) 7.8 ± 1.0 (6) 
CPV 0.31 ± 0.10 (3) 2.6 ± 0.5 (6) 4.8 (1) N/A 

MVM 0.70 ± 0.63 (2) 5.1 ± 0.6 (2) N/A 6.3 ± 0.1 (2) 
Sindbis 0.94 ± 0.26 (4) 7.5 ± 0.4 (4) 9.5 ± 0.4 (10) 7.3 ± 0.9 (4) 
∆K391 3.5 (1) 6.3 (1) N/A 

Plaques 1-4a 7.1 (1) 9.15 (1) N/A 
Plaque 5b 6.5 (1) 8.56 (1) N/A 
Plaque 6c 

1.00 ± 0.23 (1) 

5.25 (1) 7.5 (1) N/A 
(The number of times the experiment was repeated.) 
a.   Representative data from 26 plaques titrated using the MTT assay. 
b.   Data from a plaque displaying 1 log lower MTT50 titer compared to the wild type 
virus 
c.   Data from a plaque displaying 2 logs lower MTT50 titer compared to the wild type 
virus 
 

3.4  Discussion 

Three different parvoviruses; porcine parvovirus, canine parvovirus, and minute 

virus of mice, and one alphavirus, Sindbis virus were titrated using the MTT assay and 

other accepted titration methods.  Table 3.2 shows the titers as established by MTT, 

plaque assay and TCID50 assay of stock batches of each virus using their appropriate cells 

lines.   

The differences seen in the MTT, TCID50 and plaque assay values are the result of 

the method in which the two titers are calculated.  Both the MTT and the TCID50 values 

are midpoint determinations, while the plaque assay gives an endpoint value.  As shown 

in Figures 3.5 for CPV and 3.6 for SVHR, the MTT values at the endpoints of the linear 

values approach the observed plaque assay titers for each of the virus stocks.  For CPV, 

the MTT endpoint was approximately 3.5 log10 (MTT50/ml) compared to the measured 
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plaque assay value of 4.8 log10 (pfu/ml) and for SVHR the MTT endpoint of 

approximately 9.1 log units/ml compared to the plaque assay value of 9.5 log10 (pfu/ml).  

The CPV plaque assay was difficult to reproduce, and multiple stocks of known titer 

were not available making this titer difficult to validate.  It is possible that not all viruses 

will correlate well with another infectivity assay.  However, once a reproducible 

correlation is established using an assay known to give a reliable infectious virus titer to 

use as a standard, a comparative MTT titer can be established. 

3.4.1  PPV 

PPV is easily titered using  plaque  and the TCID50 assays on PK-13 cells (28). 

This study extends these titration methods to include the MTT assay, also using PK-13 

cells.  The plaque assay gave a titer of 7.0 log10 (pfu/ml) and the MTT and TCID50 assays 

gave titers of 7.8 log10 (MTT50/ml) and 7.8 log10 (TCID50/ml) for the stock PPV.  The 

plaque assay is a useful method because it can give very precise titers with a smaller error 

than the TCID50 assay (Table 3.2), but it is difficult and time consuming to titer multiple 

samples at one time.  The TCID50 assay is valuable for higher through-put of samples, but 

it requires experienced personnel to read the plates, and hours of processing the plates by 

light microscopy if large numbers of samples are processed at the same time.  The MTT 

assay has the advantage of being able to handle large amounts of samples, and can be 

automated to determine titers quickly and efficiently, and has the same error of 1 log10 as 

the TCID50 as shown in Table 3.2.  

The blank value absorbance (absorbance of uninfected cells) for the PPV MTT 

assay was high and consistent.  This is a measure of cell health and a way to compare cell 
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viability between assays because it measures the amount of MTT salt that is metabolized 

by cells that have not been infected.  This value must be monitored, because if it is low, 

then the health of the cell culture may be compromised and the virus infection may not 

proceed as efficiently as with healthy cells.  The blank value was used to determine the 

ideal conditions when the time between reagent additions and reading were evaluated in 

Tables 3.1A and 3.1B.  When the plates were read 1 hour after the solubilization buffer 

was added, the salt crystals were not dissolved, and the color development was not 

complete, giving a blank absorbance value of 0.33, which was too low.  All experiments 

varying the time for reagent additions and readings were performed using a 6-day 

incubation time.  The ideal time frame for the second reagent addition was between 4 – 8 

hours after the first reagent addition, and the ideal reading time was 4 – 48 hours after the 

second reagent addition, however, even when the test was conducted outside of the ideal 

time frames, the values obtained for virus titer did not change significantly, indicating 

that the MTT assay is accurate as well as flexible and easy to perform. 

Parvoviruses are DNA viruses that require host cell production of enzymes for 

virus DNA synthesis and replication, only available during mitosis (11).  When cell 

metabolism is slow, the rate of cells entering mitosis is diminished resulting in lower 

virus production. These conditions would be expected to affect the MTT assay by giving 

lower than expected values.  While the optical density value of the uninfected PK-13 

cells was consistently high at the time the assay was read (6 days post infection) all cell 

lines did not display a high optical density value for uninfected cells. 
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3.4.2  MVM 

MVM is easily titered using the TCID50 assay (10) and was found to be 

reproducibly titrated using  the MTT assay.  However, difficulties arose during our 

attempts to titer this virus by plaque assay.  Tattersall reported the results of MVM 

titration by plaque assay using NB324K cells (8), but in our hands, the cells often died 

under the agarose overlay and this was not found to be a consistent method for 

determining virus titer.  The difference between MTT and TCID50 titers was about 10-

fold for MVM.   This difference was found to be greater than that seen for the 

comparative MTT and TCID50 assay titers for PPV.  This could result from a particular 

characteristic of the NB324K cells which may need more time to metabolize the MTT 

salt than the PK-13 cells, producing  a titer that is lower than that observed for the 

TCID50 assay.  Using the Kärber method of scoring the TCID50, a well on the 96-well 

plate is considered either dead or alive creating a gap in the data from “live wells”to 

“dead wells”.  The MTT assay, as shown in Figures 3.1, 3.4 and 3.5 is able to detect 

different quantities of dead cells, as shown by the downward slope of the curve.  If this 

were not the case we could expect to observe a straight line at 100% optical density and 

then a drastic jump to 0%, but this is not observed.  For this reason, the MTT assay and 

the TCID50 titers cannot be directly compared to one another for any cell/virus system.  In 

the case of PPV, the gradual decline of the titer corresponds well to the “dead or alive” 

scoring of the Kärber method, but in the case of MVM, the cytopathic effect measured 

when scored using the TCID50 assay does not exactly correlate to completely dead cells 
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when assayed by the MTT assay.  This may account for the lower MTT titer, compared to 

the TCID50 value.  It is important to note that the MTT titer was reproducible and gave 

consistent titers relative to the TCID50 titers.  Because MTT and TCID50 titers cannot 

always be directly compared to one another, a uniform titration method which could be 

applied to many different virus groups, such as the parvoviruses is valuable.  The blank 

values for the MVM MTT assay using the NB324K cells were also high, which is a 

measure of the cell health and viability and is important for the same reasons as those 

discussed for PPV (section 3.4.1). 

3.4.3 CPV 

CPV is a difficult virus to grow and titer.  A TCID50 titer was not obtainable on 

three different cell lines used for growing CPV, including A-72, canine thalamus cells 

(Cf2Th), and mouse fibroblast A9 cells.  This demonstrates that the outcome of any 

titration assay is dependent on the cell line used in the assay.  The plaque assay described 

by Chang (24) was difficult to reproduce, as can be seen in Table 3.2.  In five attempts, 

only one plaque assay gave a reliable titer.  The MTT assay was reproducible, even 

though the blank absorbance for A-72 cells was low (Table 3.2) and the titer for the MTT 

assay was over 100-fold lower than the plaque assay titer. This result is as expected 

because the plaque assay measures a dilution endpoint, compared the midpoint (50% 

endpoint) value calculated for the MTT and TCID50 assays.  The low blank absorbance 

may be due to the slower conversion of the MTT salt to formazan by the A-72 cells, than 

the PK-13 and NB324K cells.  Although cytopathic effect was observable and 

measurable for CPV in the A-72 cells, cytopathology may not lead to plaque formation, 
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or the ability to read the TCID50, if the cells do not lyse, or if the cells are still competent 

to take up the neutral red dye.  Lysed cells were not observed under the microscope, and 

the A-72 cells were quickly saturated with low concentrations of neutral red. The agarose 

overlay was also found to stress the A-72 cells, shortening the life span of the cell 

monolayer.  The MTT assay was found to be sensitive enough to measure the metabolic 

state of cells in progressive stages of cell death at 6 days post infection.  This is 

demonstrated by the downward slope of the curves presented in Figure 3.5.     

3.4.4   Sindbis virus 

            The MTT assays conducted with BHK cells produced a maximum optical density 

of 1.0 for the uninfected cells although a lower level of conversion of the MTT to the 

formazan salt was seen in SVHR infected cells.   Because the MTT assay is based on 

mitochondrial activity of actively metabolizing cells, a higher number of viable cells 

(higher optical density values) in the wells with higher concentrations of virus (MOI = 

100 pfu/cell) may indicate functional mitochondria even after initiation of CPE in BHK 

cells. This would result in a relatively lower value after application of the optical density 

equation given in Methods.  This situation would produce relatively low calculated 

optical density values in the wells at low dilutions and relatively higher optical density 

values in the higher dilutions. Considering there is 100 µl of undiluted virus in the -

1(log10) dilution, this quantity of virus should be sufficient to completely lyse the cells 

within one 12-hour growth cycle.  The MTT salt was added 8 hours after infection to 

obtain the titer of infectious virus during a single cycle of infection (12 hours) without 

viral activity from subsequent rounds of infection influencing the optical density values. 
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An optical density value of 1.0 was accepted as the upper limit for any well in these 

experiments. This observation was in contrast to that seen for the A-72 cells which did 

not reach a maximum optical density of 1.0 for uninfected cells (refer to Table 3.2).   For 

Sindbis virus the TCID50 values correlated well with the MTT titers, as shown in Figure 

3.6 and Table 3.2.  The identification of CPE in the BHK cell cultures includes the 

presence of elongated, granulated cells, loss of cell to cell contact, and the appearance of 

vacuoles. Titration by plaque assay is a widely accepted method for obtaining Sindbis 

virus titers and displays excellent reproducibility. However, the TCID50 and MTT assays 

in the 96-well format are easy to manipulate and can be used for screening a large 

number of virus samples. The titers obtained with the MTT and the plaque assays are 

comparable if the endpoint of the MTT assay is evaluated, and not the 50% optical 

density that was used to evaluate the parvoviruses.  This is similar to the findings of 

Anderson et al. (2005) which demonstrated that evaluation of the MTT assay at the 80% 

optical density instead of 50% allowed titration of picornaviruses by MTT 2 days after 

infection to be comparable to the TCID50 7 days after infection.  Therefore, the finding 

that the MTT values obtained were found to be reproducible indicates that an MTT titer 

relative to a pfu/ml titer can be established for SVHR.  We therefore applied use of the 

MTT assay as a convenient method to obtain relative titers of wild-type and mutant 

viruses, eliminating the need for large plaque assays. The MTT assay was easily 

manipulated using large numbers of plates to obtain titers of revertants of the assembly 

defective Sindbis virus mutant, ∆K391(29).  These samples were further evaluated by 
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titration using the plaque assay and the relative differences seen for the MTT titers were 

verified with the plaque assay for each of the samples tested (shown in Table 3.2).   

3.5  Conclusions 

 The MTT assay has been successfully applied to the Parvoviruses PPV, CPV, and 

MVM as well as the Alphavirus Sindbis.  It is a unified titration method for these viruses, 

allowing the results to be more readily compared than titers generated by several different 

methods.  The MTT titer for PPV was compared between 1 and 9 log10 to the TCID50 titer 

given by the same dilutions and showed a correlation of 1:1 between the two assays 

tested.  The data demonstrated that the MTT assay can be applied to titrating viral 

systems in which the virus is able to produce CPE in vitro.  Optimization of the cell 

culture conditions with regards to: 1) The number of cells/well to be infected 

(considering the requirement for at least a blank absorbance of 0.6, if possible, for 

uninfected cells at the time of analysis), 2) The time after seeding of the plates at which 

to infect the cells, and 3) The time post infection to perform the assay, which were found 

to follow closely those parameters already established for infection of the cells in the time 

frame of the TCID50 assay (for parvoviruses 6-7 days or 8-20 hours post-infection for 

SVHR).  The MTT titers generated should be compared to an accepted titration method 

for the particular virus to establish a correlation with a known virus titer.    

The MTT assay is a high-throughput, easily automated process that can reproduce 

consistent titers for many different viruses, including members of the parvovirus and 

alphavirus families, as demonstrated.  This method can titer many different samples at 

once, which is an advantage over the plaque assay, and is quantitative, which is an 
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advantage over the TCID50.  It has also been demonstrated that viruses that cannot 

produce either a plaque assay or a TCID50 can be titrated with MTT and so the results of 

different viral assays can be more readily comparable.  The ultimate utility of this method 

would be the applicability of the MTT assay in the absence of an established infectious 

virus titration method. In the absence of such an assay, the MTT assay could be 

developed as a reliable, cell culture based method to evaluate virus titer.  
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4.1  Introduction 

The production and purification of mammalian viruses can be difficult and time 

consuming.  They are grown on cell monolayers, and they require purification from a 

complex mixture of cellular components, media, and serum proteins.  In order to do viral 

clearance studies, purification methods that create a viral solution that is as close as 

possible to the natural form of the virus that would be encountered in the real application 

should be used.  Different purification approaches will lead to different levels of 

infectious and non-infectious viruses and to higher or lower concentrations of 

contaminant proteins and other biological molecules.  This chapter explores the different 

approaches used to purify porcine parvovirus (PPV), and the effect of the virus 

purification method on the affinity adsorption of virus to peptide resins.  

4.1.1  Porcine Parvovirus 

PPV is a small, nonenveloped virus from the Parvoviridea family.  It is 

commonly used as a model small, nonenveloped DNA virus in viral clearance studies.  

The virus particle diameter is 18 to 26 nm (1) making it difficult to filter from protein 

products that are the same size or larger (2).  PPV is also stable and difficult to inactivate 

using chemical, heat or pH treatments (3).  Furthermore, PPV is a model for the B19 

human parvovirus that is the cause of "fifth disease" in normal persons and chronic 

anemia in some immuno-compromised patients.  If B19 infection occurs during 

pregnancy, it can lead to hydrops fetalis, fetal loss or congenital infection (4, 5).  Present 

in 0.02 – 0.6% of all blood donors (6), B19 is an important agent to remove or inactivate 

during plasma fractionation.  It has also been shown that there is an increase in exposure 
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to B19 by persons who receive plasma-derived platelet factors (7).  B19 is a difficult 

virus to obtain for laboratory studies, as it can only be found in contaminated blood and it 

is not easily propagated in cell culture (8, 9).  For this reason, we have chosen to work 

with PPV as a model to validate and optimize screening techniques and peptide library 

design before moving forward with B19 parvovirus and other viruses of human clinical 

relevance. 

This is not to downplay the importance of PPV to human health.  Many porcine 

products are used to treat human diseases.  For example, porcine factor VIII is used to 

treat hemophilia (10) and porcine tissue has successfully been used for tissue grafting and 

wound healing (11).  Porcine parvovirus is ubiquitous in porcine populations around the 

world (1) and between 50 – 80 % of porcine plasma batches collected for subsequent 

purification of porcine factor VIII must now be discarded due to PPV contamination (12) 

since it has been determined that 95% of the batches contained PPV (13).   

The structure of parvoviruses makes them ideal for affinity removal.  The virus 

surface contains three structural proteins, viral proteins VP1, VP2, and VP3 which have a 

molecular weight of 82.5, 65, and 62 kDa, respectively (14).  There are 60 proteins on the 

surface of the virus, and about 90% of them are VP2 (3).  But VP2 results from an 

alternate splicing of the same RNA that encodes for VP1 and VP3 is a catalytic cleavage 

of VP2 (15), so all of these proteins are generated from the same piece of DNA and 

contain similar protein sequences.  Figure 4.1 shows the protein sequences of VP1 (16), 

and the alignment of VP2 (17).  This creates repeated structures on the surface of the 

virus.  Repeating structures on the viral surface are ideal for the affinity binding to small 
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peptides on a solid support as the repeated sequences on the virus can bind to multiple 

peptides, resulting in an increased binding affinity of the virus to the surface (18). 

1   MAPPAKRARG LTLPGYKYLG PGNSLDQGEP TNPSDAAAKE HDEAYDKYIK SGKNPYFYFS 
61  AADEKFIKET EHAKDYGGKI GHYFFRAKRA FAPKLSETDS PTTSQQPEVR RSPRKHPGSK 
121 PPGKRPAPRH IFINLAKKKA KGTSNTNSNS*MSENVEQHNP INAGTELSAT GNESGGGGGG 
181 GGGRGAGGVG VSTGTFNNQT EFQYLGEGLV RITAHASRLI HLNMPEHETY KRIHVLNSES 
241 GVAGQMVQDD AHTQMVTPWS LIDANAWGVW FNPADWQLIS NNMTEINLVS FEQAIFNVVL 
301 KTITESATSP PTKIYNNDLT ASLMVALDTN NTLPYTPAAP RSETLGFYPW LPTKPTQYRY 
361 YLSCIRNLNP PTYTGQSQQI TDSIQTGLHS DIMFYTIENA VPIHLLRTGD EFSTGIYHFD 
421 TKPLKLTHSW QTNRSLGLPP KLLTEPTTEG DQHPGTLPAA NTRKGYHQTI NNSYTEATAI 
481 RPAQVGYNTP YMNFEYSNGG PFLTPIVPTA NTQYNDDEPN GAIRFTMDYQ HGHLTTSSQE 
541 LERYTFNPQS KCGRAPKQQF NQQAPLNLEN TNNGTLLPSD PIGGKSNMHF MNTLNTYGPL 
601 TALNNTAPVF PNGQIWDKEL DTDLKPRLHV TAPFVCKNNP PGQLFVKIAP NLTDDFNADS 
661 PQQPRIITYS NFWWKGTLTF TAKMRSSNMW NPIQQHTTTA ENIGNYIPTN IGGIRMFPEY 
721 SQLIPRKLY 
 
Figure 4.1  Amino acid sequence of VP1.  All of the PPV structural proteins originate 
from the same gene sequence, therefore VP1, VP2, and VP3 all have the same primary 
amino acid sequence. (*) VP2 begins.  VP3 is an alternative splicing of VP2. 
 
4.1.2  Purification of PPV 

Many different purification methods have been used to purify viruses, including 

precipitation (19), ultracentrifugation (20), and column chromatography (21, 22).  In viral 

clearance studies, sometimes the virus is not purified, and the entire cell culture 

supernatant is used (2) sometimes called a “crude” virus stock.  Every purification step 

can change the virus or select certain characteristics of the virus population.  Parvoviruses 

have a high particle to infectivity ratio, often 10,000 – 1,000,000 noninfectious viral 

particles are created for every infectious particle (3).  Many different steps in the 

production of the virus can lead to noninfectious particles, including errors in the DNA, 

the viral capsid proteins or simply the absence of DNA.  This leads to a virus population 

that is very diverse.  Furthermore, the state of the natural virus is often not known, but 

that is the state that would be most desirable for viral clearance applications.  For this 
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reason, different types of purification approaches have been attempted with porcine 

parvovirus (PPV) to determine how the state of the virus after purification affects the 

viral clearance results.  Purification by polyethylene glycol (PEG) precipitation (19), 

CsCl gradient (20), and gel filtration chromatography (23) have all been examined for 

their ability to produce viable PPV.  Each method created different solutions with respect 

to total protein concentration, amount of infectious and non-infectious particles, and total 

purity.  The PEG precipitated material was not used in further research, but the CsCl 

gradient was used for primary screening of small peptide ligand libraries (Chapters 5 and 

7) and the gel filtration material was used for equilibrium isotherms, which are described 

in Chapters 5 – 7.  

4.2  Materials and Methods 

4.2.1  Cell Maintenance 

Porcine parvovirus (PPV) strain NADL-2 was propagated and titrated in porcine 

kidney 13 (PK-13) cells, which were a gift from the American Red Cross (Rockville, 

MD).  PK-13 cells were grown in Eagle’s Minimum Essential Media (EMEM) (Quality 

Biological, Gaithersburg, MD) and supplemented with 10% non-heat inactivated fetal 

bovine serum (FBS), (Hyclone, Logan, UT), 2 mM glutamine (Sigma, St. Louis, MO) 

and 100 µg/ml gentamicin (Gibco, Frederick, MD) or 100 U/ml penicillin and 100 µg/ml 

streptomycin (Invitrogen, Carlsbad, CA).  

The PK-13 cells were propagated at 37˚C, 5% CO2 and 100% humidity in 75 cm2 

flasks.  First, the cells in the flasks were washed with 3 ml of PBS at pH 7.2 (Invitrogen, 

Carlsbad, CA).  Then, 3 ml of 0.25% trypsin containing ethylenediaminetetraacetic acid 
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(EDTA) (Invitrogen, Carlsbad, CA) were added to each flask and returned to the 

incubator for about 10 minutes.  The cells were then forcefully removed from the flask by 

banging the flasks until the cells detached.  An equal amount of media was added to the 

detached cells and the cells pelleted by light centrifugation.  The pellet was resuspended 

in 5 ml of media and 1 ml was added to each new flask containing about 20 ml of fresh 

supplemented media.  PK-13 cells were propagated every 3 – 4 days. 

For future use, the PK-13 cells were frozen and kept in liquid nitrogen.  One day 

after the cells were propagated, as stated above, they were trypsinized by adding 3 ml of 

trypsin to the cell culture flask, incubated for 15 minutes until the cells released from the 

flask and counted using a hemocytometer.  The cells were diluted to a concentration of 3 

x 104 cells/ml in supplemented media containing 10% dimethyl sulfoxide (DMSO) 

(Sigma, St. Louis, MO) and 1 ml aliquots of the cell suspensions were placed in 1.5 ml 

cryovials (Corning, Corning, NY).  The vials were put in a Nalgene Mr. Frosty 1°C cryo 

freezing box containing isopropanol and frozen slowly at -80°C freezer for 24 hours.  

They were then transferred to the liquid nitrogen tank for storage.  To continue 

propagation of the cells, one vial was placed in a 25 cm2 flask after being rapidly thawed 

at 37°C.  Supplemented media was slowly added in a drop-wise fashion until 9 ml had 

been added to the flask.  After 2 hours, the cells were observed and once many of the 

cells had attached to the flask, then the media was removed and fresh media was added to 

the flask so that the cells were no longer in contact with the DMSO.  The cells were 

observed for confluence before additional passages were made. 
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4.2.2  Production of PPV and 35S Radiolabeled PPV 

 For the production of PPV, PK-13 cells harvested and seeded at a density of 6 x 

105 cells/flask in a 75 cm2 flask.  The next day, cells were infected with 1000 TCID50 of 

PPV suspended in 1 ml of PBS containing 3% FBS and 100 µg/ml gentamicin.  The 

TCID50 (tissue culture infectious dose 50%) was determined as described in Section 3.2.4.  

After virus attachment proceeded for 1.5 hours, 5 – 9 ml of media were added to the 

flasks and the flasks placed at 37˚C for 5 – 6 days, until at least 90% cytopathic effect 

(CEP) was observed.  The flasks were frozen at -20˚C and thawed at room temperature.  

Cells were scraped and sonicated in a Branson 3510 sonication bath (Danbury, CT) for 

10 minutes to aid in the break-up any remaining intact cells.  The viral solutions were 

stored either directly as cell culture supernatant at -80°C or purified as stated in section 

3.2.3  

To label virus with 35S, the virus was grown as described above, except one to 

two days after the cells were infected, the media was removed and replaced with 

starvation media, which consisted of EMEM deficient in methionine, supplemented with 

10% non-heat inactivated fetal bovine serum (FBS), (Hyclone, Logan, UT), 2 mM 

glutamine (Sigma, St. Louis, MO) and 100 µg/ml gentamicin (Gibco, Frederick, MD) or 

100 U/ml penicillin and 100 µg/ml streptomycin (Invitrogen, Carlsbad, CA).  After 1.5 

hours in the starvation media, 21 µl/flask, unless stated otherwise, was added of Easytag 

35S Cys/Met label (PerkinElmer, Wellesley, MA).  The infection continued for 3 – 4 more 

days and the cells were treated the same as stated above and either stored as cell culture 

supernatant or purified on a CsCl gradient, described in section 3.2.3.2.  The 35S labeled 
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viral solutions were stored at 4°C upon completion of the purification.  Since the 35S label 

had a half life of 90 days, it was used within 3 weeks, and storage at 4°C was tested for 

stability.  Scintillation counts were taken with a Packard 1500 Tri-Carb Liquid 

Scintillation Analyzer (Wellesley, MA) in 10 ml of EcoLume Liquid Scintillation Fluid 

(MP Biomedicals, Irvine, CA).   

4.2.3  Purification of PPV 

4.2.3.1  PEG Precipitation 

PPV was concentrated by precipitation with NaCl and polyethylene glycol (PEG) 

(19).  For the PEG precipitation, the scraped cells and media were centrifuged at 9,000 

rpm in an Eppendorf centrifuge 5810R and rotor F34-6-38 (10,400 x g) for 15 min at 

room temperature.  PEG and NaCl was added to the supernatant to a final concentration 

of 5% PEG and 0.5 M NaCl then allowed to sit on wet ice for 4 hours.  Precipitated virus 

was centrifuged at 9,000 rpm in an Eppendorf centrifuge 5810R and rotor F34-6-38 

(10,400 x g) for 4 hours at 8˚C and the pellet was resuspended in 1 x HD buffer (100 mM 

NaCl, 10 mM sodium citrate, 1.1 mM CaCl2, 10 mM Tris-HCl, 2% sucrose, pH 7.2). 

4.2.3.2  CsCl Gradient 

PPV was also purified by a CsCl gradient (20).  For this method, CsCl was added 

to the scraped, sonicated cells in the culture media to a final concentration of 0.83 M, 

which gave a solution density of 1.39 g/cm3.  This was centrifuged overnight at 290,000 x 

g at 4˚C using a Beckman NTV 90 vertical rotor in an Optima L-90K Beckmann Ultra 

Centrifuge.  The gradient was collected in 0.5 ml fractions and fractions having a density 

between 1.36-1.43 g/cm3 were pooled and dialyzed into TE 8.7 buffer (50 mM Tris, 25 
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mM EDTA, pH 8.7) or PBS, pH 7.4 (Sigma, St. Louis, MO) using SpectroPor Dialysis 

tubing with a  6-8,000 MW cut off (Spectrum Medical Industries, Inc., Houston, TX). 

4.2.3.3  Gel filtration 

All gel filtration chromatography runs were performed on a Pharmacia 

Biotechnology FPLC equipped with two P-50 pumps, an LC-501 Plus controller, Frac-

100 fraction collector and associated equipment.  Two different columns were used, each 

packed with Sephacryl 300-S resin.  The first column was an Omni column with a total 

volume of 5 ml and 70 mm in length and was packed with Sephacryl 300-S from Sigma 

(St. Louis, MO).  The column was run at 0.5 ml/min and 1 ml fractions were collected.  

The second column was purchased from GE Healthcare (Fairfield, CT), it was 600 mm 

long and was prepacked with 320 mL of  Sephacryl S300 HR, which has a particle size of 

25 – 75 µm diameter beads (wet) and an exclusion limit for globular proteins of 104 – 106 

Da.  The column was run at 1.5 ml/min and 14 ml fractions were collected.  Each column 

was run in phosphate buffer saline (PBS) (Sigma, St. Louis, MO), unless stated 

otherwise, and washed with one column volume of 0.2M NaOH (Sigma, St. Louis, MO) 

and then re-equilibrated in 5-10 column volumes of PBS.  The columns were stored in 

20% ethanol between runs. 

4.2.4  Titration of PPV 

Different titration methods, including plaque assay, TCID50 and the MTT assay 

are described in detail in Chapter 3. 
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4.2.5  Electrophoresis and Protein Quantification 

 A 4-12% Bis-Tris NuPage gel was used for the SDS-PAGE in MES (2-(N-

morpholino) ethane sulfonic acid) running buffer from Invitrogen (Carlsbad, CA) and the 

samples were reduced by addition of 5% 2-mercaptoethanol (Sigma, St. Louis, MO) in 

the 4x LDS NuPage Sample Buffer (Invitrogen, Carlsbad, CA).  SilverExpress kit from 

Invitrogen (Carlsbad, CA) was used to stain the SDS-PAGE.  For SDS-PAGE containing 

35S radiolabeled PPV, Kodak BioMax MR film (Rochester, NY) was exposed to the gel 

for different amounts of time, depending on the amount of radioactivity present, and 

developed with a Konica SRX-101A Medical Film Processor (Tokyo, Japan). 

Protein quantification was done using a microBCA kit or The Coomassie Plus - The 

Better Bradford Assay Reagent (Pierce, Rockford, IL) and bovine serum albumin (BSA) 

was used for the standard curve, also purchased from Pierce.   

4.2.6  Transmission Electron Microscopy (TEM) 

The electron microscope images were captured by Valerie Knowlton at the Center 

for Electron Microscopy at NCSU on a JEOL JEM 100-S Electron Microscope.  The 

samples were placed on carbon membranes and stained with 2% uranyl acetate the day 

before the images were obtained.  All images were viewed at 80 kV and 50,000x 

magnification. 

4.2.7  Column Chromatography of Peptide Resins 

Peptide resins were purchased from Peptides International (Louisville, KY). The 

control resin was Toyopearl Amino 650M (Tosoh Biosciences, Montgomeryville, PA).  

The peptide and control resins were packed in disposable PIKSI columns (ProMetic 
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Biosciences Ltd, Cambridge, England) that had been sterilized by gamma irradiation 

Sterigentics (Haw River, NC).  A total of 0.5 ml of settled resin in PBS was packed per 

column.  A Rainin (Oakland, CA) 8-channel peristaltic pump was used to add a solution 

of PPV supernatant in either PBS, or 7.5% human blood plasma in PBS at a rate of 0.1 

ml/min.  Ten 0.5 ml fractions were collected and selected fractions were tested for 

infectivity by MTT assay or TCID50 and compared to the titer of the starting material 

before addition to the column.  

4.3  Results and Discussion 

4.3.1  Production of 35S Labeled PPV 

The preparation protocol for PPV was provided by the American Red Cross and 

this protocol was adapted for the radiolabeling of PPV with 35S methionine and cysteine.  

The first phase of work was determineg if the PK-13 cells could live with limited 

amounts of cysteine and/or methionine.  The PK-13 cells were split into 25 cm2 flasks 

and allowed to attach for two hours.  The media was removed and three different media 

were added to three different flasks, the supplemented control media, supplemented 

starvation media that was deficient in methionine and cysteine, and supplemented 

starvation media that was deficient in only methionine.  The next day the cells were 

observed.  The cells in media deficient in methionine and cysteine were about 50 – 60% 

detached while the cells in media deficient in only methionine looked as healthy as the 

cells in the control media.  Consequenctly, all starvation media was made to contain 

cysteine but lacking in methionine. 
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Two different methods of radiolabeling PPV were tested, one using EMEM as the 

media and the other using EMEM starvation media deficient in methionine.  

Radiolabeled 35S methionine and cysteine were added to each media and the results of the 

different labeling methods after the purification with one CsCl gradient can be seen in 

Table 4.1.  The total protein for each sample was between 20 and 26 µg/mL.  The titer 

increased about 3-fold for the radiolabeled samples compared to the non-labeled control.  

The specific radioactivity per volume and percentage incorporation was increased about 

3-fold when the starvation media was used compared to regular EMEM media containing 

methionine.   

Table 4.1:  Comparison of PPV radiolabeling methods. 
 Control 

(no label) 
EMEM media Starvation media 

Titer (pfu/mL) 8 x 107 3 x 108 3 x 108 

Radioactivity (CPM/mL) 5.0 x 104* 3.1 x 105 1.1 x 106 

Total protein (�g/mL) 25.2 20.6 24.1 
    
Particle to pfu ratio 40000:1 10000:1 10000:1 
CPM to pfu ratio  1:830 1:260 
% incorporation  1.2% 4.5% 

* may have come from the dialysis or background 
 

The radiolabeling did not affect the total protein collected after the CsCl gradient.  

The incorporation of the label increased with use of starvation media.  This is expected 

because when the only methionine available for cell and virus growth is radiolabeled, as 

in the case of the starvation media, the radiolabel incorporated into the virus particle at a 

greater rate than when there is unlabeled methionine available in the media.  There was a 

little bit of radioactivity present in the control which was grown without radiolabel 
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present, but this sample was dialyzed in the same beaker as the labeled virus, and so some 

of the label could have entered the control sample during the dialysis. 

The particle to pfu ratio is an indication of the number of non-infectious particles 

to infectious particles.  This was determined by taking the total protein of the sample and 

determining the number of virus particles it would take to make up that total protein 

content assuming all of the protein is from the virus capsid.  It is known that the plaque 

assay gives the infectious virus particles in a sample, so it can be determined how many 

infectious particles there are compared to non-infectious.  The CPM to pfu radio shows 

how many CPM radioactivity units there are compared to infectious particles and can be 

used to quantify the number of infectious particles by just using radioactivity. 

Two SDS-PAGE were run to determine the purity and the extent of protein 

labeling.  Figure 4.2A shows the silver stain gel where the lanes were loaded with equal 

protein amounts.  Each fraction appears to contain few contaminating proteins.  The PPV 

viral proteins have a molecular weight of 62, 65, and 82.5 kDa (14), which are shown in 

the figure.  Figure 4.2B shows the film from a gel loaded with the maximum amount of 

counts in each lane.  Lanes 3 and 4 were loaded with 750 CPM, lanes 5 and 6 were 

loaded with 6,000 CPM and lanes 7 and 8 were loaded with 15,000 CPM.  Clearly, the 

viral capsid proteins were effectively labeled using 35S methionine. 
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Figure 4.2  SDS-PAGE of radioactive PPV samples.  (A)  Silver stained with 100 ng of 
protein per lane.  (B)  Film of gel exposed for 5 days.  Maximum amount of sample per 
lane.  Lane 1:  marker, lane 2-3:  control PPV, lane 4-5:  radiolabeled PPV in EMEM, 
lane 6-7:  radiolabeled PPV in starvation media. 
 

Radiolabeling PPV with 35S methionine and cysteine in EMEM starvation media 

containing cysteine was the best way to incorporate radiolabel into the virus particles and 

maintain a high titer.  PPV labeled in this manner created virus at a titer of 3 x 108 

pfu/mL, a radioactive level of 1.1 x 106 CPM/mL and an incorporation rate of 4.5%.  The 

titer and radioactivity levels were acceptable for primary screening, so this method was 

used to produce future batches of 35S labeled PPV.  

When viruses incorporate radiolabeled amino acids into their structure, they 

sometimes become unstable and loose infectivity.  The stability of PPV was studied after 

radiolabeling with cysteine/methionine.  This allowed a determination of the “shelf-life” 

of radiolabeled PPV to be used in binding experiments. 

Plaque assays were performed on three samples:  radiolabeled PPV stored at 4˚C, 

stock PPV diluted to the approximate titer of the radiolabeled PPV and stored at 4˚C, and 

stock PPV that was thawed from -80˚C for each assay and went through a maximum of 

VP1 (82 kDa) 
VP2 (65 kDa) 

VP1 (82 kDa) 

VP2 (65 kDa) 
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three freeze/thaw cycles.  The titers from the plaque assays can be seen in Figure 4.3A.  

The stock PPV and the diluted stock PPV were consistent.  The radiolabeled PPV 

displayed about a one log drop between days 5 and 10, but then leveled out through day 

18.  This experiment was repeated and the same trends were observed.  It appears that the 

PPV will be stable for up to a minimum of 18 days. 

The changes in the amount of radioactivity present were measured with a 

scintillation counter.  The results can be seen in Figure 4.3B.  Between days 2 and 5 there 

appears to be less than a 2-fold drop in counts.  After this drop, the counts were stable for 

the next 17 days.  This would also indicate that the labeled virus is stable for up to three 

weeks at 4°C. 
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Figure 4.3  Titers and scintillation counts of radiolabeled PPV.  (A)  Titers of PPV 
solutions.  (B)  Scintillation counts of radiolabeled PPV stored at 4°C.  (●) stock PPV 
stored at -80°C, (■) radiolabeled PPV stored at 4°C, (   ) diluted stock PPV stored at 4°C.   
 

It is possible that the drop in titer and in radioactivity is related to the storage 

conditions.  The virus may stick to the plastic tube when stored in at 4˚C.  Yet, the 

control of the diluted PPV does not suggest such an explanation.  There appears to be 

some equilibrium process that needs to occur after the virus is placed in a plastic tube at 

A 
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4˚C that may explain the drop in titer and counts and then the leveling off to a constant 

value.  This equilibrium is most likely some of the virus adsorbing to the plastic tube.  

This is the only reasonable explanation for a drop in radioactivity because the half-life of 

35S is 90 days, and so the decay should not be observed in the short time frame of this 

experiment. 

To determine the amount of radiolabeled PPV in solution, gels were run at days 2, 

5, and 12 and exposed to radiographic film for 8 days, as shown in Figure 4.4.  The gels 

stained for protein visualization were loaded with a constant amount of protein per lane, 

100 ng/lane.  Separate gels were run and exposed to film and these were loaded with a 

constant volume, to maximize the amount of counts on the gel.  It can be seen in Figure 

4.3B that the counts were different from days 2, 5 and 12.  The actual counts added to 

each lane were 33,200, 21,300, and 19,500 CPM for Figures 4.4D, E, and F respectively. 

All of the stained gels look similar and consistent as compared to the PPV stock.  

The films show a gradual decrease in PPV protein intensity, as compared to the band that 

appears above the PPV proteins.  Assuming that this band has constant intensity, the PPV 

protein bands are losing intensity, especially by day 12.  It appears that if precipitation or 

adhesion to the plastic is occurring, it is reducing the amount of radiolabeled PPV 

proteins in solution.  From the information on the gels, the PPV proteins begin fading by 

day 12, so samples stored at 4˚C should not be used after two weeks. 
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Figure 4.4  Silver stained gels and radiographic film of gels.  After 8 days of exposure.  
Lane 1:  marker, lane 2-3:  radiolabeled PPV, lane 4-5:  stock PPV.  A, D:  day 2, B, E:  
day 5, C, F: day 12 
 

In conclusion, it seems that radiolabeled PPV is stable for a minimum of two 

weeks at 4˚C.  About one log of titer was lost between days 5 and 10 but then stabilizes to 

a consistent value through day 18.  Less than a 2-fold loss of radioactivity was found 

between days 2 and 5 and it also stabilizes to a consistent value through day 22.  It was 
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determined that radiolabeled PPV should not be used after 2 weeks unless the virus was 

to be titrated at the time of use.  

4.3.2  Purification of PPV 

Three different purification methods were examined prior to the use of PPV in 

screening of solid-phase combinatorial libraries, polyethylene glycol (PEG) precipitation 

(19), CsCl gradient (20), and consecutive CsCl gradients (20).  The PEG precipitated 

virus was prepared by the American Red Cross, and was compared to CsCl gradient virus 

that was prepared at North Carolina State University.  It was determined that the CsCl 

gradient was the best method for purification of the virus, and two different dialysis 

buffers were also tested to determine if they affected the stability of virus stocks.  Finally, 

the gel filtration (23) of the PPV supernatant was evaluated for the use in equilibrium 

isotherms, which are described in subsequent chapters.  

4.3.2.1  Comparison of PEG Precipitation and CsCl Gradient Purification 

The concentration and purity of PPV in stock solutions prepared by PEG 

precipitation and CsCl gradient were compared to determine the best way to purify the 

virus prior to primary screening of the virus with a solid-phase combinatorial library.  

There was a higher level of total protein in the PEG precipitated virus compared to the 

CsCl gradient virus, and the protein concentration measured for the PEG precipitated 

virus had a large error.  Table 4.2 shows the results of the different attempts.  During all 

attempts except for one, the CsCl gradient virus was tested at the same time as the PEG 

precipitated virus, and each attempt was done on a different day.  The average amount of 

protein in the CsCl gradient virus was 36.9 ± 4.2 µg/ml but the average amount of protein 
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in the PEG precipitation virus was 75.7 ± 23.8 µg/ml, which had a standard deviation of 

over 30%. 

Table 4.2  Comparison of protein concentration for PEG precipitation and CsCl gradient 
purified PPV. 
Virus Protein (µg/ml) Average Titer 

log(TCID50/ml)
CsCl gradient 33.9 41.2 39.8  32.7 36.9 ± 4.2 8.5 
PEG precipitated 79.3 57.3 112.3 51.7 78.0  75.7 ± 23.8 9.5 

 

The most likely explanation for the larger variations in the amount of protein 

found in the PEG precipitated virus is that the virus was aggregated due to the PEG or 

other proteins in solution.  When the BCA assay for total protein was being performed, 

clumps may have been in the assay, which would give large errors when the assay was 

repeated because a clump may be found in one sample and give a higher total protein 

amount than a sample that did not contain a clump.  Another possible explanation is that 

the PEG itself is interfering with the BCA assay, although this is unlikely since PEG is 

not on the list of substances that are known to interfere with the BCA assay.  Tris and 

sucrose in the PEG virus buffer are known to interfere with the BCA assay, but they were 

present in 5 times and 2 times lower concentration respectively than the reported 

maximum concentrations tolerated by the BCA assay as reported by the manufacturer. 

An SDS-PAGE was run of the PEG precipitated stock virus and the CsCl gradient 

stock virus and sliver stained as shown in Figure 4.5.  The SDS-PAGE was loaded with 

equivalent amounts of protein per lane (100 ng/lane).  The virus proteins can be found at 

82.5, 65, and 62 kDa (14).  The 65 and 62 kDa proteins are not resolved in this gel and 

are close to the 62 kDa molecular weight marker.  It is evident in Figure 4.5 that there are 
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more proteins present in the PEG precipitated PPV sample than in the CsCl gradient 

PPV.   

 

 
Figure 4.5  SDS-PAGE of PPV purified by PEG precipitation and CsCl gradient.  Lane 1: 
molecular weight marker.  Lanes 2-3: PEG precipitated PPV.  Lanes 4-5: CsCl gradient 
PPV.  Three times the volume of CsCl gradient PPV was added to the gel compared to 
the PEG precipitated PPV to have similar amounts of protein in each lane. 
 

Resins that were discovered to bind to PPV by the American Red Cross (24) were 

tested to determine if the preparation of the virus changed the binding profile of PPV in 

PBS.  These ligands were screened from libraries similar to those described in Section 

5.2.3, except they contained hexamer ligands that were attached to Tentagel resin (Tosoh 

Bioscience, Montgomeryville, PA).  The screening was similar to that described in 

Appendix 1, where antibodies were used for detection of the virus, and explained in detail 

by Salm (24).  The results of the binding of these ligands are shown in Figure 4.6.  There 

are no apparent differences between the binding of virus purified by PEG precipitation or 

VP2 and VP3 
of PPV 
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by CsCl gradient.  Resin YRVTWG cleared all of the PPV applied to the columns, 

regardless of preparation.  Resin LAFGAA consistently cleared between 0.7 – 3% for 

every fraction collected and each PPV sample evaluated.  The negative control amino 

resin did not clear the PEG precipitated virus, but did clear between 0.001 – 0.006% for 

different fractions of the CsCl gradient purified virus.  As a result, there was no 

difference between the virus produced with the PEG precipitation and the CsCl gradient 

purification methods on clearance of YRVTWG, LAFGAA and Amino columns.  It was 

determined that the CsCl gradient virus was better suited for primary screening since it is 

not known if the presence of PEG would interfere with the screening and binding, 

although the result in Figure 4.6 suggests that it does not.  It was also unclear if the PEG 

virus was more aggregated than the CsCl gradient virus.  Overall though, since the CsCl 

gradient virus had less contaminating proteins, it was determined that it would be a better 

purification method than PEG precipitation.  
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Figure 4.6  Binding of PEG purified and CsCl gradient purified PPV to ARC resins.  (A)  
PEG purified PPV.  (B)  CsCl gradient purified PPV.  Symbols (●) YRVTWG, (■) 
LAFGAA, (   ) Amino resin. 
 
4.3.2.2  Consecutive CsCl Gradients and Dialysis Buffer 

 Additional purification of PPV was done by two consecutive CsCl gradients.  

This was done to improve the purity of the virus suspension and determine if there was a 

difference between the dialysis buffers PBS, pH 7.4 and TE buffer (20) (50 mM Tris, 10 
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mM EDTA, pH 8.7).  Two gradients were run consecutively and each dialyzed into TE 

buffer and the SDS-PAGE which is used to determine purity can be seen in Figure 4.7.  

There was less protein after the second gradient, although there was still a large yellow 

band at about 50 kDa that did not appear to be associated with the virus and was never 

identified.  Fractions heavier than the virus were pooled and dialyzed into TE buffer, as 

were the fractions lighter than the virus.  Figure 4.7 shows that the virus was in the 

fractions at the density selected, 1.39 – 1.42 g/cm3 and in the fractions with the higher 

density, and no virus was present in the fractions with the lower density.  It is possible 

that no proteins were found in the lighter fractions because they were all lost in the 

dialysis, as dialysis tubing with a molecular weight cut-off of 6 – 8,000 Da was used. 

1 2 3 4 5 6 7 8 9

98 kDa

62 kDa

49 kDa

 
Figure 4.7  Purification of PPV on multiple CsCl gradients.  Lane 1 – marker, lanes 2-3 – 
CsCl gradient 1, lanes 4-5 – CsCl gradient 2, lanes 6-7 – lower density than PPV from 
gradient 2, lanes 8-9 – higher density than PPV from gradient 2. 
 
 Four different crude PPV cell culture lystaes were purified on one or two CsCl 

gradients and dialyzed into either PBS or TE buffer to determine if there was a difference 

in the stability of the virus in different buffers.  The total protein and the titer of the 

VP2 and VP3 
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different infections are shown in Table 4.3.  The Bradford assay was used for the total 

protein analysis in Table 4.3 since the EDTA and Tris interfered with the BCA assay.  

When just one CsCl gradient was performed, the titer of the solution was between 6.03 

and 7.78 log (TCID50/ml), regardless of the buffer used, so dialysis buffer did not appear 

to affect the virus titer.  It has been suggested that the higher pH of the TE buffer 

combined with the presence of EDTA would stabilize the virus better than neutral pH and 

no chelating agent found in the PBS (20), which should lead to higher titers.  The PBS 

buffer was preferred since it did not contain components that interfered with the BCA 

assay, and it was unknown how the chelating agents would change the surface charge or 

structure of the virus.  

Table 4.3  Comparison of PPV CsCl purification and dialysis buffer. 

Infection Gradient 
Dialysis 
buffer 

Protein 
(µg/ml) 

Titer 
(log(TCID50/ml))

1 1 PBS 37.0 7.78 
2 1 TE   6.03 

1 TE 6.1 7.43 
2 TE 1.0 6.73 3 
2 PBS 8.6 5.50 
1 TE 19.2 7.43 4 
2 TE 6.2 8.13 

  

The difference between the second gradient of infection 3 with the two buffers 

could be explained by the difference during the physical manipulation of the gradient, 

and not the buffer used.  The second gradient did not lower the protein content of the 

samples for infection 3, and actually appeared to increase the protein content, although 

this is probably because it was nearing the limit of detection of the protein assay and so 

the numbers were not as consistent.  For infection 4, the protein content decreased, and 
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the titer stayed the same, within the error of the assay.  It was determined that the extra 

time, effort, and possible loss of titer to perform the second CsCl gradient was not worth 

the increase in purity.   

 Images were obtained using transmission electron microscopy (TEM) to 

determine the aggregation state of the virus between the PEG precipitated virus and CsCl 

purified virus in either TE buffer or PBS.  Figure 4.8 shows the virus from these three 

different preparations.  The CsCl gradient removes many of the empty viral protein shells 

without DNA that are found in the PEG precipitated samples, and are shown as circles 

with black dots in the middle.  These empty shells are stained during preparation, most 

likely due to a hole in the capsid that allows dye to enter the structure.  The intact, and 

most likely DNA containing virus shells, exclude the dye and appear as white circles 

(20).  There are a few full particles that are highlighted by arrows in all three images.  

The PBS sample had a 2 log10(MTT/ml) greater titer than the PEG sample, but had many 

fewer particles in the picture, but all of the particles are full in the PBS sample image.  

Full particles are most likely infectious, whereas empty particles cannot be infectious due 

to lack of DNA.  There was not any prevalent aggregation in any of the samples, although 

one aggregate was captured in the PEG precipitated sample and is circled in Figure 4.8C.  

There also did not appear to be a difference between the aggregation of the virus in either 

PBS or TE buffer. 
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Figure 4.8  TEM images of different PPV preparations.  (A) CsCl gradient PPV in 5% 
glycerol and PBS, pH 7.4 with a titer of 9 log10(MTT/ml).  (B) CsCl gradient PPV in TE 
buffer, pH 8.7 with a titer of 6 log10(MTT/ml).  (C) PEG precipitated virus in HD buffer, 
pH 7.4 with a titer of 7 log10(MTT/ml).  The circle highlights an aggregated virus clump. 
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The final choice for purification of PPV for primary screening of the solid-phase 

library was one CsCl gradient and then dialysis into PBS.  This way, the virus could be 

purified in about 3 days, and the buffer would not contain possible agents like EDTA that 

could modify the binding characteristics of the virus capsid. 

4.3.2.3  Gel Filtration of PPV 

4.3.2.3.1  Gel Filtration with 5 ml Column 

In these experiments, cell culture supernatant from a PPV infection was either 

clarified with low-speed centrifugation or purified with a CsCl gradient followed by the 

application of 25 µl to a 5 ml Sephacryl 300-S with a linear flow rate of 0.64 cm/min.  

The purification was monitored by radioactivity, infectivity (as measured by the MTT 

assay), protein concentration, and samples were visualized by SDS-PAGE.  All fractions 

collected were analyzed for radioactivity, shown in Figure 4.9 and also visualized by 

SDS-PAGE and shown in Figure 4.10.  The only fractions that had any visual protein 

were fractions 4 and 5, and the bands were at the expected molecular weight of 65 kDa, 

corresponding to VP2, which comprises 90% of the total protein in the virus (3).  These 

bands corresponded to the radioactivity peak in the same fractions in Figure 4.9.  

Fractions 4 and 5 were pooled and tested for infectivity and they had an infectious titer of 

5.3 and 5.2 log10(MTT/ml) for the two different runs.  The CsCl gradient starting material 

had a titer of 8.9 log10(MTT/ml), so much of the virus was lost, but the virus that was 

recovered was pure according to the SDS-PAGE (Figure 4.10).  There was also a small 

peak in radioactivity in fraction 16 for both runs, but it did not show any protein in the 
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SDS-PAGE, and it was not tested for PPV infectivity.  This peak was most likely other 

small contaminating proteins that were present in the solution. 

 
Figure 4.9  Radioactivity of fractions in gel filtration chromatography on 5 ml column.  
Each 1 ml fraction was tested for radioactivity with a scintillation counter.  Each symbol 
represents duplicate runs.  Scintillation counters always have a background value, which 
is represented by the line labeled blank. 
 

 

 
Figure 4.10  SDS-PAGE of PPV gel filtration chromatography on 5 ml column. Each 1 
ml fraction taken from the gel purification column.  PPV is eluted in the flow through in 
fractions 4 and 5.  M is the marker and S is the starting material that was applied to the 
column.   
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Different starting materials were examined for their ability to produce pure PPV 

on the gel filtration column.  Both cell culture supernatant and CsCl gradient purified 

virus, either radioactive or non-radioactive, were used.  The full recovery of titer and 

radioactivity is summarized in Tables 4.4 and 4.5 for the different starting materials.  

There were two different gel filtration runs done for each starting material and they are 

shown separately in each table.  The infectious virus recovery was much greater for the 

cell culture supernatant than for the CsCl gradient. As expected, somewhere between 80-

93% of the virus titer was lost during the CsCl gradient purification (25).  The SDS-

PAGE of the purified material, shown in Figure 4.11, shows no better purity for the CsCl 

gradient virus than for the cell culture supernatant, so it was decided that the cell culture 

supernatant was easier to produce and allowed a higher recovery of infectious virus.  The 

amount of protein in the final samples could not be determined, as they were below the 

limit of detection for the BCA assay used (0.5 µg/ml).  This experiment demonstrated 

that PPV could be purified with the gel filtration column directly from the cell 

supernatant, and recoveries were equivalent for both radiolabeled and non-radiolabeled 

virus.  The virus purified using the gel permeation column was used for equilibrium 

isotherms using radioactivity for detection, as a large quantity of the virus was needed.  

This necessitated a scale-up of the column from 5 ml to 320 ml. 
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Table 4.4  Purification of PPV solutions including a CsCl gradient. 

 
Volume 

(ml) 

Radiation 
Total 
(cpm) 

Titer Total 
(MTT) 

Protein 
Total (mg) 

% Radioactivity 
recovery 

% Titer 
recover 

% Protein 
recovery 

Radioactive        
Cell culture 35.7 1.10E+09 1.30E+11 1.80E+05 100 100 100 
CsCl 11 8.50E+07 9.10E+09 4.30E+04 7.5 7.1 25 
Gel filtration 8800 5.70E+06 3.50E+08  0.5 0.3  

  7.00E+06 1.00E+09  0.6 0.8  

Non-
Radioactive        
Cell culture 5.1  3.10E+09 2.00E+04  100 100 
CsCl 1.5  6.30E+08 2.70E+03  19.9 14 
Gel filtration 600  4.60E+07   1.4  

   6.70E+07   2.1  
 

 
Table 4.5  Purification of PPV solutions exclusively with gel filtration chromatography. 

 
Volume 

(ml) 

Radiation 
Total 
(cpm) 

Titer Total 
(MTT) 

% Radioactivity 
recovery 

% Titer 
recover 

Radioactive      
Cell culture 2 6.40E+07 7.30E+09 100 100 
Gel filtration 2560 2.80E+06 3.00E+08 4.5 4.1 
  2.90E+06 1.40E+08 4.5 1.9 

Non-
Radioactive      

Cell culture 2  1.20E+09  100 
Gel filtration 1600  5.30E+07  4.3 
   5.70E+07  4.6 
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Figure 4.11  SDS-PAGE of final purification on 5 ml column with different starting 
materials. Each lane was loaded with a constant amount of protein.  10-20 ng was loaded 
into each lane, excluding the marker.  For each set of 4 lanes, lane 1:  marker, lane 2:  
starting material, lane 3 – 4: gel filtered PPV. 
 

4.3.2.3.2  Gel Filtration with 320 ml Column 

 A column was purchased from GE Healthcare that was prepacked with Sephacryl 

S300 HR to a total of 320 ml.  The particle size of the resin was 25 – 75 µm wet, and the 

exclusion limit was 104 – 106 Da.  The scale-up could not be exact since the column 

could not be run at a linear flow rate similar to the small column due to the large pressure 

drop in the longer column.  For this reason, we chose to run the large column at a linear 

flow rate of 0.28 cm/min (1.5 ml/min), which was the recommended flow rate. A solution 

of 1.76 mg/ml of non-radioactive cell culture supernatant that had not been clarified was 

applied to the column with a sample size of 100 µl and 14 ml fractions were collected.  

The infectivity of each of the first 20 fractions collected was determined by the MTT 
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assay as shown in Figure 4.12.  There were two infectious virus peaks present, one at 100 

ml, and the other at 175 ml.  An SDS-PAGE was run on all of the fractions, and only 

fractions 12 and 13 (177-199 ml) had any PPV bands, as shown in Figure 4.13.  It was 

surprising that the SDS-PAGE did not show any protein in these earlier fractions, even 

though infectious virus was present.  It is possible that the first peak was monodispersed 

virus and the second peak was aggregated virus.  This was suspected because cell culture 

supernatant is known to have large amount of aggregated virus, and it is possible that 

these aggregates had non-size exclusion interactions with the solid-phase matrix, as has 

been reported previously (26, 27), causing them to elute from the column after the 

monodispersed virus.  All virus was expected to come out in the flow through of the 

column since the column had an exclusion limit of 104 – 106 Da, and PPV has a 

molecular weight of approximately 5 × 106 Da (3). Another possibility is that the 

aggregates were too large to fit through the interstitial space between the resin particles 

and were retarded in that fashion.  Either way, the second peak consisting of aggregated 

virus would explain why that peak had enough protein to be visualized by SDS-PAGE, 

whereas the first peak at about 100 ml did not have enough protein to be seen on the 

electrophoresis gel. 
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Figure 4.12 Infectious titer of fractions eluted from the 320 ml column.  The limit of 
detection of the MTT assay is 1.6 log (MTT/ml), so the first 6 fractions had no detectable 
virus present in the solution.  
 
 
 

 
Figure 4.13  SDS-PAGE from fractions from 320 ml column.  Lane 1: starting material, 
lanes 2-9: fractions 10-17.  Fractions 1-9 are not shown, but the SDS-PAGE had no 
visible protein. 
 
 

 To test the theory that the monodispersed virus was being eluted first, followed by 

virus aggregates, an attempt was made to remove the aggregates by filtration through a 

1 2 3 4 5 6 7 8 9 



 129

0.22 µm filter before application to the column.  In addition, the solution was sonicated 

for 10 minutes prior to filtration in an effort to reduce aggregation.  In both cases, the first 

peak at 100 ml was still present, but the second peak was not present, as shown in Figure 

4.14.  This indicates that the filter was able to remove all of the aggregates from the cell 

culture supernatant and confirms the aggregation hypothesis. 

 
Figure 4.14  Filtration and sonication of PPV on the gel filtration column.  The second 
peak seen in Figure 4.12 is removed with sonication and filtration of the virus solution.  
Symbols:  (■)  Filtered sample, (●) Filtered and sonicated sample. 
  

The two peaks from the gel filtration experiment were also classified by their 

radioactivity to infectivity ratio.  The amount of radioactivity that could be found in the 

peaks was considered to be equivalent to the amount of protein that was present in the 

sample.  Since the virus was metabolically labeled with 35S, the amount of radiolabel 

should be proportional in the peaks.  But, a clump of aggregated virus will only act as one 

infectious unit in an infectivity assay, since only one virus can infect a cell, while the 
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others are immobilized by the aggregation and cannot freely move to infect other cells.  

Also, many viruses in an aggregate may be non-infectious.  An aggregate acts more like 

one infectious particle since only one of the particles can usually infect a cell due to steric 

constraints.  So, the aggregated virus would be expected to have a higher radioactivity to 

infectivity ratio because for the same number of infectious virus particles, a greater 

amount of radioactivity would be present. 

To examine this further, different volumes of virus solution were put onto the 

column, and monitored by radioactivity and infectivity, as shown in Figure 4.15.  The 

ratios of the infectivity to radioactivity for the two infectious peaks at different injection 

volumes are shown in Table 4.6.  This ratio relates the amount of infectious virus to the 

total protein content in solution.  The 500 µl run (Figure 4.15B) actually showed more of 

a tailing affect from the first infectious peak than an actual second peak, but there were 

two distinct peaks in radioactivity.  The largest radioactive peak at 300 ml was not 

considered as it contained little or no infectious virus.  There continued to be two peaks at 

100 ml and 175 ml, as measured by radioactivity, when a 2 ml sample was applied to the 

column, as shown in Figure 4.16, although the first peak was becoming a shoulder of the 

175 ml peak.   
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Figure 4.15 Comparison of titer and radioactivity in gel filtration.  (A) 100 µl sample.  
(B) 500 µl sample.  Symbols:  (■) radioactivity, (●) infectivity. 
 
Table 4.6  MTT versus radioactivity for gel filtration peaks. 

Run Peak MTT CPM MTT/CPM
100 ul 1 3.91 750 10.92 

 2 4.31 6587 3.11 
     

500 ul 1 6.44 20785 132.78 
 2 4.50 9091 3.45 

 

A 

B 
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Figure 4.16  Comparison of different volume injections for radioactive gel filtration.  
Symbols:  (■)  100 µl injection, (●)  500 µl injection, (▲)  2 ml injection. 
 

 Based on the SDS-PAGE, which showed only virus bands by silver staining and a 

high titer to infectivity ratio, it was determined that the first peak from the column, which 

was the flow through peak, was monodispersed virus.  The second peak was aggregated 

virus, and the large radioactive peak around 300 ml did not contain virus and was likely 

radiolabeled host cell proteins.  The first two peaks, aggregated and monodispersed virus, 

were later used to look at the equilibrium isotherms of the small peptides binding to the 

virus, as described in subsequent chapters. 

4.4  Conclusions 

Several different PPV purification techniques were investigated in this study.  

Purification of cell culture supernatant containing PPV with one CsCl gradient obtained 

sufficient purity to use in primary screening.  It reduced the amount of protein and other 

radioactive species in the solution and resulted in some infectivity reduction.  Gel 
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filtration was also explored and virus produced and purified this way was used for 

equilibrium isotherms, since these were determined to be non-aggregated, infectious virus 

particles.   

PBS was used as a dialysis buffer because the addition of EDTA and a high pH 

did not appear to be required for the stability of PPV, as was reported in the literature.  

The addition of EDTA was a concern that it would interfere with the binding of the virus 

to the peptides and was better to not be included. 

The production and purification of porcine parvovirus was carefully considered 

before proceeding with the main body of work, which was identifying small peptide 

ligands that selectivetly bind to PPV and which may be used for the removal of the virus 

from mixtures containing human blood plasma.   
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5.1  Introduction 

The removal of viruses, pathogenic microorganisms, and toxins is an important 

problem in the growing area of human therapeutics.  Every year, more therapeutic 

products are produced from animal, human, or cell culture sources (1) and these sources 

contain an inherent risk of viral contamination.  Therapeutic products from human blood 

plasma, antibodies, albumin, and factor VIII, just to name a few, could be infected with 

human immunodeficiency virus (HIV), hepatitis B, B19 virus (formally known as 

parvovirus B19), SARS coronavirus or one or more emerging viruses which have yet to 

be identified (2).  Cell cultures are often contaminated with retrovirus particles, belonging 

to the family of viruses that include HIV (3).  Cell culture lines often used in the 

production of human antibodies may contain viruses such as murine parvovirus (MVM) 

or cytomegalovirus (4).  While this contamination has been greatly reduced since the 

requirement of strict characterization of cell culture lines and the careful screening of 

human plasma donors (3), the risk of low levels of contamination still exists.   

The FDA requires that any process that uses materials from living sources must 

have two viral clearance steps to lower the risk of contamination (5).  These steps must 

demonstrate a distinct mechanism of virus clearance and achieve a minimum of 4 log10 

removal, or 99.99%.  There are two broad categories for viral clearance, inactivation and 

removal (6).  Inactivation is often performed towards the beginning of the purification of 

a therapeutic and could involve a lowering of pH or heating of the product.  Both of these 

processes work well against enveloped viruses, but caution must be taken to not harm the 

desired protein product.  Virus removal is often done at the end of a process and most 
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commonly involves nanofiltration of the final product directly before formulation.  

Nanofiltration works well for viruses of large size.  However, small viruses like 

parvoviruses are often of approximately the same size as the protein product, making it 

difficult to separate them by filtration (2).  Complete removal of small non-enveloped 

viruses with 20 nm pore size filters has been accomplished, but there is significant 

fouling of these small pored membranes that can lead to reductions in production rates (7, 

8).  Filtration of parvoviruses has been improved by flocculation of the virus particles 

through addition of cationic polymers (9) or amino acids (10), which allows the use of 

larger pore membranes that do not foul as quickly.  Virus removal can also be 

accomplished using functionalized membrane surfaces.  Quaternary amine groups have 

been attached to membrane surfaces to facilitate the removal of viruses through an ion 

exchange mechanism (11-13).  Viral clearance validation may be achieved by conducting 

spiking experiments on normal process steps used in the purification of a therapeutic,(i.e. 

chromatography columns, precipitation) (14).  But care should be taken if a 

chromatography step is to be used concurrently as a viral clearance step and a protein 

purification step.  If both the virus and the protein bind to the resin, it is possible for 

viruses to accumulate in the column.  Without proper cleaning, the virus may elute from 

the column in subsequent batches and contaminate the therapeutic product (14).  

Affinity adsorption is rarely used to remove viruses from process streams because 

the most common affinity ligands for viruses are antibodies.  Antibodies are expensive to 

produce, often cannot withstand the harsh conditions required for the cleaning of process 

equipment, and they carry an inherent risk of being contaminated with viruses in their 
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own right (3).  However, affinity adsorption has been applied to the reduction of 

infectious prion from blood (15, 16), and a small peptide ligand has been found to 

remove staphylococcal enterotoxin B, a small chemical toxin, from E. coli lysate (17).  

Small peptides are more robust than antibodies, and they are also less expensive and can 

be chemically synthesized, eliminating the risk of virus contamination.  Peptides can 

handle the cycling of production and cleaning much better than antibodies, and by using 

small peptides, there is no three dimensional structure that may be destroyed during 

processing.   

In this work, several trimeric peptides have been discovered that remove PPV 

from phosphate buffered saline containing as high as 7.5% human blood plasma.  The 

peptides were found when a synthetic, solid-phase combinatorial library was screened for 

ligands that bind to porcine parvovirus (PPV).  Solid-phase libraries allow screening 

directly on the chromatographic support that will be used as the separation media, and 

have been successful in the discovery of many affinity peptide ligands (18-21).  The 

discovered peptides can completely remove any detectable PPV from PBS, and 

completely remove any detectable PPV from the first 3 column volumes when 7.5% 

human plasma is present.  This work demonstrates that small peptides may offer a novel 

and effective method for removing viruses from complex mixtures. 

5.2  Materials and Methods 

5.2.1  Materials 

Phosphate buffered saline (PBS) containing 0.01 M phosphate, 0.138 M NaCl and 

0.0027 M KCl, pH 7.4 was purchased from Sigma (St. Louis, MO) and human blood 
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plasma was a donation from the American Red Cross (Rockville, MD).  Amino acids, 

phenol red, sodium carbonate, sodium phosphate, glucose, calcium chloride, sodium 

chloride, potassium chloride and magnesium sulfate were purchased from Sigma-Aldrich 

(St. Louis, MO) or Fisher Scientific (Waltham, MA) Eagles Minimum Essential Media 

(EMEM) was purchased from Quality Biologicals (Gaithersburg, MD).  MEM Vitamins, 

sterile PBS, trypsin, gentamicin, and glutamine, all for cell culture, were purchased from 

Invitrogen (Carlsbad, CA).   

5.2.2  Virus Propagation and Titration 

The porcine parvovirus (PPV) NADL-2 strain was titrated and propagated on 

porcine kidney (PK-13) cells, which were a gift from the American Red Cross 

(Rockville, MD).  The PK-13 cells were maintained and the PPV propagated as described 

in Heldt et al. (22) using complete media, which consisted of EMEM supplemented with 

2mM glutamine, 1x gentamicin, and 10% non-heat inactivated fetal calf serum (Hyclone, 

Logan, UT).  Upon propagation of the virus, the cell culture flasks were frozen at -20°C 

and thawed at room temperature.  The cells were then scraped from the flask and the 

solution clarified by centrifugation at 3000 rpm for 10 min in an IEC Centra CL2 

centrifuge (Thermo Electron, Waltham, MA).  This solution was then stored at -80°C 

until further use. 

Radioactive PPV was prepared by metabolically incorporating a radiolabel during 

propagation by addition of 35S methionine and cysteine to the cell culture media.  This 

was done by seeding the cells at 6 x 105 cells per 75 cm2 flask.  The next day, the flask 

was infected with 103 MTT units of PPV in 1 ml of PBS.  An MTT unit was defined as 
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the concentration of virus where 50% of the cells were considered viable, as determined 

by the metabolic cleavage of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide salt (MTT) as previously described (22).  The MTT concentration can be 

observed optically and quantified by spectrophotometry. The flasks were placed in the 

incubator at 5% CO2, 37°C, and 100% humidity for 1 hour.  At this time, 5 ml of 

complete media was added to the flask, which was returned to the incubator.  The next 

day, the media was removed from the flask and starvation media was added, which 

contained the same amino acids and essential nutrients as the EMEM, except for 

methionine.  The cells were exposed to 5 ml of this starvation media for 1.5 hours, and 

then EasyTag Protein Labeling mixture (Perkin-Elmer, Waltham, MA) was added to a 

final concentration of 50 µCi/ml.  The cells were frozen at -20oC when approximately 

90% cytopathic effect was observed, usually after 4-5 days.  Virus purification was done 

by CsCl gradient centrifugation, as described elsewhere (22), after which solutions were 

dialyzed against PBS for 3 days at 4°C, stored at 4°C and used within 2 weeks. 

All infectivity measurements were made using the MTT assay, which previously 

has been correlated to a TCID50 (50% tissue culture infectious dose), a common method 

for the titration of infectious viruses (22). 

5.2.3  Primary Screening of Library 

A solid-phase combinatorial trimer library was made by Peptides International 

(Louisville, KY) using the divide-couple-recombine technique (23) on Toyopearl Amino 

650 EC (Tosoh Biosciences, Montgomeryville, PA).  The library had an alanine and 2 

mini-PEG spacer arms [Toyopearl resin – Ala – (COCH2 – (OCH2CH2)2 – NH)2 – X – X 
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– X], where X is any naturally occurring amino acid except cysteine or methionine.  The 

library was swelled in 20% methanol in DI water overnight, and then buffer exchanged 

with PBS three times, with the last buffer exchange being overnight.  Ten milligrams of 

dry library were taken and mixed with 50% human blood plasma in PBS for 1 hour.  35S-

labeled PPV was added to the library at 10,000 CPM (about 1 x 10-3 µCi) and allowed to 

equilibrate for about 1.5 hours.  The library was then placed in a disposable 10 ml fritted 

column (Bio-Rad Laboratories, Hercules, CA).  The beads were washed with PBS 

followed by PBS containing an additional 1M NaCl or KCl until no radioactivity could 

be detected from the wash.  The beads were washed again in PBS to remove excess salt, 

and then put into 20 ml of 1% low melt agarose (Bio-Rad Laboratories, Hercules, CA).  

This was poured onto a 160x180 mm GelBond (BioWhittaker Inc, Walkersville, MD) 

and allowed to dry for 3 days.  Kodak BioMax MR Film (Kodak, Rochester, NY) was 

placed onto the dried gel for 10 days and developed with a Konica Medical Film 

Processor (Tokyo, Japan).   A proprietary ligand found by the American Red Cross that 

binds to PPV (positive control) and a negative control of Amino 650M, were used as 

markers to line up the film and the gel for visualization of radioactive beads.  Positive 

beads were excised from the gel, boiled in water for 10 min each, vortexed and the water 

changed for a total of three repeats to remove the agarose and the bound PPV from the 

beads.  The beads then were sent to the Texas A&M Protein Laboratory (College Station, 

TX) for sequencing by Edman degradation. 
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5.2.4  Chromatography to Verify Screening Results 

Peptide resins were synthesized on Toyopearl Amino 650M resin (Tosho 

Biosciences, Montgomeryville, PA) by Peptides International (Louisville, KY) and were 

packed into disposable PIKSI columns (ProMetic Biosciences Ltd, Cambridge, England) 

with a total of 0.5 ml of settled resin in PBS per column.  A Rainin (Oakland, CA) 8-

channel peristaltic pump was used to add a solution of PPV supernatant in either PBS, or 

7.5% human blood plasma in PBS, at a rate of 0.1 ml/min.  Ten 0.5 ml fractions were 

collected and tested for infectivity using the MTT assay and compared to the titer of the 

starting material before addition to the column.  

5.2.5  Acetylated Control 

 The acetylated control was made by the acetylation of Toyopearl Amino 650M 

resin.  About 50 ml of settled resin was added to a sinter glass funnel and allowed to 

drain.  The resin was washed three times with 100 ml of 0.1M NaOH.  The resin was then 

washed with deionized water until the pH was below 8.  The resin was placed into 3 

separate 50 ml conical tubes and 30 ml of 0.5 M sodium acetate added to each tube 

followed by end-over-end rotation for 10 minutes.  A 100% excess of acetic anhydride 

(Riedel-de Haen, Germany), which amounted to a total of 755 µl, was dissolved into 3 ml 

of acetone and 1.2 ml of the solution was added to each conical tube.  The tubes were 

mixed for 2 hours.  The resin was then returned to the sinter glass funnel and washed 

three times with 100 ml of DI water, four times with 100 ml of 0.5 M NaOH, and finally 

at least ten times with 100 ml of DI water, until the pH was below 8.  The acetylation was 

confirmed by taking 50 µl of acetylated resin, 50 µl of Toyopearl Amino 650M resin, and 
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50 µl of DI water and adding two drops of ninhydrin reagent, 2% solution (Sigma, St. 

Louis, MO).  After 1-2 minutes the resins were observed.  The for color change; the 

acetylated resin and the DI water remained yellow, whereas the amino resin turned 

purple. 

5.2.6  Protein Surface Image 

 The image of the protein surface was generated in MOE (Molecular Operating 

Environment) 2007.09 by Chemical Computing Group (Montreal, Quebec, Canada).  The 

coordinates for the protein file were found in the Protein Databank (12).  File 1k3V.pdb, 

containing the structure of the VP2 protein (13), was downloaded and opened in MOE.  

The protein energy was minimized using the Amber99 force field.  The MOE program 

then created a surface map that depicted hydrophobic, hydrogen bonding, and polar areas 

on the surface of the protein. 

5.3  Results and Discussion 

5.3.1  Library Design 

Many hexameric peptide ligands have been found that can purify proteins (19, 26, 

27) and toxins (17).  Each of these peptide ligands were selected from a hexamer library, 

which contains over 34 million different combinations, when 18 of the 20 naturally 

occurring amino acids are used for library production.  It would take a tremendous 

amount of effort to screen all of these sequences, and it is not necessary when purification 

is the intended use of the ligand.  In general, a purification ligand is useful if it can bind 

over 90% of the target protein and is specific enough to produce an eluted protein that is 

80-90% pure.  But for virus removal, the goal is reduction of  ≥99.99% of a virus which 
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is at femtomolar to picomolar concentrations.  To improve the possibility of finding a 

ligand that can accomplish this, a trimeric library was designed and screened.  This 

library contained only 5832 different sequences and could be screened many times over 

to compare different screening conditions.  Further, by screening the entire library, there 

was a greater probability that one or more strongly binding ligands would be found, 

which would not necessarily occur with a hexamer library. 

A spacer arm of two sets of two ethylene glycol units separated by a peptide bond 

(28) (designated AEEA-AEEA by Peptides International) was added to the library to 

increase the chances of finding a peptide ligand that bound to a conserved area on the 

virus surface.  This spacer arm separated the peptide approximately 15 Å from the 

undisclosed spacer on the Toyopearl resin.  It has also been shown that hydrophilic 

ethylene glycol does not bind proteins, and makes a flexible, yet inert spacer arm that 

allows movement of the ligand, improving binding (29-31).  A surface map of PPV 

shows that there are canyons on the surface of the virus that are approximately 15 Å in 

depth (25), and so the spacer arm was designed to allow the peptide to reach into the 

depths of the canyons.  For most non-enveloped viruses, it is accepted that the conserved 

amino acid sequences are located in the depth of these canyons because these are often 

the location of the receptor binding sites.  

5.3.2  Primary Screening 

The library beads were originally blocked with 50% human blood plasma before 

the virus was added.  This blocked any of the peptides that had a high affinity for plasma 

proteins before the addition of PPV to the library.  After incubation with PPV, the beads 



 146

were washed to remove any non-specifically bound virus.  One screening run was washed 

in 1M NaCl and yielded a total of 24 positive beads from about 10,000; another screening 

run was washed in 1M KCl and gave a total of 9 positive beads.  Only those positive 

beads that had a large signal to size ratio (i.e. a small bead that gave a large signal), as 

determined by visual inspection, were chosen for sequencing.  The results of the returned 

sequences are shown in Table 5.1.  To better determine the significance of the different 

chemical groups, the amino acids were counted and compared to their probability of 

random occurrence (Table 5.2).  A random occurrence was determined as the number of 

amino acids in the chemical group divided by the number of different amino acids in the 

library and then multiplied by the total number of amino acids found from the 

sequencing.  For example, there are five different aliphatic amino acids, so the random 

number of aliphatic amino acids is calculated by dividing 5 amino acids the by the 18 

different amino acids used in this study, and the result multiplied by the 48 total amino 

acids in the 16 trimers found by screening.  This gives the random occurrence of aliphatic 

amino acids of 13.3 indicated in Table 5.2.  If the number of amino acids from a certain 

chemical group was close to the random occurrence number, then it was suspected that 

the chemical group was just randomly found and may have little to do with the binding of 

the virus.  However, if the number was much higher than that expected to occur 

randomly, then that group was considered to be significant in the binding of the virus. 
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Table 5.1:  Peptide sequences found from primary screening.  
Wash Sequence 

KNY AKL 
WRW KTF 
KKK VWR 
KGK RAA 
KYY KRR 

1M NaCl 

FVV   
FRH KHR 
KAA RTG 1M KCl 
RQQ  

 

Table 5.2 shows the importance of basic amino acids in the binding of PPV, and 

to complement this, the lack of acidic groups associated with ligands found to bind to 

PPV.  The results show that positive charges are important for the binding of virus.  This 

is an expected result because canine parvovirus, a related parvovirus, has an isoelectric 

point of 5.3 (32), leaving it negatively charged at physiological pH, which corresponded 

to the conditions used in the screening studies.  There was a random distribution of 

aromatic and aliphatic groups with seven sequences that contained aromatics and seven 

sequences that contained aliphatics.  The sequences were then categorized into the 

following: those containing an aromatic amino acid, those containing an aliphatic amino 

acid, and those containing neither.  Since all but one sequence contained a basic group, 

all sequences chosen for further screening contained a basic amino acid.  From these 

categories, five sequences were chosen for additional screening using column 

chromatography:  WRW and KYY which contain aromatics; RAA which contains an 

aliphatic; and KHR which contains a histidine.  Also, KKK and KRR were combined to 

form KRK, which contains basic residues. 
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Table 5.2:  Chemical characterization of sequences.  “Random” is the number of amino 
acids expected from a random distribution of amino acids in 16 trimeric peptides.  
“Actual” is the number of each type of amino acid that was present in the 16 trimeric 
peptides. 

Amino Acid Type Random Actual 
Aliphatic 13.3 11 

Cyclic Imino 2.7 0 
Imidazole 2.7 2 

Basic 5.3 21 
Aromatic 8.0 9 
Hydroxy 5.3 2 
Amide 5.3 3 
Acidic 5.3 0 

 

5.3.3  Column Chromatography 

The resins were packed into disposable columns and tested for breakthrough of 

PPV in the eluent using infectivity as the enumeration method.  First, cell culture 

supernatant containing PPV was diluted with PBS to a final titer of about 6-7 log10 

(MTT/ml) (approximately a 1:100 to 1:10 dilution) and was filtered through a 0.22 µm 

filter.  Virus spiking studies should not be carried out at a dilution more concentrated than 

1:10, as the virus solution, which contains contaminants from the cell culture from which 

it was created, may start to interfere with the virus clearance mechanism (3). However, 

the larger the initial viral load, the better the opportunity to validate a high degree of virus 

clearance.  Virus clearance was calculated in accordance with the expression,   







−=

load  virustotal
step clearanceafter  detected viruslog clearance log 10     (5.1) 

5.3.3.1  PPV Binding in PBS 

The PPV breakthrough curves were determined by pumping virus-spiked 

solutions onto the peptide columns at 0.1 ml/min.  Fractions equivalent to one column 
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volume were collected, for a total of 10 column volumes and the amount of PPV in the 

flow through fractions was determined.  The results are plotted in Figure 5.1 as the 

percentage of the detectable PPV as a function of column volume.  Presenting the results 

in terms of a percentage of the detectable clearance automatically accounts for the 

different initial virus titers of the various batches analyzed in these experiments.   

In PBS, all the resins were able to clear completely the detectable virus available 

in the solutions, as shown in Figure 5.1.  This is in contrast to the amino resin control 

(with no peptides, which is considered a weak ion exchange resin) that was not able to 

remove any significant amounts of PPV from PBS.  Clearly, the peptides were 

responsible for the binding of the virus, and non-specific binding to the resin surface was 

ruled out.   

The small peptide resins have the ability to remove viruses from simple solutions 

such as water, suggesting potential application to water treatment.  In fact, microfiltration 

is being considered as an alternative to chlorine treatment of water supplies (33), but the 

method suffers from many of the same difficulties as nanofiltration for therapeutic 

processes.  Small viruses, like hepatitis A virus, which has a diameter of 27-32 nm (34) 

and norovirus, with a diameter of 30-40 nm (35) are able to pass through many 

nanofiltration and all microfiltration membranes.  These viruses are shed in the feces of 

infected humans and are common contaminants of water supplies.  Small peptide ligands 

theoretically could be placed on microfiltration membranes to improve virus removal 

without the need to use membranes of small pore size which often cause fouling (8) and 

may require high back pressures. 
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Figure 5.1:  Binding of trimeric peptides to PPV in PBS.  All ligands were able to bind 
100% of the detectable PPV.  The amino control, which is a weak ion exchange resin, 
was able to clear less than 1% of the detectable PPV.  Columns were run in duplicate and 
the error bars represent the detectable clearance of each column.   
 

5.3.3.2  PPV Binding in 7.5% Human Blood Plasma 

To challenge the peptides for their ability to remove PPV under therapeutic 

processing conditions, virus-spiked 7.5% human blood plasma was used.  A 7.5% human 

blood plasma solution contains about 5 mg/ml of protein, which is approximately the 

amount of protein that can be found in a therapeutic protein product.  There are two 

general viral clearance steps in a monoclonal antibody production process, i.e., a low pH 

step after cell harvest, and a nanofiltration step before or during formulation (36).  If 

effective, small peptides theoretically could be used on membranes on the nanofiltration 

step at the end of the process.  All of the peptides were challenged with protein loads 

similar to those that would be found at this phase of the purification process.  
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Data on the removal of PPV from this complex mixture using the peptides are 

presented in Figure 5.2.    All of the resins tested, except for KHR, were able to remove 

all of the detectable PPV in the first column volume.  All of the resins had a breakthrough 

of PPV before the fifth column volume.  It is believed that the proteins found in human 

blood plasma also began to non-specifically bind to the peptides at this point, leaving less 

peptide available for specific binding to PPV.  There may be a way to improve the 

selectivity of the virus over the plasma proteins by optimization of the chromatography 

process through changes in peptide density or buffer ionic strength.   
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Figure 5.2  Binding of trimeric peptides to PPV in 7.5% human blood plasma.  WRW 
was able to bind 100% of the detectable PPV in the first three column volumes.  After 
nine column volumes, WRW was still able to bind as much as the amino control.  The 
amino control and acetylated control are the same in each figure as a reference point for 
comparison of the different peptide resins.  Columns were run in duplicate and the error 
bars represent the detectable clearance of each column.     
 

The amino control resin had the ability to bind to some of the PPV and remove it 

from solutions.  In the first two column volumes in PBS and 7.5% human blood plasma, 

A 

B
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the amino control achieved about 1 log clearance.  This is not surprising, as anion 

exchange columns are often tested for their ability to clear viruses (36).  It has been 

shown that a Q-Sepharose column was able to clear 3 log10 of PPV when loaded at pH 

6.5 (37) and as high as 5 log10 of MVM when loaded in Tris buffer at pH 8.0 (14).  This 

follows the trend that increasingly basic solutions will make the virus surface more 

negatively charged, which would cause increasingly stronger binding of the virus to an 

anion exchange column.   The control in our experiments was a weak ion exchange resin 

at pH 7.4, which showed lower clearance than that seen by the Q-Sepharose columns, as 

would be expected. 

An increase in binding of virus over time was found with the amino control resin 

both in the presence and absence of human blood plasma (Figures 5.1 and 5.2).  The PPV 

solution used in the experiments was cell culture supernatant that had been clarified by 

low-speed centrifugation and filtered through a 0.22 µm filter, and so the solution 

contained cellular debris.  Since the amino control is a weak ion exchange resin, it is 

possible that the resin was binding the cellular debris, and the virus then bound to the 

debris on the resin, as many proteins in host cell proteins are known to be negatively 

charged and removed by anion exchange (36).  Since the amino resin has a high positive 

charge density, it is also possible that these cellular proteins may denature onto the 

surface, as has been suspected in ion exchange purification (38, 39), and is known to 

happen when proteins adsorb to surfaces (40).  Protein denaturation was also a 

possibility, as this was observed in the purification of tumor necrosis factor-α using an 

ion exchange column (38).  The longer these host cell proteins are retained on the 
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column, the greater the potential for protein denaturation, and this may provide different 

binding sites for the virus.   Virus binding to host cell proteins is confirmed by the fact 

that when highly purified virus suspensions containing less than 100 µg/ml of total 

protein are used in resin challenge, the amino control resin binds no more than 1 loglog10 

of PPV even after 10 column volumes (data not shown).  Viruses are also known to easily 

aggregate (41), and so the presence of denatured protein could become a new binding 

surface for the virus.   

The trimer KHR was able to achieve 4 logs clearance in the first column volume, 

but it still left in solution 3 log10(MTT/ml) of virus.  This peptide column showed the 

same decrease in viral clearance in the first three column volumes seen with the other 

peptide resins, but in subsequent column volumes, it exhibited an increase in detectable 

clearance.  This latter behavior was only seen in the amino control resin and not the other 

peptide resins.  It is suspected that this resin may be causing denaturation of proteins in 

solution as discussed above, but this issue was not examined further.  This resin was just 

discarded as one of the lead candidates, as its performance as a viral clearance ligand was 

unacceptable.  

The trimers WRW, KRK, RAA and KYY all exhibited breakthrough of PPV in 

the presence of plasma proteins after the first three column volumes (Figure 5.2).  There 

was no detectable cooperative binding observed for these resins in the flow through 

fractions tested.  Of these resins, only WRW was able to completely clear all detectable 

PPV in the first three column volumes from 7.5% human blood plasma.  With 

optimization of the peptide density and spacer length, this resin may be able to clear PPV 
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in all nine column volumes of challenge solution containing 7.5% human blood plasma.  

Human blood plasma also contains many different proteins, and only one or two may be 

interfering with the binding of PPV.  For example, if albumin is the predominant protein 

binding to the resin, then the peptide may be able to clear PPV very well from a solution 

that contains other proteins but not albumin.  In this case, WRW has the potential to be 

used effectively for final purification of a pure protein with excellent removal efficiency. 

5.3.4  PPV Surface 

All of the trimer resins that were found to bind to PPV, except for one, contained 

a basic amino acid, as shown in Table 5.1.  For this reason, it was a bit of a surprise that 

the top binding resin, WRW, also contained two aromatic amino acids, which did not 

appear to be extremely important in the initial screening of the resins (Table 5.2).  To 

better understand the binding of these peptide resins to the PPV surface protein, the VP2 

protein was imported into MOE and a surface map was created and shown in Figure 5.3.  

Because the surface of the VP2 protein is highly hydrophobic, it is likely that WRW finds 

one or more portions of the VP2 surface to which it can adhere through the W residues.  

The VP2 protein is in many different configurations on the surface of the virus, and so it 

is difficult to determine exactly which face of the protein is solvent-exposed when it is 

assembled into the virus capsid, but the entire protein is highly hydrophobic with 

interspersed hydrogen bonding groups.  The best binding peptide, WRW, contains two 

hydrophobic, aromatic amino acids, and a basic amino acid, which appear to chemically 

compliment the surface of VP2.  
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Figure 5.3  Surface map of VP2 protein on the PPV surface.  The surface is highly 
hydrophobic with interspersed hydrogen bonding regions.  This diagram was created in 
MOE 2007.09. 
 

5.4.  Conclusions 

Small trimeric ligands that specifically bind to porcine parvovirus were isolated 

from a solid-phase peptide library.  In PBS, 100% of detectable infectious virus was 

removed from solution for every fraction that was tested, up to nine column volumes.  

This demonstrates the potential of these peptides for use in virus removal from samples 

of relatively simple composition, such as for water purification applications.  In more 

complex mixtures, like 7.5% human blood plasma, peptide WRW was able to remove all 

detectable infectious viruses in the first three column volumes.  This is impressive for a 

ligand that only contains three amino acids, as many peptide ligands are a minimum of 

six amino acids in length (19, 21).  The surface of the VP2 protein is highly hydrophobic 

Hydrophobic

H-bonding

Polar Groups
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with interspersed hydrogen bonding and polar area, which helps to explain the specificity 

of the WRW ligand, containing two hydrophobic aromatic groups and a positively 

charged basic group.  Enhanced specificity and binding affinity may be found using an 

increased number of amino acids in the ligand, and this is currently being examined.  The 

ligands could be optimized for application to specific process streams, so that a single 

ligand must only compete with one therapeutic protein, thereby overcoming competitive 

binding and facilitating use as an efficient virus absorbent. 

Chromatographic beads are not the most efficient way to remove large particles 

from process streams.  The viruses, having a diameter on the same order of magnitude as 

the pore diameter, have small diffusion coefficients in the pores of the beads, and viruses 

quickly clog the pores.  Consequently, the accessible surface area of the beads is mainly 

associated with the outside surface of the bead, and the inner pore surface is not available 

for binding.  Membranes have a better geometry for binding of particles such as viruses, 

as there are not any diffusion limitations.  But, the screening of a combinatorial library of 

peptides is difficult to do on a membrane surface.  The SPOT method, developed by 

Ronald Frank (42), is used to produce peptide libraries on a cellulose membrane surface, 

but if done manually, only several hundreds of peptides can be created in 2 – 3 days (43).  

This is a small library compared to the thousands of peptides that can be screened on 

chromatographic beads.  In addition, the binding to a peptide on cellulose fibers may be 

quite different from that observed on other membrane materials.  There are currently no 

large ligand libraries on any membrane surface that is likely to be used for large scale 

virus removal.  This study provides proof-of-concept that peptides have the ability to 
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remove viruses specifically.  In the future, it may be beneficial to change the geometry of 

the support for improved access of all of the ligands to the viral particle, but currently, the 

bead geometry offers a better screening platform.  
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Effect of Trimeric Peptide Surface Density and 
Spacer Arm Length on PPV Capture 
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6.1  Introduction 

The overall goal of this work was to identify peptide ligands that can be used tol 

remove viruses from process streams.  Any protein therapeutic product that is produced 

either from animal, mammalian cell culture, or human sources is required to have a 

minimum of two viral clearance steps, each of which can remove 99.99% or 4 logs of 

contaminating virus (1).  We have discovered small peptides that can remove this amount 

of PPV or more when a solution containing PPV is passed through a chromatographic 

column (2).  Currently, nonenveloped viruses are most commonly removed by either 

nanofiltration (3) or anion exchange chromatography (4, 5) at the end of the purification 

process.  These small peptides could either be incorporated into the anion exchange 

column at the end of the process to form a mixed-mode chromatography column, to 

increase the viral clearance of the column, or they could be attached to a nanofiltration 

membrane used for virus reduction.  This might allow larger pore-sized membranes to be 

used to remove viruses from solutions without the fouling problems that are often 

associated with small pore-sized membranes. 

In prior work, small peptide ligands at a peptide density of 0.10 mmol/g dry resin 

were tested for their ability to remove PPV from solutions containing 7.5% human blood 

plasma (2).  The peptides were synthesized onto Toyopearl Amino 650M resin.  This 

resin has a maximum capacity of 0.40 mmol/g dry resin, so the density of the peptide 

ligand can be controlled and changed in hopes of finding a more selective resin for PPV.  

One of the objectives of this work is to study the effect of peptide density on the 

selectivity and avidity of PPV binding to the peptide resins.  Consequently resins with 
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low (0.008 mmoles/g), medium (0.10 mmoles/g) and high (0.4 mmoles/g) peptide density 

were synthesized and evaluated for their ability to remove PPV from 7.5% human blood 

plasma.   

Viruses have surface structures that mediate receptor binding.  For instance, PPV 

has a distance of about 35 Å from the top of the highest spike or “mountain” on the 

surface of the virus to the deepest pocket or “canyon”.  It is known that these canyons 

contain many of the receptor binding sites (6).  Receptor binding sites on viruses are 

known to have conserved amino acid sequences, whereas the outer most exposed surface 

of the virus can have regions with variable amino acids, allowing the virus to escape 

detection by the immune system.   

The previously indentified trimer peptides were tested with a small ethylene oxide 

spacer arm (2) in addition to the already present spacer arm on the Toyopearl Amino 

Resin, as described in Section 5.2.3.  This hydrophilic spacer arm has been shown to 

reduce non-specific protein binding.  It was hoped that this spacer arm would also allow 

the peptides sufficient access to canyons on the surface of the virus.   

The experiments described here were aimed at characterizing the effects of 

peptide density and spacer arm length on the binding of PPV to the resin surface.  It was 

theorized that, in order to bind to the most conserved areas on the virus surface, a larger 

ethylene oxide spacer arm of about 15 – 20 Å was necessary, over and above the spacer 

arm already available on the commercial resin.  Tosoh Bioscience, the manufacturer of 

the Toyopearl resin, does not disclose the exact structure of the spacer arm on the resin, 

but it is believed to be relatively short (1-4 ethylene oxide groups).  That being the case, 
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an additional 15 – 20 Å spacer should be sufficient to reach into the depths of the virus 

canyons and thus produce enhanced binding.  In order to test binding and selectivity, the 

new resins were exposed to 7.5% human blood plasma spiked with PPV.  For each of the 

three trimer peptides listed above, new resins were synthesized with low, medium and 

high peptide density as well as with and without the additional 15-20 Å spacer.   

In addition, this work describes the results of experiments aimed at determining 

whether the trimer resins that bind to PPV in human blood plasma do indeed bind 

infectious virus, as opposed to simply inactivating the virus.  Since most of the studies 

with the small peptides simply looked at infectivity reduction, it was not known if the 

peptides were inactivating or removing the virus.  Real-time PCR, a method that can be 

used to detect viral DNA, can be used to compliment infectivity assays and help to 

determine if infectivity reduction occurs because of removal or inactivation of the virus. 

In this work, we have taken three small peptide ligands, WRW, KYY, and KRK, 

previously found to specifically bind to PPV (2) and studied the effects of length of the 

spacer arm that separates the ligand from the resin surface, and the peptide density, on the 

efficiency of PPV removal.  Each ligand appears to have different configurations of 

peptide density and spacer arm length that increase PPV removal, suggesting that the 

peptides are binding to different areas on the virus protein capsid.  Real time PCR was 

also used to elucidate the mechanism of virus infectivity reduction.  
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6.2  Materials and Methods 

6.2.1  Materials 

Phosphate buffered saline (PBS) containing 0.01 M phosphate, 0.138 M NaCl and 

0.0027 M KCl, pH 7.4 was purchased from Sigma (St. Louis, MO) and human blood 

plasma was a donation from the American Red Cross (Rockville, MD).  Eagles Minimum 

Essential Media (EMEM) was purchased from Quality Biologicals (Gaithersburg, MD).  

Sterile PBS, trypsin, penicillin/streptomycin and glutamine used for cell culture, were 

purchased from Invitrogen (Carlsbad, CA).   

6.2.2  Virus Propagation and Titration 

The porcine parvovirus (PPV) NADL-2 strain was titrated and propagated on 

porcine kidney (PK-13) cells, which were a gift from the American Red Cross 

(Rockville, MD).  The PK-13 cells were maintained and the PPV propagated as described 

in Heldt et al. (7) using complete media, which consisted of EMEM supplemented with 

2mM glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin, and 10% non-heat 

inactivated fetal calf serum (Hyclone, Logan, UT).  After propagation of the virus, the 

cell culture supernatant was clarified (2) and stored at -80°C until further use. 

Radioactive PPV was prepared by metabolically incorporating a radiolabel during 

virus propagation by addition of 35S methionine and cysteine to the cell culture media, as 

described by Heldt el al. (2).  The radioactive PPV cell culture lysate was subjected to a 

freeze/thaw cycle at -20°C.  The radiolabeled crude virus stock was stored at 4°C for up 

to four weeks prior to use in experiments. 
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All infectivity measurements were made using the MTT assay, which has been 

previously correlated to the TCID50 (50% tissue culture infectious dose), a common 

method for the titration of infectious viruses (7). 

6.2.3  Chromatography of Peptide Resins 

Peptide resins were synthesized on Toyopearl Amino 650M resin (Tosoh 

Biosciences, Montgomeryville, PA) by Peptides International (Louisville, KY).  The 

peptides were attached to the resin with a peptide density of 0.40, 0.10, and 0.008 mmol/g 

of dry resin.  A 15-20 Å ethylene oxide spacer arm was added between the peptide and 

the resin, as described in Section 5.2.3, for some of the resins and was omitted for others.  

This spacer arm was to aid in the flexibility of the peptide and also to allow the peptide to 

access canyons on the virus surface (2, 8).  The peptide resins were packed into 

disposable PIKSI columns (ProMetic Biosciences Ltd, Cambridge, England) with a total 

of 0.5 ml of settled resin in PBS per column.  An acetylated control resin was synthesized 

by directly acetylating the Amino 650M resin (2).  The columns were run as described 

elsewhere (2). 

6.2.4  Gel Filtration Chromatography 

 PPV from cell culture supernatant that was radiolabeled with 35S was purified on 

a 5 ml Sephacryl 300 HR gel (GE Healthcare, Fairfield, CT) as described in Section 

4.3.1.3.1.  A 20-µl aliquot was injected onto the column at a flow rate of 0.5 ml/min.  

Fractions 1-ml in volume were collected and analyzed for radioactivity.  The radioactive 

peak was used for virus isotherms on resins, usually corresponding to fractions 4 and 5. 
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6.2.5  Equilibrium Isotherms 

 Radioactive PPV that had been purified on the gel permeation column was diluted 

to six different concentrations. Aliquots of 50 µl of settled resin, which corresponded to 

10 mg of dry resin, were placed into 12 – 1.2 ml microcentrifuge tubes.  All the buffer 

that could be removed without disturbing the resin was removed.  From each virus 

dilution, 500 µl was added to each resin, in duplicates.  The resins and virus were placed 

on an end-over-end rotator at room temperature for 1.5 hours.  The tubes were 

centrifuged to settle the resin, and then the radioactivity of the supernatant was taken by 

adding the sample to 10 ml of EcoLume Liquid Scintillation Fluid (MP Biomedicals, 

Irvine, CA) and counted on a Packard 1500 Tri-Carb Liquid Scintillation Analyzer 

(Wellesley, MA).  The radioactivity counts before and after contact with the resin was 

used to determine the amount of virus that bound to the resin.  The infectivity of the 

starting material was also tested to confirm that the virus was infectious.   

6.2.6  Real-time PCR 

Real-time PCR was used to determine the amount of DNA present in samples, 

and to examine if this correlated with the infectivity measurements.  A real-time PCR 

protocol was established by designing primers using Beacon Designer 6.0.  The program 

produced the forward and reverse primers 5’-ATG GGA CCA GGC AAC AGA C-3’ and 

5’-CTA GTA GTA CAT GGC AGT GAT AGC-3’.  The Beacon Designer determined 

that the optimal annealing temperature of these primers was 53.4°C, and so the PCR 

cycle program consisted of 120s at 50°C, 600s at 95°C, which allows degradation of any 

uracil containing product that may have existed from a previous PCR reaction, and then 
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45 cycles of 30s at 94°C, 30s at 53.4°C, and 60s at 72°C.  This protocol produced no 

amplification when applied to 7.5% human blood plasma in PBS. 

DNA was extracted with DNAzol BD (Invitrogen, Carlsbad, CA).  A volume of 

100 µl was taken from a flowthrough fraction from either a column of KYY, WRW, 

Amino 650M (Tosoh Bioscience) or the acetylated amino resin.  One microliter of 

polyacryl carrier (Molecular Research Center, Cincinnati, OH) was added and the 

DNAzol protocol was followed by proportionally reducing the protocol for a 100 µl 

aliquot.  The DNA was dissolved in 10 µl of ultra pure water (Invitrogen, Carlsbad, CA) 

and stored at -20°C.   

A master mix was made with SYBR GreenER qPCR SuperMix Universal 

(Invitrogen, Carlsbad, CA) and 200 nM of the forward and reverse primers (Integrated 

DNA Technology, Coralville, IA)  A 23 µl aliquot of the master mix and 2 µl of sample 

DNA were added to each reaction tube and placed in a Cepheid SmartCycler (Cepheid, 

Sunnyvale, CA).  A water control was used for each set of reactions and was negative. 

A standard curve was made from the starting material that was used in the 0.40 

mmol/g with a spacer arm experiments for peptides WRW and KYY (which was the 

same solution for each resin, so only one standard curve was made for each PBS and 

7.5% human blood plasma).  Each starting material, in PBS and in 7.5% HBP, was 

extracted 3 separate times.  Each extraction was then serially diluted 1:10 twice and then 

tested by PCR.  The starting material was also tested by MTT assay.  Using the MTT titer 

of the starting material, a plot was created that showed the Ct value, or the cycle number 

that reached a threshold florescence value, versus the infectious particles in the sample.  
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Each diluted sample was not titrated, but was assumed to be a serial dilution of the 

starting material, which was titrated.   

6.3  Results and Discussion 

 In earlier work, trimer peptides that bind to PPV were discovered using solid 

phase combinatorial peptide libraries, and their ability to remove PPV from buffer 

solutions and from solutions containing 7.5% human plasma were characterized (1).  The 

solid-phase combinatorial library was built on Toyopearl Amino 650EC porous particles 

of hydoxylated methacrylate with a peptide density of 0.4 mmol/g.  An ethylene oxide 

(EO) spacer arm containing two EO groups, followed by a peptide bond, and then another 

two EO groups, which were then connected to the C-terminus of the peptide ligand 

through another peptide bond (2), was added to separate the peptide from the resin.  This 

spacer arm is depicted in Figure 6.1.  It was theorized that this additional 15-20 Å spacer 

arm was sufficiently long to allow the trimers to reach the canyon on the VP2 capsid 

protein on the virus surface. 

O

O
O

O
N

O
O

O
NH2

 
Figure 6.1  Ethylene oxide spacer arm added to Toyopearl Amino 650EC resin.  The C-
terminus is attached to the amine group on the resin surface through a peptide bond.  The 
N-terminus is attached to the carboxylic acid on the peptide through a peptide bond. 
 

The peptide resins for chromatographic evaluation were synthesized on Amino 

650M resin, which has a particle diameter of about 65 µm compared to a diameter of 

about 100 µm for the Amino 650EC resin that was used for the combinatorial peptide 

library.  Both of these resins have pore sizes of about 100 nm and are methacrylate based.  
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The larger bead is better for identifying individual beads using the naked eye during 

screening, and the smaller beads have better flow properties for chromatography. 

The amino resin has primary amine groups on the surface at a density of 0.4 

mmol/g dry resin, which corresponds to the maximum ligand binding capacity for this 

resin.  Figure 6.2 shows the surface chemistry of the resin, including an undisclosed 

spacer arm represented by R, and a free amine on the end.  The peptide density is 

controlled by adding a known amount of alanine that is Fmoc (9H-fluoren-9-

ylmethoxycarbonyl) protected to the resin for coupling (9).  The structure of Fmoc 

protected alanine is shown in Figure 6.3.  If a peptide density of 0.10 mmol/g dry resin is 

desired, then 0.1 mmol of Fmoc protected alanine will be added to the reaction vessel per 

gram of dry resin.  This reaction is allowed to go to completion.  Then the remaining 

amine groups on the surface of the resin are acetylated, so that no primary amine groups 

remain.  At this time, the Fmoc protecting group is removed from the alanine, shown by 

the curvy line in Figure 6.3, and the only amine groups for future coupling will be the 

alanines on the surface.  This method of peptide density control does not control the exact 

spacing of the peptides on the resin surface, but it is assumed to be fairly uniform over 

the surface.   

 

Figure 6.2  Surface chemistry of Amino 650M resin. 

-O-R-O-CH2-CH-CH2-NH2 

OH 
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Figure 6.3  Fmoc protected alanine.  The curvy line denotes the removal of the Fmoc 
protecting group. 
 

The final peptide density is measured by the concentration of the Fmoc group that 

is released after the alanine has been deprotected.  Due to the limit of detection of the 

Fmoc groups, there is only so much control that can be exerted on the synthesis of very 

low peptide density resins. Consequently, the lowest peptide density that was tested was 

0.008 mmol/g dry resin. 

The peptides were screened at the maximum 0.4 mmol/g peptide density, and the 

resins previously tested had a peptide density of  0.1 mmol/g (2).   The low peptide 

density in this work corresponds to 0.008 mmol/g.  It was hypothesized that lowering the 

peptide density may enhance the specificity of the peptide for the virus over the 

contaminating plasma proteins that are also in solution.  This was considered because the 

size of most plasma proteins is smaller than the diameter of parvoviruses, which are 

between 18 – 26 nm in diameter (10), as shown in Table 6.1.  The most common protein 

in human blood plasma is albumin and it is one of the smallest protein of the blood 

proteins.  Some of the more common human plasma proteins are shown in Table 6.1.  

Figure 6.4 shows how the size difference between the virus and a small protein could 

create a surface that is more selective to virus binding, thereby reducing non-specific 
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binding of plasma proteins, when there is reduced peptide density on the surface of the 

resin.  It was calculated that a density of about 0.0002 mmol/g would separate the 

peptides to the point that they would be spaced from one five-point axis of symmetry on 

the PPV surface to an adjacent five-point axis symmetry.  This is depicted in Figure 6.5.  

This was desired because there are canyons or pockets that surround the five-point axis 

(8), and it is believed that these canyons contain conserved amino acid residues and were 

the target binding site for the peptides.  It is unclear at this time exactly where the 

peptides bind, but if the peptide bound to a specific spot on that surface, then low peptide 

density would allow the spanning of the peptides across identical or repeated structures 

on the surface of the virus.  As discussed earlier, 0.0008 mmoles/g of dry resin was the 

lowest possible peptide density that could be achieved using our synthesis method.  

Table 6.1  Size of relevant plasma proteins and PPV. 

Protein Size  
(nm)  Reference

Fibrinogen 45 Largest dimension (11), (12) 
PPV 18-26  (6, 13) 

Antibodies 14 Height (14) 
Factor VIII 14-16  (15) 
Albumin 2.8  (16) 
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Figure 6.4  Comparison of high density and low density peptide surfaces.  (A) A 0.1 
mmol/g surface is able to have multiple peptides which bind to both the virus and 
albumin.  (B)  A 0.008 mmol/g surface is able to maintain multiple peptides binding to 
the virus but only one peptide is able to bind to albumin.  This may increase the 
specificity of the surface for the virus as compared to competing proteins. 
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Figure 6.5  Icosahedral structure in PPV.  The circles highlight the five-point axis of 
symmetry.  There are 12 five-point axes on the face of an icosahedron and for PPV, each 
of these five-point axes has a spike and is surrounded by a canyon (6, 13).  
 
 
 The top four resins from the original screening were WRW, KYY, KRK, and 

RAA (2).  They were all examined for their sensitivity to peptide density and spacer arm 

length with respect to PPV removal.  The data from WRW, KYY, and KRK are shown in 

the following sections.  The data for RAA was difficult to reproduce, but is shown in 

Appendix 2. 

6.3.1  Removal of PPV in Saline 

 The clearance of PPV by the WRW, KYY, and KRK resins in saline are shown in 

Figures 6.6, 6.7, and 6.8.  All of the peptide densities, except for 0.40 mmol/g KYY 

without a spacer arm and 0.008 mmol/g WRW without a spacer arm, were able to clear 

all detectable PPV, regardless of the presence or absence of a spacer arm.  The peptide 

resins were compared to two control resins, the amino control and the acetylated control.  

The surface chemistry of these controls is depicted in Figure 6.9.   The peptides were 

attached to the amine groups on the resin, and all amine groups that did not contain 
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peptide were acetylated (Figure 6.9A).  This makes the acetylated resin (Figure 6.9C) a 

control for the resin surface.  The amino control resin has amine groups on the surface 

(Figure 6.9B) and is a weak ion exchange resin, as described in Section 5.3.3.2.  Ion 

exchange resins have been used for viral clearance (17, 18), allowing us to compare our 

peptides to a weak anion exchange resin.  The amino resin removes more virus from 

solution in the later column volumes than it did at the beginning of the experiment, as 

shown in Figures 6.6, 6.7, and 6.8.  This was explained in detail in Section 5.3.3.2 as 

most like due to cellular debris in the cell culture supernatant spike that was used in the 

experiments.  It is possible that cellular debris bound to the amino control resin and 

created different binding sites for the virus as the experiment progressed. 

 
 
 

 
Figure 6.6  Clearance of PPV by WRW in PBS.  All of the peptides, shown by the 
squares, were able to clear all detectable PPV except for the 0.008 mmol/g resin without 
a spacer arm. 
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Figure 6.7  Clearance of PPV by KYY in PBS.  All of the peptides, shown by the squares, 
were able to clear all detectable PPV except for the 0.40 mmol/g resin without a spacer 
arm. 
 

 
Figure 6.8  Clearance of PPV by KRK in PBS.  All of the peptides, shown by the squares, 
were able to clear all detectable PPV in the first 10 column volumes. 
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Figure 6.9  Surface chemistry of peptide resins, the amino control resin, and the 
acetylated control resin.  (A)  Peptide resin.  (B)  Acetylated control resin.  (C)  Amino 
control resin. 
 

Since most of the peptides were able to clear all the detectable virus in the first 10 

column volumes, then the maximum capacity of the resin was not saturated.  The actual 

virus titer added to these columns was different, but starting levels were between 105 and 

106 infectious particles per milligram of dry resin.  PPV produces many non-infectious 

particles for every infectious particle that is produced, and the ratio can be as high as 1 

infectious particle for every 100,000 virus particles made (6).  Given this information, the 

resin may be binding as many as 1010 particles per milligram of dry resin.   

The theoretical amount of virus that the resin could bind was determined by 

assuming that none of the virus penetrates into the pores of the resin.  The resin pore size 

is 100 nm, and is large enough for the penetration of a virus particle that is 18 – 26 nm in 

diameter.  But penetration is considered unlikely because the virus is most likely 

plugging the pores.  Viruses diffuse slowly due to their size; therefore, it is likely that the 

virus will bind to a peptide that is near the pore opening and once bound, the pore size 
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would be reduced, preventing additional viruses from penetrating the pores.  This 

phenomenon of viruses was seen with a PL-SAX resin that had a pore size of 400 nm.  

Adenovirus (80-110 nm in diameter) (19), did not fully utilize the internal surface area of 

the resin (20) and it was suggested that the pore plugging model was most likely the 

reason.  

Given a 28 nm spherical virus, the theoretical amount of viruses that could pack 

on the outside surface of a smooth 65 µm diameter bead (the average diameter of the 

Toyopearl 650M resin) is 1011 viruses per milligram.  This indicates that it is possible that 

the beads are able to bind as many as 1010 viruses per milligram of dry resin. 

It is interesting to note that there was little or no decrease in clearance over the 10 

column volumes tested, even for the resins that did not clear all of the detectable PPV in 

the first column volume (i.e. the KYY resin at 0.40 mmol/g without a spacer arm (Figure 

6.7) and the WRW resin at 0.008 mmol/g without a spacer arm (Figure 6.6)).  In these 

cases, there was a reduced ability for the resins to bind to the virus, because of larger 

affinity dissociation constants, kinetic limitations, and/or steric hindrance. 

6.3.2 Removal of PPV in 7.5% Human Blood Plasma 

To challenge the peptide resins with a more complex mixture, PPV was spiked 

into a solution containing 7.5% human blood plasma.  This corresponds to approximately 

5 mg/ml of protein, which represents both the approximate amount of protein in the final 

formulation of a protein product, and the amount of plasma that is present in red blood 

cell concentrate.  By observing the trends when breakthrough of virus was found in the 

flow-through, the abilities of the different peptide resins to remove PPV can be 
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compared.  Negative controls were added to each experiment, consisting of an amino 

control and an acetylated control, as explained previously.   

6.3.2.1  WRW 

Figure 6.10 shows the ability of the WRW resin to remove PPV at different resin 

peptide densities.  Figure 6.10A shows different peptide densities with the ethylene oxide 

spacer arm and Figure 6.10B shows different peptide densities without this spacer arm.  

The WRW resin was sensitive to the presence of a spacer arm.  The resin bound all of the 

detectable PPV in the first three column volumes for both the low density 0.008 mmol/g 

resin and the 0.10 mmol/g resin, when the spacer arm was present.  None of the other 

configurations of the resin were able to clear all of the detectable PPV in the first column 

volume. This resin also needed the positively charged amine group on the end of the 

peptide for PPV binding.  The peptide with the terminal amine acetylated at a peptide 

density of 0.10 mmol/g and containing the ethylene oxide spacer arm is shown in Figure 

6.10A.  When the terminal amine is acetylated on the WRW resin the ability of the resin 

to bind to the virus is greatly decreased.  But the acetylation of the terminal amine did not 

completely eliminate all binding of PPV to WRW, so there still appears to be some 

specificity of the ligand for the virus.  The terminal amine plays an important role in the 

specificity.  

The dynamic binding of PPV to the WRW resin in column adsorption studies is 

quantified in Table 6.2.  This again highlights the importance of the low density and the 

spacer arm in the binding of WRW to PPV.  The log clearance of PPV, defined in 

Equation 6.1, in the first five column volumes was used as a way to rank the resins for 
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their ability to remove PPV.  The five-column volume cutoff was chosen because when 

all ten column volumes were used to rank the resin, the differences between the resins, 

which were more dramatic at the beginning of the experiment, were equalized. 
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Figure 6.10  Clearance of PPV by WRW in 7.5% human blood plasma.  (A) WRW with a 
spacer arm.  (B)  WRW without a spacer arm.  
 
 
 
 
 
 
 
 
 
 

A 

B 
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Table 6.2  Total log clearance in the first five column volumes for WRW. 

Peptide Density 
(mmol/g) Spacer Arm 

Log clearance in 
first five column 

volumes 
0.008 + 2.78 
0.10 + 2.15 

0.008 - 1.91 
0.10 - N-

acetylated + 1.42 
0.40 + 1.18 
0.40 - 0.89 
0.10 - 0.86 

Amino  0.06 
Acetylated  0 

 
 

Another way the WRW resin was characterized for PPV binding was through 

equilibrium isotherms.  Equilibrium isotherms show the affinity dissociation constant of 

the resin and the total capacity.  Only the linear portion of the isotherm was found, as 

shown in Figure 6.11, due to the fact that increasing the concentration of virus solutions 

often causes aggregation, and highly concentrated solutions are difficult to produce.  This 

isotherm fit was done with the liner form of the Langmuir adsorption isotherm, 

 

dK
Cq

q max=
        (6.2) 

where q is the adsorption of virus bound to the resin, qmax is the maximum capacity of the 

resin, C in the unbound concentration of virus in solution, and Kd is the affinity 

dissociation constant.  The slope of the isotherm represents the maximum capacity 

divided by Kd.  The maximum capacity of the resin could not be determined, but it was 

assumed to be the same for all resins. The slopes of the linear form of the isotherm can 

offer a direct comparison of the Kd values of the different resins, even though the actual 
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Kd is not known.  For this reason, the slopes were compared and the larger the slope, the 

smaller, or stronger the Kd.  The slopes of the lines in Figure 6.11 are shown in Table 6.3.  

The top three resins, at 0.10 mmol/g resins and the 0.008 mmol/g resin with a spacer arm 

had virtually the same slope, with the 0.008 mmol/g without a spacer arm resin having 

the smallest slope than the rest.  This is similar to the result that was seen in the column 

chromatography experiments of the WRW resins in PBS (Figure 6.6). 

To validate the equilibrium isotherms, infectivity of the starting material for each 

dilution were determined and shown in Table 6.4.  All of the starting materials for the 

equilibrium isotherm were infectious, and had a consistent ratio of infectivity to 

radioactivity.  This further showed that radioactivity, a more sensitive detection method, 

correlated with infectivity. 

 

 
Figure 6.11  Equilibrium isotherm of PPV binding to WRW.   
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Table 6.3  Slopes from the isotherms for WRW. 
Peptide 
Density 

(mmol/g) 
Spacer 

Arm 

Slope from 
Equilibrium 
Isotherm 

0.10 - 0.41 
0.10 + 0.38 

0.008 + 0.37 
0.008 - 0.16 
Amino  0.03 

 
Table 6.4  Comparison of radioactivity and infectivity of starting material for equilibrium 
isotherms. 
Starting Material MTT titer 

(log10(MTT/ml)) 
Radioactivity 

(CPM/ml) 
MTT/CPM 

0 5.41 6323 40.6 
1 5.24 3976 43.7 
2 4.95 2860 31.2 
3 4.62 1373 30.4 
4 4.74 594 92.2 
5 3.83 373 18.1 

Average   42.7 +25.9 
 
 

The rankings achieved for isotherms and columns based on the WRW 

configurations are not necessarily consistent, but they are also testing different factors.  

For example, the selectivity of the resin to bind PPV in the presence of competing 

proteins was tested using the dynamic columns in 7.5% human blood plasma.  The 

isotherms were done in PBS and specifically evaluated the affinity of the peptide for 

PPV.  Even though these two experimental designs are measuring different values, there 

is a consensus in that the WRW 0.008 and the 0.10 mmol/g resins with a spacer arm 

bound well to PPV and are selective for the virus.  The 0.10 mmol/g resin without a 

spacer arm did well in the isotherms, but performed in the dynamic columns.  This 

demonstrated that in flow conditions, the resin was not able to selectively bind PPV from 

solution when the spacer arm was not present.  This could be due to the reduced 

flexibility of the resin in the absence of the spacer arm, or there could have been more 
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competition from other proteins in solution, since 7.5% human blood plasma was present 

for the column experiments. 

The need for a spacer arm could demonstrate that the WRW peptide is reaching 

into the canyons on the surface of the virus, and the separation of the peptide from the 

resin surface is essential to facilitate the binding of the peptide to the canyons.  It is also 

possible that the flexibility of the spacer arm may also be the driving force for the 

increased binding of the peptide to the virus surface.  Computed simulations of the 

docking of the peptide to the VP2 virus protein (8) was attempted using Molecular 

Operating Environment (MOE) by Chemical Computing Group.  The small trimer 

peptide was unable to dock to a consistent binding site, presumably due to the high 

probability that such a small peptide may be able to bind to many different sites on the 

virus surface.  

6.3.2.2 KYY 

The binding of PPV to the KYY resin is shown in Figure 6.12.  This resin was 

much less sensitive to the configuration and orientation of the peptide when it comes to 

PPV removal.  Every resin configuration except for two, the N-terminal acetylated resin 

at 0.10 mmol/g with a spacer arm and the 0.40 mmol/g without a spacer arm, was able to 

clear all the detectable PPV in the first column volume.  The top configuration for KYY, 

0.008 mmol/g without a spacer arm, was able to clear all detectable PPV in the first two 

column volumes.  As was the case for WRW, KYY also needed the terminal amine group 

for binding, because when it was acetylated, the binding greatly dropped, as shown in 

Figure 6.12A.  
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It is much more difficult to find a trend in the spacer arm length and peptide 

density with respect to binding of PPV to KYY, but the best configuration tested was 

0.008 mmol/g without a spacer arm.  This was able to clear 3.7 logs of PPV in the first 

five column volumes, which was much better than any of the WRW resins, although it 

must be noted that a 0.5 log greater starting titer was applied to the KYY resin relative to 

the WRW resin.  If one compares the best column of WRW, 0.008 mmol/g with a spacer 

arm (Figure 6.10A) and the best column of KYY, 0.008 mmol/g without a spacer arm 

(Figure 6.12B), there was a difference in the shape of the curves.  Specifically, the WRW 

curves cleared all of the PPV in the first three column volumes, but then has a steep and 

rapid breakthrough of PPV, whereas the KYY resin broke through by the third column 

volume, but the breakthrough was much more gradual. 
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Figure 6.12  Clearance of PPV by KYY in 7.5% Human Blood Plasma.  (A) KYY with a 
spacer arm.  (B)  KYY without a spacer arm.   
 
 
 
 
 
 
 
 
 
 

B 
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Table 6.5  Total log clearance in the first five column volumes for KYY. 

Peptide Density 
(mmol/g) 

Spacer 
Arm 

Log clearance in 
first five column 

volumes 
0.008 - 3.70 
0.40 + 3.27 
0.10 - 2.87 

0.008 + 2.67 
0.10 + 2.63 
0.40 - 2.22 

0.10 - N-acetylated + 2.03 
Amino  0.02 

Acetylated  0 
 

There is a larger discrepancy between the isotherm measurements, shown in 

Figure 6.13 and the column data, shown in Figure 6.12 for KYY than for WRW.  The top 

resin for the columns (the 0.008 mmol/g resin without a spacer arm (Table 6.5)) is the 

worse resin in the isotherms (Table 6.6).  This shows that the decrease in peptide density 

may raise the Kd of that particular resin for the binding of PPV, but it appeared to 

improve the selectivity of the resin over contaminating proteins in human blood plasma.  

The selectivity of the resin is more important for this application than is the actual Kd 

value. 
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Figure 6.13  Equilibrium isotherm of PPV binding to KYY.  Closed symbols have a 
spacer arm and open symbols do not have a spacer arm.  The amino control resin data is 
the same as shown in Figure 6.5.  
 
Table 6.6  Slopes from the isotherms for KYY. 

Peptide 
Density 

(mmol/g) 
Spacer 

Arm 

Slope from 
Equilibrium 
Isotherm 

0.008 + 0.37 
0.10 + 0.22 
0.10 - 0.17 

0.008 - 0.09 
Amino  0.03 

 
 
6.3.2.3 KRK 

The clearance of PPV by KRK from 7.5% plasma solutions, as a function of 

various peptide densities and spacer arm lengths, is shown in Figure 6.14.  The highest 

peptide density of 0.40 mmol/g was not tested for this resin since it did not perform well 

for either WRW or KYY.  The peptide density of 0.10 mmol/g resin without a spacer arm 

was able to clear all detectable PPV in the first three column volumes.  Yet because of the 
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sharp breakthrough of virus after the third column volume, the total log clearance (Table 

6.7) of the KRK resin was not as high as the 0.008 mmol/g resin with the spacer arm, 

which removed all detectable virus from only the first two column volumes.  This again 

highlights the sensitivity of the log clearance calculation as shown in Equation 6.1.   

 
Figure 6.14  Clearance of PPV by KRK in 7.5% human blood plasma.  (A) KRK with a 
spacer arm.  (B)  KRK without a spacer arm.   
 
 

A 

B 
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Table 6.7 Total log clearance in the first five column volumes for KRK. 

Peptide Density 
(mmol/g) 

Spacer 
Arm 

Log clearance in 
first five column 

volumes 
0.008 + 3.96 
0.10 - 3.85 
0.10 + 3.40 

0.008 - 3.03 
0.10 - N-

acetylated + 1.91 
Amino  0.49 

Acetylated  0 
 

The equilibrium isotherm measurements for KRK are shown in Figure 6.15.  The 

order of the binding, as determined by the linear slope of the isotherm, is shown in Table 

6.8.  The top three configurations of KRK, 0.008 mmol/g with a spacer arm and 0.10 

mmol/g with and without the spacer arm, all bound with about the same affinity.  It is 

difficult to conclude the best configuration of KRK, since there do not appear to be any 

trends.  The 0.008 mmol/g with a spacer arm configuration appears to be slightly better 

than the other configurations when looking at the selectivity in the dynamic columns and 

the equilibrium isotherms, but 0.10 mmol/g without a spacer arm was able to clear the 

first three column volumes of detectable PPV. 
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Figure 6.15  Equilibrium isotherm of PPV binding to KRK.  Closed symbols have a 
spacer arm and open symbols do not have a spacer arm. 
 
Table 6.8  Slopes from the isotherms for KRK. 

Peptide 
Density 

(mmol/g) 
Spacer 

Arm 

Slope of 
Equilibrium 
Isotherm 

0.008 + 0.16 
0.10 + 0.15 
0.10 - 0.14 

0.008 - 0.10 
Amino  0.06 

 

6.3.3  Mechanism of PPV Clearance 

There are two ways that PPV infectivity could be reduced after passing an 

infectious solution through peptide columns, inactivation or removal.  To try and 

determine which mechanism was at work in current lead columns, real-time PCR was 

performed on fractions from the 0.40 mmol/g columns with a spacer arm for both KYY 

(Figure 6.12) and WRW peptides (Figure 6.10) to determine if the amount of DNA in the 

sample changed in proportion to the infectious titer.  For each of these resins, detectable 

infectivity was found in the first column volume, and there was an increase in infectivity 
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in the ninth column volume.  The amount of DNA for the two peptide resins, and also the 

amino control and the acetylated control resin, was determined for first and ninth flow-

through fractions, or column volumes.  The approximate amount of DNA was compared 

to the infectivity measurement for the first fraction to the ninth fraction.  If the 

concentration of DNA was high for both fractions, but the infectivity was low for the first 

fraction and higher for the ninth fraction, then inactivation of the virus would be 

suspected.  If the concentration of DNA increased from the first to the ninth fraction, in 

keeping with the trend for infectivity, then removal of the virus would be confirmed. 

The real-time PCR protocol was tested on PPV cell culture supernatant, CsCl 

purified PPV, and PPV spiked into 7.5% HBP.  A standard curve for both the PBS and 

7.5% HBP starting material was made and is shown in Figure 6.16.  Both starting 

materials and their serial dilutions had approximately the same concentration of PPV as 

they were derived from the same stock material.  This demonstrates little difference in 

DNA extraction efficiency or PCR amplification efficiency in the presence or absence of 

human blood plasma. 
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Figure 6.16  Standard curve for real-time PCR of PPV solutions. 
 

Figure 6.17 shows the comparison of the titer of samples from elution fractions as 

evaluated by PCR and MTT.  Four different columns were tested, the acetylated control, 

the amino control, and the WRW 0.40 mmol/g with a spacer arm (Figure 6.10), and the 

KYY 0.40 mmol/g with a spacer arm (Figure 6.12).  The first and ninth eluted fractions, 

or column volumes were tested by real-time PCR.  The infectious titer results and the 

PCR results show good correlation.  This demonstrates that the peptides are most likely 

removing the PPV from the samples, rather than using an inactivation mechanism.  This 

data was also collected for the two peptide columns in PBS, and the infectious titer and 

the PCR titer were below detectable limits. 
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Figure 6.17  Comparison of PCR and infectious MTT assay results of PPV samples. (A) 
WRW.  (B)  KYY.  (C)  Amino Control.  (D)  Acetylated Control.  The white bars 
represent the PCR titer and the black bars represent the infectious titer. 
 

6.4  Conclusions 

 Small peptide ligands that bind PPV were discovered, WRW, KYY, and KRK (2) 

and their sensitivity to peptide density and spacer arm length has been evaluated with 

respect to their ability to remove PPV from solutions containing 7.5% human blood 

plasma.  Using real-time PCR, it was confirmed that small peptides were binding the 

virus and removing it from solution, rather than inactivating the virus. 

 The leading trimer peptides behaved differently with respect to both peptide 

density and spacer arm length.  The WRW resin required the spacer arm to bind PPV 

A B

C D
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when suspended in human blood plasma, and removed all of the detectable PPV in the 

first three column volumes at the lowest peptide density tested, which was 0.008 mmol/g.  

The KYY resin was much less sensitive to the parameters tested.  It bound PPV best at 

the lowest peptide density, but without a spacer arm, but even this configuration was only 

able to bind all of the detectable PPV in the first two column volumes.  The difference 

between the binding of the KYY peptide in different configurations was less apparent 

than that for WRW, which appeared to have a significant favoring of binding in the 

presence of the spacer arm.  It is likely that WRW and KYY are binding to different areas 

on the virus surface, which could mean that different peptide densities and spacer arm 

lengths would be required for each peptide.  The KRK peptide bound the most virus at 

the low peptide density of 0.008 mmol/g with the spacer arm.  This configuration 

removed all of the detectable PPV in the first two column volumes and 0.10 mmol/g 

without a spacer arm removed all of the detectable PPV in the first three column 

volumes.  Consequently, it is fair to conclude that KRK is not extremely sensitive to 

spacer arm length and peptide density. 
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7.1  Introduction 

The importance of the removal of small viruses from biotherapeutics and aqueous 

streams has been described in detail in Section 2.1.  The identification of trimer peptide 

affinity ligands that bind to porcine parvovirus (PPV) and their performance in virus 

removal have been presented in Chapters 5 and 6.  Since the reduction of the peptide 

density on the surface of the resin did not greatly enhance the binding of PPV to the small 

peptides (as described in Chapter 6) another approach was taken.  Hexamer libraries were 

created and screened based on the trimer peptides that were found to bind to PPV (1).  

Hexamer ligands have been found to work well for protein purification (2, 3), and have 

even been used in the binding of small toxic proteins (4).  This led to the hypothesis that 

increasing the number of amino acids available for binding to PPV would increase the 

affinity interactions between the virus and the peptides, further improving virus removal 

from solution containing competing proteins.   

The hexamer libraries were made by adding a trimer library to an existing trimer 

that was previously shown to bind to PPV (1).  Using this type of approach, it ws possible 

to keep the library small so that its entire diversity could be screened.  Specifically, trimer 

peptides WRW, KYY, and KRK (1) were used in this study.  By way of examples, a 

hexamer library containing 18 of the 20 naturally occurring amino acids has about 34 x 

106 different combinations.  It would take a long time to screen such a library.  By 

attaching previously characterized trimers to random trimers, a smaller library, already 

biased towards PPV binding, was created and could be easily screened using its entire 
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diversity.  Further, it was expected that since the initial trimer already bound PPV, the 

addition of three amino acids might compliment the overall binding efficiently.   

 In this work, hexamer libraries were designed and screened for PPV affinity.  

Selected ligands from the resulting peptides were tested for their ability to remove PPV 

from solutions.  None of the discovered peptides were able to remove PPV with greater 

efficiency than the best trimer peptide reported earlier (WRW) (1), although one of the 

peptides, YKLKYY, was able to remove as much PPV as WRW.  Docking studies were 

performed to better understand the important characteristics of the hexamer peptides 

identified so far, and it was shown that the secondary structure of the peptide can play an 

important role in the binding to PPV.  The library used in this study did not take into 

account this potential role of secondary structure. 

7.2  Materials and Methods 

7.2.1  Materials 

Phosphate buffered saline (PBS) containing 0.01 M phosphate, 0.138 M NaCl and 

0.0027 M KCl, pH 7.4 was purchased from Sigma (St. Louis, MO) and human blood 

plasma was a donation from the American Red Cross (Rockville, MD).  Eagles Minimum 

Essential Media (EMEM) was purchased from Quality Biologicals (Gaithersburg, MD).  

Sterile PBS, trypsin, penicillin/streptomycin and glutamine used for cell culture, were 

purchased from Invitrogen (Carlsbad, CA).   

7.2.2  Virus Propagation and Titration 

The porcine parvovirus (PPV) NADL-2 strain was titrated and propagated on 

porcine kidney (PK-13) cells, which were a gift from the American Red Cross 
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(Rockville, MD).  The PK-13 cells were maintained and the PPV propagated as described 

in Heldt et al. (5) using complete media, which consisted of EMEM supplemented with 

2mM glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin, and 10% non-heat 

inactivated fetal calf serum (Hyclone, Logan, UT).  After propagation of the virus, the 

cell culture supernatant was clarified (1) and stored at -80°C until further use. 

Radioactive PPV was prepared by metabolically incorporating a radiolabel during 

propagation by addition of 35S methionine and cysteine to the cell culture media, as 

described by Heldt el al. (1).  The radioactive PPV cell culture was subjected to a 

freeze/thaw cycle at -20°C, and then stored at 4°C and used within four weeks. 

All infectivity measurements were made using the MTT assay, which previously 

has been correlated to a TCID50 (50% tissue culture infectious dose), a common method 

for the titration of infectious viruses (5). 

7.2.3  Screening of Hexamer Libraries 

 Four biased hexamer libraries were synthesized and screened:  XXXWRW, 

WRWXXX, XXXKYY, and XXXKRK, where X is one of 18 of the 20 naturally 

occurring amino acids.  Methionine and cysteine were excluded from the library.  The 

libraries were synthesized by Peptides International (Louisville, KY) on Toyopearl 

Amino 650EC (Tosoh Bioscience, Montgomeryville, PA), which is a methacrylate-based 

resin with a bead diameter of about 90 µm.  All of the libraries contained an ethylene 

oxide spacer arm that was described in Section 5.3.1 and the peptides were at full resin 

capacity of 0.4 mmol/g dry resin. 
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 The libraries were screened as described in Section 5.2.3, except the washing 

solutions were changed.  Specifically, the libraries were each screened three times with 

three different wash solutions: (1) PBS containing 1M NaCl, as described in Section 

5.2.3, (2) PBS with 1M NaCl with the addition of 0.1% Tween 20 (Sigma, St. Louis, 

MO) and (3) 2% acetic acid (Sigma, St. Louis, MO).  The radiographic film was left on 

the beads for different amounts of time (1 – 3 days).  Thirty-five positive beads were 

excised from the gel, boiled in water for 10 min each, vortexed and the water changed for 

a total of three times to remove the agarose and the bound PPV from the beads.  The 

beads then were sent to the Protein Facility at Iowa State University for sequencing by 

Edman degradation. 

7.2.4  Chromatography of Peptide Resins 

Peptide resins were synthesized on Toyopearl Amino 650M resin (Tosoh 

Biosciences, Montgomeryville, PA) by Peptides International (Louisville, KY).  The 

peptides were attached to the resin at a density of 0.1 mmol/g of dry resin.  An ethylene 

oxide spacer arm was added between the peptide and the resin, as described in Section 

5.2.3.  This spacer arm was to aid in the flexibility of the peptide and also to allow the 

peptide to access canyons on the virus surface (1, 6).  The peptide resins were packed into 

disposable PIKSI columns (ProMetic Biosciences Ltd, Cambridge, England) with a total 

of 0.5 ml of settled resin in PBS per column.  An acetylated control resin was made by 

acetylating the Amino 650M resin (1).  The columns were run as stated elsewhere (1) and 

0.5 ml fractions were collected and analyzed by the MTT assay (5) to determine PPV 

infectivity. 
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7.2.4  Gel Permeation Chromatography 

 PPV from cell culture supernatant that was radiolabeled with 35S, as described in 

Section 5.2.2, was separated on a 320 ml Sephacryl 300 HR column (GE Healthcare, 

Fairfield, CT) as stated in Section 3.3.1.3.2.  A 500-µl sample was injected onto the 

column at a flow rate of 1.5 ml/min.  Fractions, 14 ml in volume each, were collected and 

analyzed for radioactivity.  The first radioactive peak was used for isotherms, usually 

corresponding to fractions 7 and 8, as described in Section 4.2.3.3. 

7.2.5  Equilibrium Isotherms 

 Isotherms were performed as described in Section 6.2.5. 

7.2.6  Molecular Docking 

 Molecular docking calculations were performed using MOE (Molecular 

Operating Environment) 2007.09 software by Chemical Computing Group (Montreal, 

Canada) and the associated DOCK function.  File 1k3V.pdb from the Protein Database 

(7), containing the structure of the VP2 protein (6), was downloaded to MOE.  The 

protein structure was determined by free energy minimization with the Amber99 force 

field.  The hexamer peptides were built with the MOE protein builder with the C-

terminus amidated to prevent binding to this unavailable acidic group since in reality it is 

bound to the spacer arm and then the resin.  The peptide free energy was stochastically 

minimized and then the docking calculations were performed.  The top 10 – 13 docking 

conformations, as determined by the lowest docking scores, were examined for docking 

location on the VP2 protein.   
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7.3  Results and Discussion 

7.3.1  Hexamer Library Design 

The addition of a trimer library onto an existing trimer was an attempt to reduce 

the library size, so that it would be easier to screen all candidate hexamers.  In the initial 

attempts, the library was attached to the N-terminus end of the existing trimer, which 

would create a library that contained the three library amino acids, followed by the three 

fixed amino acids, the spacer arm and finally the resin.  It was hypothesized that it would 

not make a large difference if the library was at the N-terminus or the C-terminus of the 

existing trimer.  Figure 7.1 shows a simulated docking of WRW to the VP2 protein, 

which was created with MOE.  It appears that there is space at both ends of the WRW 

ligand to accommodate more amino acids that could be attached to the ligand.  As a 

result, the WRW hexamer library was built at both the C-terminus and the N-terminus, 

but the other two libraries designed from the KRK and KYY trimer ligands were only 

built on the N-terminus. 
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Figure 7.1  Binding of WRW to the VP2 protein.  There is space on either end of the 
ligand for additional amino acids.  From this picture it appears to not matter if the 
additional amino acids of the new library reside on the C-terminus or N-terminus of the 
peptide.  The WRW ligand is shown in red. 
 

7.3.2  Hexamer Library Screening 

 Radioactive virus was produced and characterized with a titer of 8.92 log10 

(MTT/ml), 7757500 cpm/ml radioactivity counts, and a protein amount of 2.3 mg/ml.  

This virus was used for screenings with each library and each washing condition over a 

period of two months for libraries XXXWRW, XXXKYY, and XXXKRK.  Radioactive 

virus was also produced and characterized with a titer of 7.93 log10 (MTT/ml), 340500 

cpm/ml radioactivity count, and a protein amount of 0.64 mg/ml and this virus was used 

C-terminus 
N-terminus 
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for all screenings with the WRWXXX library and each washing condition over a period 

of two weeks. 

There were many positive beads from the hexamer library screenings and 

different results were obtained for the different wash conditions.  Optimal film exposure 

was 1 – 3 days.  From the acetic acid wash and the Tween wash, beads were picked and 

sequenced, and the results are shown in Table 7.2. 

Table 7.1  Number of positive beads per gel for hexamer screening. A is for 2% acetic 
acid wash and T is for 1 M NaCl wash with 0.1% tween wash. 

Library Wash Positive Beads 
XXXWRW A 40 
XXXKYY A 52 
XXXKRK A 21 
WRWXXX A 20 
XXXWRW T 35 
XXXKYY T 48 
XXXKRK T 3 
WRWXXX T 50 

 
Table 7.2  Sequences discovered during primary screening of bias hexamer libraries. 
 Sequence 

Wash XXXWRW XXXKRK XXXKYY WRWXXX 
IVKWRW TIFKRK DNEKYY WRWKTK 

WRKWRW TGQKRK FITKYY WRWEFK 
ASRWRW SIGKRK ISPKYY WRWLNL 
VTRWRW GGAKRK SGLKYY WRWIVK 

Acetic Acid 

R(V,W)RWRW IFEKRK   WRWVKV 
HLIWRW  YKLKYY WRWITS 
YHLWRW  KKYKYY WRWFKQ 
VIKWRW  YAKKYY WRWTIP 
KYLWRW  SYKKYY WRWHKQ 

1M NaCl and 
0.1% Tween 20 

  GFAKYY WRWIFS 
 

Thirty-five beads were sequenced by the Protein Facility at Iowa State University.  

The most prominent amino acid types were different for each library.  Table 7.3 shows 

how many amino acids were identified and how many times they were expressed 



 210

compared to what would be expected if each amino acid were present randomly, as 

explained in Section 5.3.2.  The amino acids from the XXXWRW library were 

predominantly aliphatic and basic, those from the WRWXXX library were predominantly 

basic and hydroxyl, those from the KYY library were predominantly basic and aromatic 

and those from the KRK library were predominantly aliphatic and hydroxyl.  The 

identified amino acids from the trimer library screened were predominantly basic and 

aromatic, as shown in Table 5.2.   However because the hexamer peptides could have 

different binding sites than the trimer peptides, it is not surprising that the dominant 

amino acids for the hexamer libraries were different from those for the trimer library, or 

that the dominant sequences were different for each library. 

Table 7.3  Distribution of amino acids compared to a random distribution for hexamer 
libraries.  
XXXWRW Random Actual XXXKYY Random Actual
Aliphatic 7 10 Aliphatic 7.5 8 
Cyclic 
Imino 1.4 0 

Cyclic 
Imino 1.5 1 

Imidazole 1.4 2 Imidazole 1.5 0 
Basic 2.8 9 Basic 3 6 
Aromatic 4.2 3 Aromatic 4.5 6 
Hydroxy 2.8 2 Hydroxy 3 3 
Amide 2.8 0 Amide 3 1 
Acidic 2.8 0 Acidic 3 2 
XXXKRK Random Actual WRWXXX Random Actual
Aliphatic 4 7 Aliphatic 8.5 9 
Cyclic 
Imino 0.8 0 

Cyclic 
Imino 1.7 1 

Imidazole 0.8 0 Imidazole 1.7 1 
Basic 1.6 0 Basic 3.4 7 
Aromatic 2.4 2 Aromatic 5.1 3 
Hydroxy 1.6 3 Hydroxy 3.4 5 
Amide 1.6 1 Amide 3.4 3 
Acidic 1.6 1 Acidic 3.4 1 
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The sequences synthesized for continued evaluation are shown in Table 7.4.  

There was one sequence that was found twice in two WRW library screenings: 

WRWIVK and IVKWRW, as shown in Table 7.2.  Also, similar sequences: WRWVKV 

and VIKWRW were found, which contain lysine and then two similar aliphatic amino 

acids.   The probability of finding two such similar sequences in a library by mere chance 

is extremely small, indicating that these peptides have a good probability of binding to a 

specific location on the virus capsid. 

Additional sequences were also chosen for further characterization.  Specifically, 

WRWIFS was added to examine the affect of the hydroxyl amino acids and the 

phenylalanine that appear three times in the sequences in Table 7.2 and YHLWRW was 

chosen since histidine is an interesting amino acid that containes a neutrally charged 

amine group at neutral pH.  The KRK library sequences contain hydroxyl and aliphatic 

amino acids, which were the most prevalent, as shown in Table 7.3.  The KYY library 

sequences show a variety of aromatic, aliphatic and basic amino acids and no one type of 

amino acid was dominant.   

Table 7.4  Hexamer sequences to be synthesized for secondary screening 
Sequences 

WRWIVK IVKWRW 
WRWVKV WRKWRW 
WRWIFS YHLWRW 
  VIKWRW 
TIFKRK FITKYY 
SIGKRK ISPKYY 

 YKLKYY 
 KKYKYY 
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7.3.3  Hexamer Sequences Characterization 

7.3.3.1  Equilibrium Isotherms 

 Equilibrium isotherms measurements were carried out on the ten resins found 

from the XXXWRW, XXXKYY, and XXXKRK libraries.  The isotherms measurements 

were not carried out for the three peptides from the WRWXXX library due to time 

constraints.  The isotherms can be seen in Figure 7.2 and the normalized slopes are 

tabulated in Table 7.6.  The slopes are related to the equilibrium dissociation constant, as 

described in Section 6.3.2.1.  The different concentrations of starting materials for the 

isotherms were each tested for infectivity and radioactivity and the results are shown in 

Table 7.5.  The ratio of MTT to CPM represents the amount of radiolabel that was 

incorporated into the virus at the time it was produced in cell culture.  This ratio changes 

from batch to batch, with an average of 42.7 in Table 6.4 for isotherms measurements on 

trimer resins, and 24.9 and 0.14 for the isotherms measurements shown in Figure 7.2.  

This demonstrates that the amount of radioactivity, which is the quantity being measured 

for the isotherms, changes with respect to infectious virus as the incorporation of the 

label varies between virus batches.  This helps to explain why the WRW and amino resin 

have different slopes in Figures 7.2, 7.3 and 7.4 when different batches of virus are used.  

The detection of radioactivity correlates with the amount of infectious virus for each 

individual batch, as shown in Table 7.5; the MTT to CPM ratio is consistent for each 

isotherm run.   

Since the slopes change for the control amino resin and the WRW for each 

isotherm run, the slopes were normalized with respect to the negative control amino resin 
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and the positive control WRW resin.  The WRW resin was normalized to a slope of 1 and 

the amino resin was normalized to a slope of 0.  This allows the isotherms from different 

batches of virus to be compared.  

Table 7.5  Comparison of radioactivity and infectivity of starting material for equilibrium 
isotherms of hexamer resin binding to PPV.  Run 1 is shown in Figures 7.2B and C and 
Run 2 is shown in Figure 7.2A 

Run 1 
Starting 
Material 

MTT titer 
(log10(MTT/ml)) 

Radioactivity 
(CPM/ml) 

MTT/CPM 

0 5.16 7555 19.13
1 4.95 4760 18.72
2 5.31 3548 57.55
3 4.55 1430 24.81
4 4.20 853 18.59
5 3.60 368 10.83

    Average 24.9 +16.6
Run 2 

Dilution log(MTT/ml) CPM/ml 
Ratio 
MTT/CPM 

0 2.27 8225 0.02
1 3.70 12098 0.41
2 1.83 3893 0.02
3 2.32 2090 0.10
4 1.60 1090   
5 1.60 630   

    Average 0.14 +0.18
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Figure 7.2  Equilibrium isotherms with hexamer resins SIGKRK, KKYKYY and 
WRKWRW. 

 

 
Figure 7.3  Equilibrium isotherms with hexamer resins TIFKRK, YKLKYY and 
IVKWRW. 
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Figure 7.4  Equilibrium isotherms with hexamer resins YHLWRW, FITKYY, VIKWRW, 
and ISPKYY. 

 
Table 7.6  Normalized slopes from the hexamer equilibrium isotherms.  

Resin Normalized 
isotherm slope 

WRW 1.00 
WRKWRW 0.82 
KKYKYY 0.79 
YHLWRW 0.72 
YKLKYY 0.64 
ISPKYY 0.60 
FITKYY 0.56 
SIGKRK 0.47 
IVKWRW 0.39 
VIKWRW 0.21 
TIFKRK 0.07 
Amino 0.00 
Acetylated -0.14 

 

 It was a disappointing result that none of the hexamer resins showed binding 

capability exceeding that of the WRW trimer resin.  It was expected that the hexamer 

resins would have a higher affinity for the virus, since there were more binding sites on a 

hexamer peptide than a trimer peptide, but it appeared this was not the case. 
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 Equilibrium isotherms measurements were also made with the top four hexamer 

resins using aggregated PPV.  As was explained in detail in Section 4.3.2.2.2, there are 

two peaks that contain PPV from the gel filtration column.  The first is believed to 

contain monodispersed PPV, and was used for isotherm measurements in Figures 7.2, 

7.3, and 7.4.  We were also interested in determining if the aggregated, second peak from 

the gel filtration column would have different isotherm results.  The isotherms 

measurements made with aggregated virus are shown in Figure 7.5 and the tabulated 

slopes of the isotherms are shown in Table 7.7.  The results of the isotherms are quite 

different for aggregated virus when compared to monodispersed virus.  In the case of the 

WRW resin, it was no longer the best binding resin, but rather all of the peptide resins 

bound about the same amount of virus.  The amino control bound less than the acetylated 

amino resin, a behavior which had not been seen previously.  This may indicate that the 

aggregated virus is more hydrophobic, and so it is less likely to bind to the positively 

charged amino resin.  This is possible since protein aggregation sometimes involves the 

partial denaturation of proteins, leading to increased exposure of hydrophobic patches on 

the surface.   
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Figure 7.5  Equilibrium isotherms with hexamer resins and aggregated PPV. 
 
Table 7.7  Slopes from hexamer isotherms with aggregated virus 

Resin Isotherm Slope 
YHLWRW 0.23 
WRKWRW 0.21 
YKLKYY 0.21 
KKYKYY 0.20 
WRW 0.19 
Acetylated 0.09 
Amino 0.06 

 

7.3.3.2  Column Chromatography 

 The best hexamer resins based on binding isotherms, WRKWRW, KKYKYY, 

YHLWRW, and YKLKYY, were tested in dynamic binding experiments in columns 

exposed to 7.5% human blood plasma in an effort to determine how well these peptides 

would bind PPV in the presence of competing proteins.  The rationale behind using this 

plasma concentration is explained in Section 6.3.2.  None of the hexamers tested were 

able to remove more PPV than the trimer WRW, although YKLKYY cleared the same 

amount of PPV as WRW.  The LRV of PPV cleared in the first five column volumes is 
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shown in Table 7.8.  The WRW resin cleared much more PPV in this experiment than 

was reported in Table 6.2.  This is due to the 1.5 log higher starting titer for this 

experiment, which greatly influenced the log clearance, as explained in Section 2.4.  

Also, a small difference in the actual titer of the fifth fraction, less than one log, between 

this experiment in Figure 7.6 and the one shown in Figure 6.3, could also account for a 

change in the actual log clearance for the resin.  The MTT assay has an error of +0.9 

log10(MTT/ml) (5), and so the less than 1 log difference in fraction five for different runs 

of WRW is within the error of the MTT assay.  This is due to the fact that LRV is a 

percentage calculation.  The difference between clearing 99.999% of viruses (5 logs) and 

99.9% of viruses (3 logs) can be as simple as a 2 log difference in starting titer or a 1 log 

difference in starting titer and a 1 log difference in the fifth fraction titer.  This further 

demonstrates problems of normalization when using virus stocks of different starting 

titers and an infectivity assay with a limit of detection exceeding 1 log.  

 
Figure 7.6  PPV clearance of hexamer resins. 
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Table 7.8  Total log clearance in the first five column volumes for hexamer resins. 
Total clearance in 2.5 

ml (5 fractions) Normalized 
WRW 5.46 1 
YKLKYY 5.40 0.99 
WRKWRW 2.77 0.51 
KKYKYY 2.57 0.47 
YHLWRW 1.82 0.33 
Acetylated 0 0 

 

 It was not expected that YKLKYY would perform the best, at least based on the 

rankings that were found in the equilibrium isotherms, but it cleared as much virus as 

WRW.  The rankings of the other three resins were the same for the columns (Table 7.8) 

and the equilibrium isotherms with non-aggregated virus (Table 7.6).  This demonstrates 

that YKLKYY has a lower affinity for PPV than the other hexamer resins, but has a 

higher selectivity for the virus over other proteins found in the 7.5% human blood 

plasma.  In the case of PPV binding in such a complex solution, it appears that the 

selectivity was more important than the binding affinity of the peptide.  

 The resins for the WRWXXX library were not tested by equilibrium isotherm, but 

were directly tested in dynamic column chromatography and the results are shown in 

Figure 7.7.  To compare resins WRWIVK and IVKWRW, IVKWRW was added to 

determine if it would bind the same as WRWIVK.  A trimer that was discovered to bind a 

different protein, ILK, but was similar to IVK in chemical composition, was also added.  

The dynamic binding results for these resins are shown in Figure 7.8, with the IVKWRW 

peptide being repeated in both figures.  The resins isolated from the WRWXXX library 

did very poorly in binding PPV from 7.5% human blood plasma.  The resins WRWIVK 

and IVKWRW also performed.  It was expected that these resins would be able to 
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remove PPV from solution because they were repeat sequences, just in reverse order.  It 

was surprising that the ILK trimer, not found from screening of PPV, bound better than 

hexamers found from the screening of a library with the actual virus.  But, ILK did not 

perform better than the trimers found from PPV screening (1). 

 
Figure 7.7  PPV clearance of hexamer resins from WRWXXX library. 
 

 
Figure 7.8  PPV clearance of IVK based peptides. 
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7.3.4  Molecular Docking of Peptides to the PPV VP2 Protein 

 The PPV outer capsid consists of only three proteins, named viral proteins, VP1, 

VP2, and VP3.  As detailed in Section 3.1.1, the capsid consists of over 90% VP2 (8).  

But when the structure of the entire viral capsid is examined, there are many spikes and 

canyons that are formed from this one protein (6), it is likely that different faces of the 

protein are available to the outside of the virus (6) depending on the orientation of the 

protein. 

 The Protein Databank (7) was used as the source file for the VP2 protein.  

Simpson et al. (6) charted the frequency that a certain amino acid would be exposed to 

solvent when the virus capsid is assembled.  Three amino acids that have a greater than 

50% probability of being exposed to solvent in the assembled virus capsid were 

highlighted and can be seen in Figure 7.9 as space-filled amino acids.  The spaced-filled 

amino acids are D509 which is 50% exposed, Q229 which is 70% exposed, and K314 

which is 90% exposed.  The other feature in Figure 7.9 is the highlighted binding pocket.  

This binding pocket appears to be important to the binding of the hexamer ligands.  From 

the position of the solvent exposed amino acids, it is likely that this pocket is exposed to 

outside of the viral capsid on a regular basis and accessible for peptide binding. 
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Figure 7.9  Structure of the VP2 protein in the PPV capsid.  The space-filled amino acids 
are exposed to the outside of the virus capsid >50% of the time.  The binding pocket for 
the hexamer ligands is highlighted according to its properties.  Green is hydrophobic, 
pink is hydrogen binding and blue is polar.  
 
 Docking calculations were performed by building a hexamer sequence in MOE in 

vacuo.  Each hexamer sequence conformation was determined by stochastic energy 

minimization.  The lowest energy conformations were then used as the starting point to 

find conformations of the hexamer peptide that would dock to different parts of the VP2.  

The output of the docking program was a database of conformations that docked to the 

protein.  The 10 to 13 structures in the docking database that had the lowest docking 

scores for each hexamer were then examined for their docking location on VP2.  The 

docking score averaged the geometric fit of the ligand to the binding site and the 

K314 
Q229 

D509 
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hydrogen bonding of ligand atom with receptor atoms.  The hexamer conformations 

docked to many different locations on the protein surface, including the pocket 

highlighted in Figure 7.9.  Figure 7.10 is an example of the hexamer ligand KKYKYY, 

shown in red, docking to three different locations on the protein surface.  The docking 

location indicated with a circle is the pocket on VP2 that is highlighted in Figure 7.9. 

   
Figure 7.10  Different docking locations for KKYKYY to VP2 protein.  The KKYKYY 
ligand is shown in red.  The docking location highlighted by the circle is the pocket 
indicated in Figure 7.9.  The VP2 protein structure looks different in this figure compared 
to Figure 7.9 because the hydrogen atoms are present in this figure and not in Figure 7.9.  
Green is hydrophobic, pink is hydrogen binding and blue is polar. 
 

The number of conformations for each different hexamer peptide that docked to 

the pocket was calculated and these are reported in Figure 7.9.  The conformations that 
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docked to the pocket, shown as a percentage of the top 10 – 13 docking conformations 

for each ligand, is shown by the white bars in Figure 7.11.  Of the top docking 

conformations for YKLKYY, all of them docked into the pocket (100%).  For hexamer 

YHLWRW, six of the top 13 docking conformations docked into this pocket (46%).  This 

docking to the pocket was compared to viral clearance by the first five column volumes 

for each peptide.  The clearance of PPV was normalized by setting the WRW resin to 

100% and then the clearance in the first five column volumes of the other resins was 

determined as a percentage of the WRW resin clearance.  Based on preliminary 

estimates, there appears to be a correlation between the percentage of conformations of 

each ligand that dock into the pocket and the clearance of PPV by the ligand.  It may be 

possible in the future to design ligands that bind to PPV or other viruses using 

conformational and chemical simulations, as done here.    

The WRW resin only docked one out of the top 10 conformations, but it was 

expected that the MOE software would have difficulty docking a peptide as small as 

WRW, since it would have a tendency to bind in many different places on the protein 

surface.  The MOE program looks at not only chemical compatibility, but also geometric 

compatibility.  The trimer peptide had more flexibility in its secondary structure, whereas 

the hexamer resins had more internal bonding that gave it a more stable conformation that 

was simpler for the modeling program to dock. 
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Figure 7.11  Comparison of ligand docking calculations and PPV clearance.  The docking 
percentage represents the number of times the lowest docking scored conformations of 
the peptide docked into the pocket highlighted in Figure 7.6.  The clearance is a 
percentage of the clearance that was achieved by the WRW peptide, which was arbitrarily 
set at 100%.  The black bars are the PPV clearance and the white bars are the docking 
percentage. 
 
 The YKLKYY peptide docked 100% of the time to the pocket highlighted in 

Figure 7.9.  It also bound as much PPV as did the WRW resin.  This resin appears to have 

a consistent docking site and a high amount of PPV clearance.  Binding of the other 

peptides to the virus surface may not be as consistent as YKLKYY, and this may explain 

why there were less efficient at removing PPV from complex solutions. 

One conformation of YKLKYY docking into the pocket of VP2 is shown in 

Figure 7.12.  This shows how a hexamer ligand can fit tightly into a pocket, whereas the 

pocket is too large for a trimer ligand.  This is one of the suspected reasons for failure of 

the WRW ligand.  This particular conformation is interesting because the C-terminus, 

highlighted with a circle in Figure 7.12, is exiting the pocket.  This would allow the 
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spacer arm and resin to be attached to the C-terminus of this ligand and yet still bind in 

this particular conformation. 

 
Figure 7.12  Docking of YKLKYY into to pocket of VP2.  The C-terminus of this 
docking is exposed out of the pocket, which would allow this conformation to exist even 
when the ligand is attached to the resin.  Green is hydrophobic, pink is hydrogen binding 
and blue is polar.  Shown in red is the YKLKYY ligand. 
 
7.4  Conclusions 

 Hexamer libraries were created based from trimer ligands that were previously 

isolated and characterized for PPV binding (1).  When the hexamer libraries were 

screened for PPV binding, there were a large number of presumptively but none of them 

were able to bind better than the lead trimer peptide, WRW (1).  One hexamer, 

C-terminus 
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YKLKYY, was able to bind as well as WRW, but did not surpass the WRW peptide’s 

ability to remove PPV from 7.5% human blood plasma. 

Molecular docking studies were performed in an effort to better understand the 

binding of small peptide ligands to the VP2 protein of the PPV capsid.  It is difficult to do 

docking studies with PPV because the same protein is in many different conformations 

on the surface of the virus and it is difficult to determine which amino acids are on the 

exterior of the virus surface and which ones are on the interior.  The docking study 

showed an interesting correlation between docking in a particular pocket of VP2 and the 

ability of the peptide to clear PPV from solution experimentally. 

The docking studies also emphasized the importance of secondary structure to the 

docking of these peptides to the surface of the virus.  Hexamer ligands, with a more rigid 

secondary structure, due to internal bonding, compared to trimer ligands, appeared to 

dock better based on molecular docking models than did the trimer ligands.  Even trimer 

ligands that bind well to PPV did not give consistent docking results.   

The need for secondary structure may explain why the bias library approach did 

not work well.  It appears that the secondary structure of the trimer resins was not 

duplicated in the hexamer ligands, and so the hexamer ligands did not have access to the 

same binding sites as the trimer ligands.  The hexamer ligands showed more of a 

tendency to bind into pockets during the docking studies.  The best way to find a ligand 

that binds to PPV may be through the screening of a hexamer library.  This was avoided 

in our study because the size of a hexamer library. 
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8.1 Conclusions 

In this dissertation, porcine parvovirus (PPV) has been grown, purified, and 

titrated by several methods to determine the most appropriate sample characteristics and 

purity for each type of experiment performed.  PPV was produced in cell culture in PK-

13 cells, with and without 35S radiolabel.  The purification method chosen was 

experiment dependent.  For primary screening of the small peptide libraries, the virus was 

purified with a CsCl gradient so that a clean virus preparation could be used for the 

detection of the virus by radioactivity.  For column chromatography of the isolated 

peptide ligands, cell culture supernatant, which was easy to produce in high volume, was 

used.  For equilibrium isotherms, a very pure virus solution was needed, and so gel 

filtration chromatography was used to purify the virus. 

The virus was titrated in many three ways, i.e., TCID50 (50% tissue culture 

infectious dose), plaque assay, and using the tetrazolium salt MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) in a colorimetric assay.  It was 

determined that the MTT assay was a more quantitative assay than the TCID50, and was 

simpler, allowing us to analyze a larger number of samples than the plaque assay.  The 

MTT assay was tested for robustness and ability to titer many different parvoviruses, and 

was determined to be the best assay for this work. 

Trimeric peptide libraries were screened to identify ligands that are able to 

remove PPV from complex solutions containing 7.5% human blood plasma.  The best 

trimer ligands identified could remove all of the PPV suspended in saline in the first 10 

column volumes, but less efficient removal was obtained in solutions containing 7.5% 
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human blood plasma. The best ligand, WRW, was able to remove all of the detectable 

PPV seeded in 7.5% human blood plasma in the first three column volumes.   

Two different attempts were made to improve the binding of WRW.  The first 

was to change the peptide density and the spacer arm length of the peptide on the resin.  

The peptide WRW bound a little more PPV when the peptide density was reduced to 

0.008 mmol/g from the originally tested 0.10 mmol/g.  The WRW resin removed the 

most PPV when a spacer arm containing ethylene oxide and peptide bonds (Ala – 

(COCH2 – (OCH2CH2)2 – NH)2) was present.  In general, for all of the peptides tested, 

the lower peptide density resins bound the most PPV, but the effect of the presence or 

absence of the spacer arm on PPV binding efficiency was ligand specific.  It was 

hypothesized that the lower peptide density would improve the selectivity of the virus 

over competing proteins in the plasma mixture, and that hypothesis was confirmed. 

Another attempt to improve the binding of the trimer peptides was to increase 

their length.  Hexamer libraries were created by taking the best trimers that were 

discovered and adding an additional trimer library to them, either at the N-terminus or the 

C-terminus of the trimer region.  This would make a hexamer library that had the same 

number of random peptides as a trimer library.  After these libraries were screened, a 

hexamer, YKLKYY was found that bound as well as WRW, but it did not improve on the 

binding of WRW when compared at 0.10 mmol/g peptide density and containing the 

ethylene oxide spacer arm.  This was not expected, since it seemed logical that adding 

more amino acids to the sequence should result in a lower affinity dissociation constant 

and better selectivity.  A preliminary molecular docking study was performed using MOE 
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(Molecular Operating Environment), indicating that the secondary structure of the 

hexamer ligand is important in its ability to bind to proteins.  This was not taken into 

consideration when the library was made, and may explain why the hexamers were not 

able to improve on the binding of the trimer ligands. 

8.2 Recommendations 

This work has led to some interesting insights on how small peptide ligands bind 

to viruses and proteins.  The two most interesting discoveries were that trimeric peptides 

have the ability to remove viruses from complex mixtures and that the secondary 

structure of hexamer ligands play an important role in binding ability and should be 

considered in future library design.  From these two conclusions, recommendations can 

be made for the discovery of future ligands. 

8.2.1 Trimer Ligands 

The trimer ligands appear to work well in saline.  They should be challenged with 

larger amounts of virus to find their dynamic binding capacity.  They could then be put 

on different support structures, like membrane or monoliths, and examined for their 

ability to remove viruses from aqueous sources.  This could be a novel way to remove 

viruses from drinking water.  Also, organic molecules that may be cheaper to produce 

and more stable than peptides could be created to mimic these resins and allow for the 

production of cheaper removal materials.  Some suggestions would be mixed-mode 

chromatography ligands (1) and triazine-based ligands (2).  It would also be interesting to 

compare the small peptide ligands to antibodies or small peptide sequences derived from 

antibodies to compare the affinity of the peptides to those of immobilized antibodies. 
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The trimer ligands have also not been tested under different binding or elution 

conditions.  The peptide ligands may be able to bind more virus in a different pH or salt 

environment.  It would also be interesting to study the elution of the virus from the resin.  

This is important for cleaning of the resin, but also it may prove that this method of small 

peptide ligand discovery could be applicable to for virus purification.  Viruses are 

purified not only for laboratory study, but also in vaccine production (3) and for gene 

therapy (4). 

Also, these ligands could be used for detection of viruses.  It is possible to add 

these ligands to a detection surface, be it a quartz crystal microbalance (QCM) (5, 6), 

surface plasmon resonance (SPR) (7) or some other surface.  The sensitivity of this 

approach to virus detection would need to be further examined, but they may allow for a 

quick way to detect viruses. 

8.2.2 Design of Future Ligands 

The design of future ligands for virus removal may require a more computational 

approach.  As reported in Chapter 7, the secondary structure of the ligand is important to 

the binding of the virus to a small peptide ligand.  It may be better to constrain the ligand 

to force it to the conformation desired (8).  This could be done by crosslinking within the 

peptide, or by creating a circular peptide that has a constrained geometry.  This control 

over secondary structure may improve the binding of ligands to viruses and protein 

targets. 
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Appendix 1 
 
 
 

Discovery of Peptides that Bind to PPV Using the 
Bead Blot Technique 
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A1.1  Introduction 

 The removal of viruses from therapeutic protein products is an area of concern for 

many protein manufacturers.  Any therapeutic product originating from a human, animal, 

or cell culture source has a requirement to have at least two steps in the purification 

process that can clear viruses by different mechanisms (1).  Many of the typical clearance 

mechanisms, for example, a change in pH (2), addition of chemicals or detergents (3), or 

nanofiltration (4), work well for many viruses.  Yet, there is a class of small, non-

enveloped viruses that are especially problematic to clear due to their ability to withstand 

many traditional viral clearance mechanisms (5). 

 One of these problematic viruses is the human B19 parvovirus (B19).  It has been 

shown to withstand many viral clearance steps (6), and there is evidence that it has 

contaminated coagulant factor products in the past (7).  The current methods available for 

viral clearance do not appear to be sufficient for B19 clearance.  We have chosen to use a 

novel approach to the removal of small, non-enveloped viruses by the mechanism of 

affinity adsorption.  Affinity adsorption could remove small viruses from solutions 

containing other contaminating proteins by specifically adsorbing the virus to a solid 

support, so that the robustness of the virus and its small size are not a hindrance for its 

removal.  We propose using porcine parvovirus (PPV) as a model to demonstrate that 

viruses can be removed through affinity adsorption. 

 The removal of PPV from streams containing human blood plasma has been 

studied using small peptides as affinity ligands (8).  Small peptides can create very 

specific recognitions patterns, similar to antibodies, but peptides are more robust and able 
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to handle harsher processing conditions.  These ligands were discovered by screening 

combinatorial peptide libraries by exposing the to PPV particles whose protein capsid had 

been labeled with 35S labeled methionine and cysteine.  This approach discovered trimer 

ligands that were capable of removing all detectable PPV in the first 10 column volumes 

when the virus is spiked into saline, and one particular peptide, WRW, was able to 

remove all detectable PPV from the first three column volumes when the virus was 

spiked into 7.5% human blood plasma.  These ligands performed well for the removal of 

PPV from solutions, but it is important to determine whether a different screening 

technique would yield different and possibly better ligands that could remove PPV from 

complex mixtures.  For this reason, the Bead Blot method (9, 10) was examined for its 

ability to isolate ligands that bind to PPV.  The main advantage of the Bead Blot method 

is that it does not require radiolabeling of the target virus. 

 The Bead Blot (9, 10) method also relies on screening a combinatorial solid-phase 

library.  This library allows the ligand to be discovered directly on the chromatographic 

support that will be used for the separation.  This is an advantage, because often when 

peptides are discovered for the binding of proteins, changing the support matrix changes 

the binding characteristics of the ligand.  By screening for a ligand directly on the 

support, this problem is avoided.  The problem with radioactive screening is that it 

requires a radiolabel to be incorporated into the target protein.  Depending on the isotope 

and incorporation methodology used, this may change the protein in unknown ways and 

bias the screening process.  The protein must also be purified, which is time consuming 

and can change the properties of the virus and the solutions.  In contrast, the Bead Blot 
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technique uses native proteins found in mixtures and detects the presence of the protein 

with antibodies.  This allows the screening of native proteins.  Drawbacks are that an 

antibody against the protein must be available, and that the ligand binding site and 

epitope site must be distinct.  Since this system has been successful with finding small 

peptides that bind to proteins (9), it was decided to use it against a viral target containing 

a protein capsid. 

 In this work, we have compared small trimer peptide ligands that were found from 

screening by Bead Blot to previous work in Chapter 5 on the screening of trimer peptide 

libraries with radioactive PPV (8).  The peptides that were found had distinct chemical 

compositions from the radioactivity leads, and the peptides, unfortunately, were not able 

to remove as much PPV from solution as the peptides found from the radioactivity 

screening. 

A1.2  Materials and Methods 

A1.2.1  Cells and Virus Propagation and Titration 

 Porcine parvovirus (PPV) strain NADL-2 was propagated and titrated in porcine 

kidney 13 (PK-13) cells as stated in Section 3.2.2.  The virus was purified by CsCl 

gradient, also described in Section 3.2.3, and dialyzed into PBS containing 0.15M NaCl 

and 0.01M phosphate buffer at a pH of 7.4 (Sigma, St. Louis, MO) or TE buffer 

containing 50 mM Tris base and 25 mM EDTA at a pH of 8.7 (Sigma, St. Louis, MO).  

The PPV solutions were stored at -80°C until further use. 

 PPV was titrated by the MTT assay, as described in Section 3.2.4. 
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A1.2.2  Western Blot Screening 

 Western blot was used to determine the best conditions for the Bead blot with 

respect to membrane blocking composition and antibody concentrations.  An SDS-PAGE 

was run of stock PPV and either porcine IgG (Sigma, St. Loius, MO), as a control for the 

polyclonal secondary antibody or mouse IgG (KPL, Gaithersburg, MD), as a control for 

the monoclonal secondary antibody.  They were run on 4-12% Bis-Tris NuPage gels 

(Invitrogen, Carlsbad, CA)  and samples were reduced with 10% 2-mercaptoethanol 

(Sigma, St. Louis, MO) added to the 4x LDS Sample buffer (Invitrogen, Carlsbad, CA), 

and run in NuPage MES Running buffer (Invitrogen, Carlsbad, CA).  The gels were 

either stained with the SilverXpress kit (Invitrogen, Carlsbad, CA) to visualize the total 

protein, or transferred using the Western Blot technique.  This was done by soaking the 

SDS-PAGE in chilled transfer buffer at 4°C containing 1500 ml DI water, 100 ml of 20x 

NuPage Transfer Buffer (Invitrogen, Carlsbad, CA), which was completed to 2L with 

methanol (Sigma, St. Louis, MO) and then 2 ml of NuPage Antioxidant (Invitrogen, 

Carlsbad, CA) was added.  A PVDF membrane (Invitrogen, Carlsbad, CA) was wet with 

methanol and incubated for 10 minutes in transfer buffer.  The Western Blot assembly 

was layered into a BioRad criterion Blotter (BioRad, Hercules, CA), a cooling block 

added to the transfer buffer and the system was run at 100V for 45 minutes with a 

BioRad PowerPac 200 (BioRad, Hercules, CA).  All of the following steps were 

performed at room temperature with agitation unless otherwise specified.  The membrane 

was developed with solutions from the WesternBreeze® Chemiluminescent Kit–Anti-

Mouse (Invitrogen, Carlsbad, CA).  The membrane was blocked for 1 hour with 25 ml of 
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blocking agent, which consisted of 12.5 ml of DI water, 5 ml of diluent A, and 7.5 ml of 

diluent B and discarded.  The PPV primary antibody, either monoclonal mouse anti-PPV 

antibody catalog number 3C9D11H11 or polyclonal porcine anti-PPV serum catalog 

number 210-70-PPV, both from VMRD, Pullman WA, was added to 20 ml of primary 

antibody diluent, which consisted of 14 ml of DI water, 4 ml of diluent A, and 2 ml of 

diluent B, and incubated with the membrane overnight at 4°C.  The next morning the 

membrane was rinsed three times in 20 ml of antibody wash, which consisted of 1.25 ml 

of antibody wash solution and 18.75 ml of DI water, for 10 minutes each.  The membrane 

was then incubated with 20 ml of primary antibody diluent containing the secondary 

antibody, which was either AP-conjugated secondary anti-mouse (used with the primary 

monoclonal antibody) or anti-porcine (used with the primary polyclonal antibody) 

antibodies from KPL (Gaithersburg, MD) for 1 hour.  The membrane was then rinsed 

again three times in 20 ml of antibody wash.  The membrane was then incubated with 20 

ml of 20 mM Tris-HCl and 1 mM MgCl2 at pH 9.8 for 10 minutes.  The membrane was 

transferred to a clean, dry tray and incubated with 5 ml of pre-mixed chemiluminescence 

substrate (CDP Star) for 5 minutes.  The blot was dried with paper towel and placed in a 

plastic sheet protector for 30 minutes.  It was then exposed to Amersham Hyperfilm ECL 

(GE Healthcare, Uppsala, Sweden) and developed with a Konica Medical Film Processor 

(Tokyo, Japan). 

A1.2.3  Bead Blot 

 The Bead blot was performed as described earlier (9, 10).  Briefly, PPV was 

incubated with a trimer library, which contains about 6000 beads, that is described in 
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Section 5.3.2, after blocking in 50% human blood plasma.  The beads were washed with 

1M NaCl in PBS before being suspended in agarose and transferred by way of Bead Blot 

with 4M guanidine.  The blot was probed with polyclonal porcine anti-PPV (catalog 

number 210-70-PPV, from VMRD, Pullman WA) and visualized with an AP-conjugated 

secondary anti-porcine antibody from KPL (Gaithersburg, MD).  Beads that had a strong 

signal, but were smaller in size were picked to increase the signal to size ratio and sent to 

Iowa State University Protein Facility for sequencing. 

A1.2.4  Chromatography to Verify Screening Results 

 The peptides that were found from Bead Blot were packed into columns to verify 

their binding to PPV, as described in Section 5.3.3.  The peptides were all purchased 

from Peptides International (Louisville, KY) at a density of 0.10 mmol/g and containing 

the ethylene oxide spacer arm described in Section 5.3.1. 

A1.2.5  Equilibrium Isotherms 

 Equilibrium isotherms were performed as described in Section 6.3.2. 

A1.3  Results and Discussion 

A1.3.1  Western Blot 

An SDS-PAGE was run under reduced conditions with mouse IgG and PPV and 

transferred to a PVDF membrane by way of Western Blot.  When the monoclonal 

antibody was used to detect the PPV on the membrane, only the control IgG was 

detected, and not the PPV.  This demonstrated that the monoclonal antibody was not able 

to detect reduced PPV, but the antibody only recognizes PPV when it is in its 3-

dimensional structure.  This was an interesting observation because during the Bead Blot, 
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the PPV would be denatured with guanidine HCl, and if the antibody cannot detect 

reduced, denatured PPV, then it probably would not be adequate for use in the Bead blot.  

Different blocking agents were also tested, and only the WesternBreeze® kit 

blockers and antibody wash were able to successfully block the blot, unlike SuperBlock 

(Pierce, Rockford, IL), 5% casein (RDI, Concord, MA), and 3% commercial nonfat dry 

milk in TBS buffer (Sigma, St. Louis, MO).  Figure A1.1 shows a sample of a Western 

Blot film exposed to a membrane blocked with 3% dry milk in TBS buffer, pH 7.4.  The 

other unsuccessful blockers looked similar to this one, with very dark background which 

makes it difficult to distinguish the bands from the background.  The film was only 

exposed to the blot for 5 seconds. 

  

Figure A1.1  Western blot of PPV and IgG blocked with 3% dry milk in TBS buffer, pH 
7.4.  Lane 1 – marker, lane 2 – porcine IgG, and lane 3 – PPV. 
 

After several trials, it was determined that the best antibody concentrations were 

primary polyclonal antibody diluted 1:20 from the purchased concentration and 

secondary anti-porcine antibody diluted 1:10,000 from a 0.1 mg/ml dilution in 50% 

3 2 1 
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glycerol.  An increase in the concentration of secondary antibody increased the 

background signal, as 1:1,000 and 1:5,000 were also tried.  The silver stained gel and the 

film after the Western Blot of these conditions are shown in Figure A1.2.  The exposure 

time for the film was only 5 seconds, which could be an indication that an excess of 

primary antibody was used.  In the subsequent studies, a 1:50 dilution was used to 

attempt to obtain an ideal exposure time of around 30 seconds. 

 

          

Figure A1.2  SDS-PAGE and Western blot of PPV and porcine IgG.  (A) SDS-PAGE and 
(B) Western blot. For both images, lane 1 – porcine IgG, lane 2 – PPV, and lane 3 – 
marker.  The primary PPV band is indicated with an arrow. 
 
A1.3.2  Bead Blot 

The Bead blot (9, 10) was first performed with positive control beads that were 

found by the American Red Cross to bind to PPV.  The beads were very small, but some 

did show on the transferred membrane using the primary polyclonal antibody at a 1:50 

dilution and secondary antibody at a 1:10,000 dilution.  A diagram of the Bead Blot 

apparatus can be seen in Figure A1.3.  The beads are placed in an agarose gel that is 

1 2 3 2 1 

A B
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sandwiched between a bottom piece of filter paper that is able to wick the 4M guanidine 

HCl from a reservoir below the gel to the membrane and paper towels on top of the gel.  

A base of higher concentration agarose is poured to give the gel stability when it is being 

manipulated and then a lower concentration of agarose containing the beads is poured on 

top of the base.  One problem that did arise was that too much agarose was used, in both 

concentration and volume.  The bottom, or base, consisted of 100 ml of a 2% gel and the 

top layer was 50 ml of a 1% gel.  The bottom of the gel needs to be about 50 ml of a 

1.5% gel and the top should be about 10-20 ml of a 0.75% gel to facilitate diffusion of the 

guanidine HCl, but still large enough to give mechanical stability to the gel when it needs 

to be moved.  These conditions were used for the actual Bead Blot with the peptide 

library. 

 

4M Guanidine HCL

Weight

PVDF Membrane

3MM Filter Paper Wick

Dry Cut Paper Towel

Gel with Bead Monolayer

4M Guanidine HCL

Weight

PVDF Membrane

3MM Filter Paper Wick

Dry Cut Paper Towel

Gel with Bead Monolayer

 
Figure A1.3  Bead blot diagram. 
 

Bead blots using two different PPV solutions were tested to determine if the 

storage conditions of the virus changed the type of sequences that were found to bind the 

virus.  The solutions were stored in two different buffers, PBS at pH 7.4 and TE buffer 

containing Tris and EDTA at pH 8.7.  It has been reported that PPV is best stored in high 
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pH buffer containing EDTA (11).  It was not known if this type of buffer containing a 

chelating agent would affect the binding of the virus to the small peptide ligands.  For 

this reason, the two different buffers were tested to determine if they would bind to 

different types of peptides. 

For each virus storage buffer, three gels were run that each contained 

approximately the number of beads in one trimer library.  One trimer library made from 

18 of the 20 naturally occurring amino acids has approximately 6000 different sequences, 

so one library is considered to be about 6000 beads.  The total number of positive beads 

that were found for each storage condition can be seen in Table A1.1.  There were more 

positive beads found from this method, compared to using radioactive screening, as 

described in Section 5.3.2.   Radioactive screening was done with about 3 times the 

number of beads per gel, but resulted in a smaller number of positive beads per gel, under 

the same washing conditions.  It appears that the Bead Blot method may either be more 

sensitive or create more false positives than the radioactivity screening performed earlier 

(8).  Since this study was conducted to compare the Bead Blot to the radioactivity 

screening, more stringent washes were not performed. 

Table A1.1  Number of positive beads per gel. 
Gel Number PPV Storage Buffer Number of positive beads

1 TE8.7 91 
2 TE8.7 53 
3 TE8.7 91 
4 PBS 85 
5 PBS 48 
6 PBS 51 

 

Twenty beads, 10 from each storage buffer, were chosen and sent to be 

sequenced.  These beads represented the highest signal to bead size that could be found 
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on the gels.  The actual sequences from each storage condition can be found in Table 

A1.2. 

Table A1.2  Sequences of beads found from the PPV bead blot. 
Storage Buffer Sequences 

HWF WWQ 
YYF HWF 
WQY HYY 
YFV WWP 

TE Buffer 

YGW  
FYH QFW 
YVY WYN 
YTY WGI 
WIH YWY 

PBS 

WPF WGW 
 

The sequences found are all hydrophobic and do not contain a single basic residue 

(lysine or arginine).  This is in contrast to the sequences found from the same library, but 

using radioactivity as the detection method.  For the radioactive screening, all but one 

sequence contained at least one basic residue, and aromatic residues were the second 

most common.  For the antibody screening, aromatic residues dominated.  Table A1.3 

shows the distribution of residues for the antibody screening by amino acid chemical 

type, demonstrating the dominance of the aromatic residues.  The number of residues 

expected if the distribution of amino acids was completely random is found in the random 

column.  The deviation of the number of amino acids found from the random amount 

indicates the potential relevance of that amino acid contributing to the binding of PPV.  

Neither the radioactive screening not the Bead blot screening identified the presence of 

acidic or hydroxyl residues in the sequences. 
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Table A1.3  Distribution of residues compared to random distribution. 
    Random Actual 
  G 3 3 
  A 3 0 
  V 3 2 
  L 3 0 
  I 3 2 
Aliphatic   15 7 
  P 3 2 
Cyclic Imino   3 2 
  F 3 7 
  Y 3 15 
  W 3 16 
Aromatic   9 38 
  S 3 0 
  T 3 1 
Hydroxy   6 1 
  N 3 1 
  Q 3 3 
Amide   6 4 
  D 3 0 
  E 3 0 
Acidic   6 0 
  K 3 0 
  R 3 0 
Basic   6 0 
  H 3 5 
Imidazole   3 5 

 

Table A1.4 shows the distribution of amino acids found from the two different 

virus buffers, PBS and TE buffer.  The aromatic amino acids dominated in both cases, 

with no other amino acid types appearing to have significant contributions. 
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Table A1.4  Comparison of PPV leads stored in TE8.7 buffer and PBS buffer. 
Sequences from TE Buffer  Sequences from PBS 

    Random Actual      Random Actual 
  G 1.5 1    G 1.5 2 
  A 1.5 0    A 1.5 0 
  V 1.5 1    V 1.5 1 
  L 1.5 0    L 1.5 0 
  I 1.5 0    I 1.5 2 
Aliphatic   7.5 2  Aliphatic   7.5 5 
  P 1.5 1    P 1.5 1 
Cyclic Imino   1.5 1  Cyclic Imino   1.5 1 
  F 1.5 4    F 1.5 3 
  Y 1.5 7    Y 1.5 8 
  W 1.5 8    W 1.5 8 
Aromatic   4.5 19  Aromatic   4.5 19 
  S 1.5 0    S 1.5 0 
  T 1.5 0    T 1.5 1 
Hydroxy   3 0  Hydroxy   3 1 
  N 1.5 0    N 1.5 1 
  Q 1.5 2    Q 1.5 1 
Amide   3 2  Amide   3 2 
  D 1.5 0    D 1.5 0 
  E 1.5 0    E 1.5 0 
Acidic   3 0  Acidic   3 0 
  K 1.5 0    K 1.5 0 
  R 1.5 0    R 1.5 0 
Basic   3 0  Basic   3 0 
  H 1.5 3    H 1.5 2 
Imidazole   1.5 3  Imidazole   1.5 2 

 

Of the trimer peptides found from radiographic screening, WRW, KYY, KRK, 

RAA, and KHR (8), the best resins are WRW, KYY, and KRK, as demonstrated in 

Section 5.3.3.2.  This shows that the sequences that have two aromatic residues appear to 

bind have the ability to remove PPV from solutions just as well, if not better than the 

more hydrophilic residues that contain basic and aliphatic residues.  The sequences found 

from screening by radioactivity and the Bead Blot appear to agree in the importance of 
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aromatic amino acids for the binding of PPV, but disagree about the importance of the 

basic amino acids.  

When the screening was done by radioactivity, the virus was radiolabeled and 

then detected directly while it was still bound to the bead.  The method is sensitive to 

finding high affinity binding peptides because not every virus particle is radiolabeled, and 

assuming that the radiolabeled and non-radiolabeled virus particles bind with equal 

strength, it takes a lot of virus binding to one bead to create a signal.  Also, the film is 

placed on the beads for about 2 weeks, and the sensitivity of the assay can be controlled 

by placing the film onto the beads either more or less time to distinguish the strongest 

leads.  

Screening by Bead blot allows detection of the virus without the process of 

radiolabeling, but the virus needs to be eluted off of the beads before detection.  This 

elution process can be done sequentially to increase sensitivity (i.e. elute first with 1M 

NaCl, then 2% acetic acid and then finally with 4M guanidine HCl to find different 

degrees of binding).  In the case of the beads found here, the beads were eluted with 4M 

guanidine, without sequential elution, although the beads were washed with 1M NaCl 

before being placed in the gel for transfer of the protein to the membrane.  There were a 

lot more positive beads than the radioactive method, which may be due to the fact that 

this method may detect all of the PPV compared to the radioactivity screening that only 

detects the radioactive particles.  4M guanidine should denature and elute everything off 

of the beads.  The antibody used was tested on reduced, denatured PPV, so that it would 

bind to the denatured PPV that elutes from the 4M guanidine.  It is not known if any of 
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the conditions involved in elution and the antibody detection would create a bias that led 

to the hydrophobic leads that were found in this experiment.  The mechanism of the 

denaturation of proteins by 4M guanidine HCl is still unclear.  There are three 

mechanisms for denaturation, interaction with peptide groups that disrupt tertiary 

structure, hydrophobic interactions, and the interactions of the denaturant with the water 

that is structured around the protein (12).  Guanidine HCl has been demonstrated to do all 

of these things at different concentrations and with different proteins (12-14).  The 

mechanism of guanidine HCl denaturation may have contributed to the highly 

hydrophobic peptides that were discovered, but more work would need to be done to 

examine this. 

The method of radiolabeling the protein can affect the outcome of the peptides 

found from screening.  PPV was radiolabeled metabolically, as described in Section 

4.2.2, which allows the incorporation of a radiolabeled amino acid into the capsid 

proteins of the virus.  This method should not change the virus in any way, and this was 

verified by demonstrating that all radiolabeled virus solutions were infectious, as 

described in Section 3.3.2.  Other common ways to radiolabel proteins is the acetylation 

of lysines with 14C labeled formaldehyde (15) and the binding of 125I to tyrosine residues 

(16).  Both of these methods change the amino acid side chains during the radiolabeling 

process.  If these other radiolabeling methods had been used, it would have been less of a 

surprise if there was a difference in the peptide leads identified by radioactive screening 

and those discovered using the Bead Blot.  But in this case, a metabolic labeling was 
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used, and the virus was still infectious, it was less expected that the two methods would 

result in different peptides leads. 

A1.3.4  Confirmation of PPV Binding 

A1.3.4.1  Equilibrium Isotherms 

 Isotherm measurements were performed to determine if a few of the sequences 

found by bead blot could bind to PPV better than the lead resin found from radioactivity 

screening, WRW.  Of the 19 amino acids found in Table A1.2, four were chosen for 

further study, WQW, HYY, HWF, and WQY.  WQW was interesting because it was 

similar to WRW, the best ligand from the radioactivity screening, but without the 

arginine.  This was a way to examine the importance of the single arginine in the binding 

of PPV.  HYY was similar to another lead found from radioactivity screening, KYY, but 

again exchanging the basic amino acid for a histidine.  Histidine is an interesting amino 

acid because it is cyclic and contains a hydrogen-acceptor nitrogen.  This was a different 

structure than seen with the radioactivity trimers.  The trimer HWF was chosen also due 

to the histidine and its relationship to HYY.  Both have a histidine and two aromatic 

residues, and it was interesting to see if the aromatic amino acids would be enough to 

bind to PPV, or if the residues needed were tyrosine, as in HYY and KYY, which also 

contains a hydroxyl group.  Finally, WQY was chosen due to the inclusion of glutamine.  

This is not an amino acid that we had previously explored for PPV binding, and one of 

the radioactivity leads also contained glutamine. 
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The equilibrium binding isotherms for the Bead Blot trimers are compared to the 

WRW trimer in Figures A1.4 and A1.5.  This isotherm fit was done with the liner form of 

the Langmuir adsorption isotherm, 

 

 

dK
Cq

q max=
        (A1.1) 

 

where q is the adsorption of virus bound to the resin, qmax is the maximum capacity of the 

resin, C in the unbound concentration of virus in solution, and Kd is the affinity 

dissociation constant.  The slope of the linear isotherm is qmax divided by Kd.  By 

assuming that the maximum capacity of each resin is the same, since it cannot be 

measured, then the slopes can be compared.  The larger the slope, the smaller the Kd.  

This is discussed in further detail in Section 6.3.2.  Table A1.5 shows the slopes of the 

isotherms for each of the resins.  None of the resins were able to bind more strongly to 

PPV than WRW and the descending order of their affinity dissociation constants was: 

HYY, WQY, HWF and WGW. 
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Figure A1.4  Isotherm of Bead Blot trimers WGW and HWF.  The data for the control 
resins WRW and Amino control are duplicated in Figure A1.5. 
 

 
Figure A1.5  Isotherm of Bead Blot trimers WQY and HYY.  The data for the control 
resins WRW and Amino control are duplicated in Figure A1.4. 
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Table A1.5  Table of slopes of the Bead blot trimers. 
Resin Slope 
WRW 0.36 
HYY 0.27 
WQY 0.25 
HWF 0.22 
WGW 0.21 
Amino 0.13 

 

The isotherm allowed the elimination of the lowest binding resin, which was 

WGW.  This resin was expected to perform quite well, as it is similar to the lead resin 

found from radioactivity screening, WRW.  This suggests that the arginine plays an 

important role in the binding to PPV, which is also shown by the large amount of 

arginines and lysines that are found in all but one of the 15 PPV leads found by 

radioactive screening (see Section 5.3.2).  The leads found by Bead Blot did not have one 

arginine or lysine in the 19 sequences that were found.  These leads have a large amount 

of aromatic residues, which was the second highest category of residues in the radioactive 

leads.  These isotherms have been carried out with radioactive virus, which may have had 

a bias towards the radioactive leads, if there is a difference in the radioactive virus versus 

the native form of the virus.  For this reason, the top Bead Blot leads were tested in 

dynamic experiments on packed columns of resins, since the virus would be in the native 

state and not labeled, corresponding to the Bead Blot screening conditions. 

A1.3.4.2  Column Chromatography 

Dynamic chromatographic columns show the breakthrough of virus as seen in an 

actual viral clearance step.  A solution of virus is continuously pumped onto a column, 
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and fractions are taken.  These fractions are tested for the concentration or infectivity of 

virus they contain, and then the amount of virus removed is calculated. 

All column dynamic binding experiments were run on the same day except for the 

KYY resin and these are shown in Figure A1.6.  The data for the KYY resin is from 

previous work (8) and was added to show a comparison of the Bead Blot trimers to a 

trimer that is similar in amino acid composition, but was found by radioactivity.  None of 

the Bead Blot trimers were able to bind as much PPV as previous trimers KYY and 

WRW that were found from radioactivity screening (8).  The WRW peptide bound more 

PPV than the KYY trimer.  WRW was able to bind all detectable virus in the first three 

column volumes (8).  None of the trimers discovered from Bead Blot were able to clear 

all detectable virus in even the first column volume.  The negative control resin was the 

acetylated control.  This control resin was unable to bind any PPV, as shown in Figure 

A1.6.  This resin represents a negative control because the surface of the peptide resins 

that are not attached to peptides has been acetylated, as is explained in detail in Section 

5.3.3.2. 

The order of the dynamic capacity for binding for the Bead Blot screening 

trimeric peptides is HYY, which bound the most PPV, followed by WQY and HWF.  

This resin ranking was consistent for the dynamic columns that contained 7.5% human 

blood plasma and the isotherms done in saline.    
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Figure A1.6  The binding of PPV to the Bead blot resins. 
 
A1.4  Conclusions 

It appears that the trimers identified from the Bead Blot screening experiments are 

not able to bind as much PPV as the trimers found from radioactivity screening.  There is 

a distinct difference between the amino acid sequences found with the Bead Blot 

compared to amino acid sequences found through radioactivity screening.  The Bead Blot 

trimers were dominated by aromatic amino acids, whereas the radioactivity trimers were 

dominated by basic amino acids, with aromatic amino acids being a distant secondary 

important amino acid.  The highly hydrophobic and aromatic amino acids do not bind to 

PPV as well as amino acids containing aromatic and basic amino acids. 

This study demonstrates the importance of the basic amino acids in the earlier 

radioactivity screening results.  The sequences WRW and KYY found from radioactivity 

screening were able to clear a significantly larger amount of PPV than were WGW and 
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HYY found from the Bead blot.  This demonstrated that the basic amino acids in these 

two sequences are important for good binding of PPV. 

It is not clear why the dissociation of the virus from the peptide beads in the Bead 

Blot led only to hydrophobic peptides and not peptides with more complex sequences.  It 

is possible that too low a concentration of guanidine HCl was used, and 6 M (9) would 

have disrupted more of the hydrophilic bonds around the virus. It is also possible that 

when the guanidine disrupted other hydrophilic bonds, it put the virus in a state that could 

no longer be detected by the antibodies used.  Additional experiments would need to be 

done to optimize conditions for screening with the Bead Blot method. 
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Appendix 2 
 
 
 

Effect of Peptide Density and Spacer Arm Length:  
Peptide RAA 
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A2.1  Introduction 

 Four sets of peptides were tested for their sensitivity to the presence of a spacer 

arm and the peptide density, WRW, KYY, RAA, and KRK, all found and described in 

Chapter 5.  When these resins were tested, WRW, KYY, and KRK emerged as clearly 

superior, and data on these peptides is presented in Chapter 6.  This appendix shows the 

data that was obtained for the RAA resin. 

A2.2  Materials and Methods 

All materials and methods used are outlined in Chapter 6. 

A2.3  Results and Discussion 

 The RAA resin was tested for its sensitivity to changes in peptide density and 

presence of the ethylene spacer arm, as described in Section 5.3.1.  Figure A2.1 shows 

the binding of PPV to RAA PBS.  It was able to clear 100% of the virus in all 10 column 

volumes tested. 

 
Figure A2.1  Clearance of PPV by RAA in PBS.  All of the peptides were able to clear all 
of the detectable PPV in PBS and are represented by the solid squares. 
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 The removal of PPV from 7.5% plasma solutions by the RAA resin of various 

peptide densities and spacer arm lengths is shown in Figures A2.2.  From the data from 

the dynamic chromatography columns, RAA exhibits better removal efficiency (Table 

A2.1) than WRW, as shown in Section 6.3.2.1.  The columns also had a large error 

associated with them and the duplicate columns rarely ran similarly, with one column 

often completely removing all detectable PPV and the other having breakthrough in the 

first or second column volume.  The individual titers of each fraction from each column 

are shown in Figures A2.3, A2.4, and A2.5.  For the columns with the spacer arm (Figure 

A2.3), the titers show a similar trend, even though the actual titers are different.  For the 

RAA columns without the spacer arm (Figure A2.4) one column removed all of the 

detectable PPV and the other had breakthrough of virus.  The breakthrough was in the 

third column volume for the 0.10 mmol/g resin (Figure A2.4A) and in the first column 

volume for the 0.008 mmol/g resin (Figure A2.4B).  This was also the case when the N-

terminal amine on the RAA resin was acetylated and one column completely removed all 

detectable PPV and the other had breakthrough by the first column volume, as shown in 

Figure A2.5. This continued to happen when the experiment was repeated, and so the 

resin was considered unreliable.   
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Figure A2.2  Clearance of PPV by RAA in 7.5% human blood plasma.  (A) RAA with a 
spacer arm.  (B)  RAA without a spacer arm.  The half-open circles represent the peptide 
resin that had the N-terminus acetylated. 
 
 
 
 
 
 
 
 

A 

B 
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Table A2.1 Total log clearance in the first five column volumes for RAA. 

Peptide Density 
(mmol/g) 

Spacer 
Arm 

Log clearance 
in first five 

column 
volumes 

0.10 - 4.85 
0.10 - N-acetylated + 4.85 

0.008 - 4.62 
0.10 + 4.13 

0.008 + 3.17 
Amino  1.38 

Acetylated  0 
 

 

 
Figure A2.3  Titer of individual columns for the RAA resin with a spacer arm.  (A)  0.10 
mmol/g dry resin.  (B)  0.008 mmol/g dry resin. 
 

A 

B 



 266

 

 
Figure A2.4  Titer of individual columns for the RAA resin without a spacer arm.  (A)  
0.10 mmol/g dry resin.  (B)  0.008 mmol/g dry resin. 
 

B 

A 
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Figure A2.5  Titer of individual columns for the RAA resin for the N-terminal acetylated 
resin at 0.10 mmol/g dry resin and with a spacer arm. 
 

The binding isotherm of RAA is shown in Figure A2.6 and the slopes of the lines 

in the linear isotherms are shown in Table A2.2.  The details of the binding isotherm can 

be seen in Section 6.3.2.1.  The table shows that the RAA has a large Kd value, the largest 

of all of the resins because it has a slope close to the amino control.  From the isotherm 

data (Table A2.2) and the large discrepancies in the column titers, as shown in Figures 

A2.3, A2.4, and A2.5, it was decided not to pursue resin RAA.  
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Figure A2.6  Equilibrium isotherm of PPV binding to RAA.  Closed symbols have a 
spacer arm and open symbols do not have a spacer arm. 
 
Table A2.2  Slopes from the isotherms for RAA. 

Peptide 
Density 

(mmol/g) 
Spacer 

Arm 

Slope of 
Equilibrium 
Isotherm 

0.10 + 0.0981 
0.008 + 0.0961 
0.10 - 0.0843 

0.008 - 0.0669 
Amino  0.0615 

 
A2.4  Conclusions 

 Resin RAA was evaluated for its binding to PPV with dynamic chromatographic 

columns and equilibrium isotherms.  This resin did not bind as well as WRW, KRK, or 

KYY,  in the equilibrium isotherms, and the dynamic columns would not run 

consistently, so it was not pursued. 
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Appendix 3 
 
 
 

1. Amino Resin Binding to PPV 
  
2. Using Radioactivity to Determine Sticking of 

PPV to Plastic Tubing and Columns 
 

3. The TCID50 Assay in the Presence of Red 
Blood Cells 
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A3.1  Introduction 

Three observations were made in the course of this research that contribute to the 

overall knowledge of working with viruses in different solutions, and would contribute 

useful information to others continuing in this line of research. The first involves the 

sensitivity of the binding characteristics of resin to PPV to the Toyopearl Amino 650 M 

resin lot number).  Depending on the lot number, the resin can bind anywhere from 1 to 4 

logs of PPV.  The second involves the detection of PPV binding to tubing and columns 

used in experiments using radioactivity.  The third involve the ability to carry out 

infectivity assays on samples containing red blood cells.   

A3.2  Materials and Methods 

A3.2.1  Cells and Virus Propagation and Titration 

 Porcine parvovirus (PPV) strain NADL-2 was propagated and titrated in porcine 

kidney 13 (PK-13) cells as stated in Section 3.2.3.  The virus was purified by CsCl 

gradient, described in the same section, and dialyzed into PBS containing 0.15M NaCl 

and 0.01M phosphate buffer at a pH of 7.4 (Sigma, St. Louis, MO).  The PPV solutions 

were stored at -80°C until further use.  35S labeled PPV was made as described in Section 

5.2.2 and stored at 4°C for less than three weeks.  Scintillation counts were taken as 

described in the same section. 

 PPV was titrated by the MTT assay or TCID50, as described in Section 3.2.4.  The 

TCID50 used the second column of wells for the initial dilution and triplicate samples 

were put on the plate.  The outer edge of wells was not used because evaporation had 

been observed in these wells. 



 271

A3.2.2  Spiking Red Blood Cell Concentrate 

 Red blood cell concentrate (RBCC) was a gift from the American Red Cross.  

About 20 ml of RBCC was spiked with 2 ml of PPV prepared by PEG precipitation, as 

described in Section 5.2.2.  

A3.2.3  Column Chromatography 

 Amino 650M (Tosoh Bioscience, Montgomeryville, PA) was packed into 

columns to verify PPV binding, as described in Section 5.2.4 to examine the sensitivity of 

the amino resin lot number.    

Two 1-ml columns were packed with resin containing the peptide YRVTWG, 

which was made by Peptide International (Louisville, KY) at a density of 0.1 mmol/g 

without any spacer arm on Toyopearl Amino 650M (Tosoh Bioscience, 

Montgomeryville, PA).  RBCC spiked with PPV was applied to the column at a flow rate 

of 0.2 ml/min and one 3 ml fraction was collected and separated into 3 – 1 ml aliquots.  

The first fraction was placed onto cell monolayers immediately to determine the TCID50 

titer, the second fraction was centrifuged to remove the red blood cells and also placed 

onto the cell monolayers immediately for titration, and the third fraction was held for 1.5 

days at 4°C and then placed onto cell monolayer for titration.   

A3.2.4  Scintillation Counting 

 The tubing and kit were washed with 5 – 10 ml of PBS after the amino resin had 

radioactive PPV run through the column.  The tubing was cut into pieced before being 

placed in a scintillation vial.  Swabs were taken of the inside of the PIKSI kit and also 

placed in a scintillation vial.  EcoLume Liquid Scintillation Fluid (MP Biomedicals, 
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Irvine, CA) was added to each vial to a total of 10 ml and the each vial counted on a 

Packard 1500 Tri-Carb Liquid Scintillation Analyzer (Wellesley, MA). 

A3.3  Results and Discussion 

A3.3.1  Amino Resin Lot Variation 

Three different lots of PPV were tested on three different lots of amino resin to 

determine if either PPV age, PPV purification or amino resin lot affected binding of PPV 

to the resin.  Table A3.1 details the purification and radioactivity labeling of the different 

lots of virus used to test the amino resin binding.   

Table A3.1  Summary of different lots of PPV. 
Date 
made Name Purification 

Technique Radioactive 

11/05 Stock CsCl gradient N 

4/06 Radioactive CsCl gradient Y 
7/06 Cell Culture None N 

 
Using the different virus batches in Table A3.1, three different lots of amino resin 

were tested, 84F, 82G, and 81G.  The results of the log clearance of the different PPV 

batches can be seen in the Figure A3.1.  The difference between the data in Figure A3.1 

A and A3.1B is the day that the experiments were run; all samples in Figure A3.1A were 

run on the same day and tested together with the MTT assay, and all of the samples in 

Figure A3.1B were run on the same day and tested together with the MTT assay.  

Looking at the figure as a whole, lot 84F binds PPV, regardless of the PPV age or storage 

condition, and lots 82G and 81H do not. 
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Figure A3.1  PPV binding to different lot numbers of amino resin. 
 

It appears that the non-purified cell culture supernatant binds to PPV the same as 

the CsCl gradient purified, whether it is radiolabeled or not, as shown in Figure A3.1.  

Cell culture supernatant is easier to produce and there was not an effect of the excess 

proteins on amino binding, so it was used for all further PPV studies.  Lot 81H was used 

for all other PPV studies so the variation in lot number did not affect the results.  It is 

interesting to note that when comparing the ion exchange capacity given by the certificate 

A 

B 
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of analysis for each lot, and shown in Table A3.2, there is a slight difference between lot 

84F and the other two lots.  This slight increase in ion exchange capacity may explain the 

increased binding of that lot to PPV, even though it is well within the specification given 

by the manufacturer of a range between 70 and 130 meq/L.  

Table A3.2  Ion exchange capacity given by the certificate of analysis of amino 650M 
lots. 

  

Ion Exchange 
Capacity 
(meq/L) 

84F 97 
82G 92 
81H 93 

 

A3.3.2  Using Radioactivity to Determine if PPV is Binding to Plastic 

Since a radioactive sample was used, it was important to know how much virus 

sticks to the tubing and PIKSI columns used in the experiment.  The tubing and kit were 

washed with 5 – 10 ml of PBS before being placed in a scintillation vial.  The vial was 

shaken, allowed to sit for 10 minutes, shaken again and then counted.  Table A3.3 shows 

the amount of radioactivity that was found in various parts of the equipment.  Only the 

equivalent of 66 µl  of the starting virus material was sticking to the equipment, so most 

likely the virus is sticking to the amino resin and not the equipment.  This is also verified 

by the different binding observed with the different lots of amino resin shown in Figure 

A3.1.  Lots 81H and 82G bound little or no virus, and all of the virus was found in the 

flow through of the columns, again confirming that the virus is not sticking to the plastic. 
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Table A3.3  Radioactivity in different pieces of equipment used in amino binding 
experiment. 

  CPM/ml 
Total CPM 
applied to 

column 
Starting Material 63005 94507.5 

  CPM Volumetric 
equivalent (ml) 

Cole Parmer Tubing and 
needle adapter 3040 0.032 

Rainin Pump Tubing 2584.5 0.027 
Swab of inside of column 598 0.006 
Total PPV sticking to 
equipment   0.066 

 
 
A3.3.3  TCID50 of Samples Containing Red Blood Cells 

The TCID50 assay was attempted with samples containing red blood cells.  Two 

columns of YRVTWG resin were packed and red blood cell concentrate (RBCC) was 

passed through one column and RBCC spiked with PPV was passed through the other 

column.  A total of 3 ml was passed through each column and one fraction with all 3 ml 

in it was collected.  This sample was then alliquoted into three 1 ml fractions.  The first 

fraction was placed onto cell monolayers immediately to determine the TCID50 titer, the 

second fraction was centrifuged to remove the red blood cells and also placed onto the 

cell monolayers immediately for titration, and the third fraction was held for 1.5 days at 

4°C and then placed onto cell monolayer for titration.   

The reaction of the cells to RBCC with and without PPV present was analyzed.  

In Figure A3.2, it is shown how the TCID50 plate appeared.  These plates are prepared by 

seeding the plates with PK-13 cells, which are susceptible to PPV infection.  The next 

day, the samples containing RBCC were added to column 2 in Figure A3.2.  The RBCC 

samples were then serially diluted across the plate, diluting both the red blood cells and 
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the virus contained in the solution.  Up to dilution 5 or 6, there were too many red blood 

cells to visually determine if their was PPV infection of the cell monolayers.  The red 

blood cells were washed away with PBS, and it was determined that the virus was not 

able to infect cells that had a layer of red blood cells on top of them - the cell monolayers 

remained healthy underneath the red blood cells.  From this assay, the limit of detection 

was very high because it is limited by the amount of red blood cells in each cell.  This 

means that the plate shown in Figure A3.2 has a limit of detection of 5.63 

log10(TCID50/ml), while the titer of the PPV spiked sample was 7.01 log10(TCID50/ml).  

From this data, a maximum of 1.38 log10(TCID50/ml) clearance could ever be detected 

from this assay. 

  1 2 3 4 5 6 7 8 9 10 11 12
a 0 0 0 0 0 0 0 0 0 0 0 0 
b 0 1 1 1 1 1 1 1 1 1 0 0 
c 0 1 1 1 1 1 1 1 0 0 0 0 
d 0 1 1 1 1 1 1 1 0 0 0 0 
e 0 1 1 1 1 0 0 0 0 0 0 0 
f 0 1 1 1 1 1 0 0 0 0 0 0 
g 0 1 1 1 1 1 0 0 0 0 0 0 
h 0 0 0 0 0 0 0 0 0 0 0 0 

 
Figure A3.2  TCID50 assay using RBCC.  The gray areas show where the red blood cells 
were covering the cell monolayer.  All cells under the red blood cells were assumed to 
have CPE for titer calculations.  The cells containing a 1 had CPE and the cells 
containing 0 had no CPE.  This assay was only done in triplicate and the zero dilution 
was in column 2.  Rows b-d contained PPV spiked RBCC and rows e-g contained RBCC 
without PPV. 
 

All of the samples titrated were above the limit of detection.  Table A3.4 

compares samples before they were put on the YRVTWG column, labeled starting 

material, to the fraction that was eluted from the column.  Samples containing RBCC 

were compared for their PPV titers to the samples that were titrated after having the red 
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blood cells removed with centrifugation, which is labeled supernatant in the table, and the 

same samples titrated after being retained for 1.5 days.  There was virus that was 

removed when the red blood cells were removed because the red blood cells probably 

bind virus and also entrain plasma with them during the removal process.  There was a 

small change in the titer of the samples after 1.5 days, but it fell within the standard 

deviation of the assay.  The YRVTWG column was unable to remove PPV in the 

presence of RBCC.  Another peptide columns was also tested, HFLQGQ, and it was also 

not able to remove PPV in the presence of RBCC.  These two hexamers were found by 

the American Red Cross and data on their removal of PPV from PBS is shown in Section 

4.3.2.1. 

Table A3.4  Titer of samples containing RBCC on YRVTWG. 
 Titer (log10(TCID50/ml)) 
Sample RBCC Supernatant 
Starting Material 7.01 5.61 
Column Effluent 7.01 4.1 
Starting Material after 1.5 
days 7.48  
Column Effluent after 1.5 
days 6.54  

 
A3.4  Conclusions 

There is a difference between amino resin lots that results in significantly 

different binding of PPV to the resin.  The binding of PPV to the amino resin also runs 

the same trend as the ion exchange capacity given by the certificate of analysis, the lot 

with the higher ion exchange capacity, 84F, binds more PPV, whereas the two lots with a 

lower ion exchange capacity bound about 1 log reduction value..  Lot 81H was used in all 

other PPV experiments and cell culture supernatant was used for column chromatography 

screening as it is easier to produce and does not affect binding to amino resin.  There does 
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not appear to be a difference between the binding of the virus stored in different buffer 

and made at different times. 

Little to no PPV binds to the plastic of the chromatographic kits or the tubing 

used in the experiments, as determined by radioactivity.  This shows that PPV removal is 

due to the resins and not the experimental setup. 

The TCID50 can be performed with red blood cell concentrate (RBCC) in 

solution, but the detection limit is about 5 log10(TCID50/ml), so it is not possible to 

demonstrate 4 logs of clearance.  The PPV titer drops when the red blood cells are 

removed from solution, indicating that some of the virus is associated with the red blood 

cells and is removed with the red blood cells  

 


