
ABSTRACT 

MARTIN, STANTON  LOWELL. Structural Characterization of Red clover necrotic mosaic 

virus by Small Angle Neutron Scattering and X-ray Crystallography. (Under the direction of 

Dr. Steven A. Lommel.) 

 

Understanding the fundamental structure of viruses has been a key objective in the 

discipline of virology since its inception.  X-ray crystallography, and electron microscopy 

were the main techniques used for probing viral structures for most of the 20
th

 century. 

Neutrons were also used in some cases. Over the years the techniques have been 

incrementally improved to the point where it is now possible to resolve viral structures at 

atomic or near atomic resolution. This in turn allows investigators to apply computational 

techniques such as molecular dynamic simulations to predict how changes in viral dynamics 

may be influenced by the various environment(s) in which viruses exist. To understand 

function it is essential to investigate changes in viral dynamics. This work began as a purely 

computational project aimed at understanding the structure of RCNMV using existing data.  

In the course of the project it became evident that not enough raw structural data was 

available to make the necessary inferences, so a quest to obtain a higher resolution structure 

was initiated. Two separate but related techniques were utilized:  X-ray crystallography and 

neutron scattering. Chapter one of this thesis traces the history of the science of virology 

from its inception, and tells the story of how the discovery of X-rays caused a convergence of 

the disciplines of crystallography and virology resulting in significant advances in our 

understanding of viral structural biology. Chapter two reports our own experience with X-

rays applied to the study of RCNMV. Chapter three traces the history of the neutron sciences. 

Ironically, some of the most important advances in the neutron sciences were made possible 

because of war related research. Chapter four reports our own experience with neutron 



scattering.   Chapter five reports some of our own successes and failures in the quest for 

better understanding of our virion. Our own experience with its missteps, false starts, and 

occasional lucky breaks, seems to mimic the experience of thousands of scientists who, 

despite sometimes adverse circumstances and personal failures, managed collectively to 

advance the knowledge of structural virology over the last 150 years. Chapter six concludes 

with a report on the current stage of our research and outlines some of the recent 

breakthroughs in technology that guide our aspirations for future investigations.  
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CHAPTER ONE 

 

THE DEVELOPMENT OF STRUCTURAL VIROLOGY AND X-RAY 

CRYSTALLOGRAPHY 

 

Stanton L. Martin and Steven A. Lommel 

 

Beginnings of the Science of Virology 

 

In 1886, Dr. Adolf Eduard Mayer, Director of the Agricultural Experiment Station in 

Wageningen, Netherlands, published what is likely the first scientific account of the mosaic 

disease of tobacco. Dr. Mayer’s term for the disease was “Mosaikkrankheit”.  From this, the 

term “mosaic” was derived, and this has become the accepted term for the disease (Mayer 

1886). Mayer was the first to prove that the disease was communicable by artificial 

inoculation.  He also demonstrated that the sap of healthy plants was not infectious.  He 

reported that an incubation period of 10 or 12 days preceded the first observable symptoms. 

The disease was persistent, ultimately appearing in all immature growing parts of affected 

plants. Mayer reported that diseased sap filtered once through filter paper still retained its 

infectivity, however the sap lost its virulence after being filtered twice.  Mayer also reported 

that when heated to boiling, the sap lost its virulence. The seed of affected plants did not 

carry the disease to the next generation (Allard 1914).  In 1887, Dimitri Iosifovich 

Ivanowski, a graduate student who was serving as an instructor in the laboratory of plant 
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physiology and anatomy at the University of St. Petersburg in St. Petersburg, Russia was sent 

to investigate a disease affecting tobacco  (Lechevalier 1972).  Ivanowski used a 

Chamberland filter (Figure 1) to filter the sap from infected tissue (Chamberland 1884, 

Horzinek 1997). He discovered that, contrary to Mayer’s results, sap filtered twice through 

the filtering paper was indeed infectious. In 1892 Ivanowski wrote a communication in which 

he established the filterable nature of the causative agent of the disease (Ivanowski 1892, 

Johnson 1942a). Ivanowski, like Mayer before him, tried to interpret his results in the light of 

the germ theory. He initially believed that his experiment should be interpreted as detecting a 

soluble bacterial toxin which would in fact pass through a Chamberland filter (Lustig, Levine 

1992). In 1898, Martinus Beijerinck, working at the Polytechnical School of Delft, 

Netherlands and unaware of Ivanowski’s work, independently demonstrated that the 

infectious agent was indeed filterable.  Beijerinck re-introduced the term “virus”, an English 

word derived from the latin “virulentus” meaning “poison”, to describe “a liquid or soluble 

agent” that “reproduces itself in a living plant” as  the causal agent of the infectious mosaic 

disease of tobacco (Beijerinck 1898, Johnson 1942b, Bos 1995).  
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Figure 1. Porcelain filter candle, circa 1900, invented by Charles Chamberland 

(Chamberland 1884). Figure Courtesy of the Museum Victoria, Victoria, Australia 

 

 The introduction of the concept of a “living fluid” to account for the observed 

infectivity of the filterable substance was the start of a 25-year debate about the nature of 

viruses (Lustig, Levine 1992). Were they liquid or particulate? The first clue that viruses 
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were in fact particulate came when a French-Canadian microbiologist named Felix d’Herelle 

first described a plaque assay method for isolating bacteriophages (d'Herrelle F. 1918).  

Another major breakthrough came in 1935 when Wendell Stanley first crystallized Tobacco 

mosaic virus (TMV)(Stanley 1935).  Prior to Stanley’s work, only chemicals had been 

crystallized. The discovery that an entity with the ability to infect and multiply could also 

behave like an inanimate chemical provoked numerous discussions regarding the question of  

“What is Life?”. These questions are, to some extent, continuing to this day. Stanley had 

noted the presence of RNA in his TMV preparations, but assumed it to be a contaminant.  

However, over the course of the next two years, Bawden and Pirie established that in fact, 

TMV had both protein and RNA components (Bawden, Pirie & Bernal, J.D., Fankuchen, I. 

1936)(Bawden, F. C., and N. W. Pirie. 1937).  In 1938, the first spherical virus, Tomato 

bushy stunt virus (TBSV) was successfully crystallized (Bawden, F. C., and N. W. Pirie. 

1938). The first electron micrographs of TMV were published in 1939 (Kausche, Pfankuch & 

Ruska 1939), and in 1941 the first X-ray structures were “visualized’ by X-Ray 

crystallography (Bernal, Fankuchen 1941b, Bernal, Fankuchen 1941a). These developments 

for the most part laid-to-rest the debate regarding the exact nature of viruses. Subsequent to 

1941, the concept of the virus had evolved to the point where viruses were understood to be 

entities consisting of both nucleic acids and proteins that were particulate, filterable, and able 

to cause disease. However, no one really knew what viruses looked like. The stage was set 

for the development of structural virology. 

In the great march of science, it is the genius of man, and not the perfection of appliances, 

that breaks new ground in the great territory of the unknown – H.J.W. Dam (Dam 1896) 
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Crookes Tubes and Energy Rays 

 

 In 1859, physicist Julius Plücker, then at the University of Bonn (Bonn, Germany) 

observed energy rays extending from a negative electrode fitted inside of a glass tube 

(Plucker 1858).  These rays produced fluorescence when they hit the glass walls of the tubes. 

In 1876, Eugen Goldstein, of the Berlin Observatory (Berlin, Germany) coined the term 

“kathodenstrahlen” or “Cathode Rays” to describe the phenomenon (Goldstein 1876). The 

British chemist Sir William Crookes dedicated a good portion of his career to studying these 

rays. He invented several important devices for studying them, one of which was known as 

the “Crookes tube.” The Crookes tube (Figure 2) consisted of a glass cylinder whose 

atmosphere had been evacuated by means of a pump, thus creating a vacuum. Electrodes 

were placed in the cylinder. When an electric current was applied a strange greenish light 

emanated from the cathode and a similarly glowing greenish spot would appear on the 

opposite glass wall of the tube (Crookes 1879).  These “cathode rays” were actually caused 

by an electron beam. 
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Figure 2. A Crookes-maltese tube.  Photo courtesy of Florida State University  

 

The Discovery of X-Rays 

 

 On Friday evening, November 8, 1895, Wilhelm Conrad Roentgen was working late 

in his laboratory in the Institute of Physics at Würzburg University in Würzburg, Germany. 

All of his assistants had gone home for the weekend. Roentgen had set up an apparatus 

consisting of two electrodes of a Ruhmkorff inductor connected with the electrodes of a 

Hittorf-Crookes’ tube.  It was Roentgen’s custom, when beginning new investigations to 

repeat important experiments made previously by others in the same field. On this evening, 

Roentgen was investigating the results of experiments performed by Heinrich Hertz, director 

of the Bonn Physics Institute in Bonn, Germany, and his assistant, Phillip Lenard who had 
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discovered that cathode rays could penetrate metallic plates (Mulligan 1999).  Since he was 

repeating Hertz’ and Lenard’s experiments with cathode rays, he used an apparatus similar to 

the one that Hertz’ and Lenard had used. The core of the apparatus was a Crookes tube 

modified so that it contained a window. This was later called a Lenard tube.   A fluorescent 

screen was placed behind the tube. Following Lenard’s suggestion, Roentgen had covered the 

Lenard tube with black paper and had observed the fluorescence of the cathode rays which 

passed through a window of the tube to a screen (Glasser 1993).  Having thus confirmed 

Lenard’s findings, Roentgen began to wonder whether a window in the glass wall of the tube 

was necessary for the escape of the cathode rays from the tube. “What if at least some 

cathode rays are able to pass through the glass walls of the tube?” he asked himself, and then 

began to find out.  Roentgen reasoned that he would have to use the screen to detect escape 

of the otherwise invisible cathode rays.  He also suspected that fewer cathode rays would 

escape from the glass wall than from the aluminum-covered window; hence; the possible 

slight fluorescence produced on his screen might not be seen because of the bright 

luminescence in the interior of the Crookes tube when the current was turned on (Friedland, 

Gerald W. and Friedman, Meyer 1998).  Roentgen meticulously covered all of the windows 

in the laboratory with heavy black curtains to block out all exterior light sources. He then 

double checked the black cardboard, and made sure that it was completely covering the 

Hittorf tube. Roentgen then turned off the gas lamps which provided the laboratory’s total 

light supply and sent the high tension current through the tube to check that no light was 

escaping through the black covering. Everything seemed to be in order, when Roentgen’s 

eyes, whose retinae had become remarkably sensitive as a consequence of long hours spent 
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in the dimly lit laboratory, were drawn by a luminescent ‘something”.  It had no connection 

with the tube or coil in front of him; the strange light was coming from a table a short 

distance away. Roentgen at first thought that it must be a reflection from some external light 

source, but as soon as he cut the current, the glow disappeared.  He switched the current on 

again, and tentatively reached out to the table, trying to locate the “things” which had grown 

phosphorescent, and were shining like so many glow-worms.  He discarded two physics 

books, almost upset an ink stand, and eventually took firm hold of a screen of barium 

platinocyanide crystals, which happened to be on the writing-table. It was these same crystals 

that lit up when the Hittorf tube was working (Donizetti 1967).  Roentgen, excited though he 

was, did not tell anyone of his discovery. Instead, for the next several weeks, he worked in 

complete secrecy, having meals delivered to the lab. He methodically investigated the 

cathode rays, trying to discover the cause of the induced fluorescence in the crystals. He 

started putting objects in front of the ray beam. He tried paper, books, lead, and finally his 

own hand.   He was startled when he was able to distinguish the bones of his hand from the 

other shadows on the screen. Two weeks later, Roentgen used a photographic plate to take 

the first X-ray photograph ever of a human body part.  The X-ray of his wife Bertha’s hand is 

shown in Figure 3. 
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Figure 3. The first medical X-ray taken (Roentgen, 1896) showing the bones of Anna Bertha 

Ludwig Roentgen’s hand.  

 

 Finally, on December 28, 1895 Roentgen submitted his manuscript, “On a New Kind 

of Ray” to the Secretary of the Association of Physics and Medicine at the University of 

Würzburg, Würzburg, Germany (Roentgen 1896). By that time, the society had already 

convened. Roentgen begged the secretary of the society to publish his article in December, 

even if he had not actually presented his report at the meeting. The secretary read the report, 

noted the photographic plate of the bones of a hand, and knew that this report should be 

published immediately. The report appeared in the journal a few days after it was submitted.  

On New Year’s Day, 1896, Roentgen sent reprints to several of his most prestigious 
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colleagues (Friedland, Gerald W. and Friedman, Meyer 1998). Within days the story had hit 

the press. Roentgen was now famous. The X-ray revolution had begun.  

 

The Genesis of Crystallography 

 

 The story of crystals starts with a Frenchman named René Just Haüy. Haüy’s first 

insight into the realm of natural science came as a result of a friendship between himself and 

a fellow instructor, the Abbé Charles Francois Lhomond. Lhomond was a grammarian with a 

passion for botany. Through Lhomond, Haüy’s attention was directed to the symmetries of 

plant life. Haüy was employed as a Latin teacher at the College of Cardinal Lemoine, one of 

the colleges at the historic University of Paris, in Paris, France. During his leisure time he 

began to devote himself to the study of botany in the Jardin du Roi (now known as Jardin des 

Plantes) that adjoined the University. 

 One day while walking through the garden, Haüy noticed a crowd of students 

entering a class in mineralogy. On a lark, Haüy walked in with them, and was thus 

introduced to the study to which he would devote his life. Haüy was struck with the apparent 

lack of orderly arrangement in the complex yet regular shapes produced by the minerals.  His 

scientific instinct told him that there must be order. How, he reasoned, can the same stone, 

the same salt, reveal itself in cubes, in prisms and in points, without changing its composition 

to the extent of a single atom, while the rose has always the same petals, the acorn the same 

curve, the cedar the same relative height and the same development (Whitlock 1918)?  One 

day, while pondering this question in the home of a friend named M. DeFrance, Haüy, 
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accidently dropped a group of prismatic crystals of calcareous spar, and a crystal was broken 

off. The fracture exhibited surfaces as smooth as the outside of the prism, and a new crystal 

emerged from the broken one. The conformation of the new crystal was not prismatic. Haüy 

examined it and found to his surprise that it was the same rhomboidal shaped crystal-

formation as Iceland spar, [the clear form of calcite]. It occurred to him that in his hand lay 

the solution to the problem which had so long perplexed him. The various crystal formations 

in which the same mineral appeared were simply different arrangements of an identical 

crystal structure. By this happy accident Haüy was put on the right track and he followed up 

his idea resolutely (Kneller 1911). His treatise on crystals, which was published in 1822, 

(Hauy 1822) laid the foundations of modern crystallography. In 1825, building upon the 

work of Haüy, William Whewell of Trinity College in Cambridge, England derived a 

mathematical formalism to calculate the angles made by crystal planes (Whewell 1825). 

Then in 1839 William H. Miller, who succeeded Dr. Whewell as Chair of Minerology at 

Cambridge, expanded on these theories, and those of Carl Neumann, a professor at 

Konisberg University, in the city of Konisberg (now Kaliningrad) in East Prussia (now 

Poland and Lithuania) (Beller, Renn & Cohen 1993) to articulate the mathematical formalism 

known as Miller indices (Miller 1839) which are still in use today.  In 1850, Auguste 

Bravais, Chair of Physics at École Polytechnique, then located in the Latin Quarter of central 

Paris, France, published a paper in which he laid out the mathematical description of the 

“Bravais lattice”, and inferred that any crystal is made up of a periodic arrangement of atoms 

repeated at each lattice point (Bravais 1850).  It was this discovery that made possible the 

discipline of X-ray crystallography.  
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 At about the same time as the mathematical descriptions of crystals were being 

formalized, progress was being made in the area of the crystallization of organic materials. In 

1840, the first observation of the crystallization of a protein, the hemoglobin protein, was 

published (Hunefeld 1840).  Over the next 100 years, dozens of proteins were crystallized 

and studied. In the early years, crystallography was viewed as simply a technique for 

purification: crystallinity was associated with purity.  It was not until the discovery of X-Ray 

crystallography that interest in protein crystals as a source of structural information began to 

be investigated and discussed (McPherson 1991). 

 

The Development of X-Ray Crystallography 

 

 In 1912, a young associate professor named Max von Laue was working under 

Arnold Sommerfield at the Institute for Theoretical Physics at the Ludwig Maximillian 

University (LMU) in Munich, Germany.  It so happened that at Munich, the Bravais 

hypothesis of space lattices for the explanation of crystal structure was very much in favor. 

This was due to the fact that LMU had a large collection of models left over from the days of 

Leonhardt Sohncke, a professor who had taught in Munich until 1897 and had made a 

number of contributions to the mathematical theory of space lattices. A current mineralogist, 

Paul von Groth, used these crystal structure models extensively in his lectures. In February of 

1912, a young doctoral student named Paul Peter Ewald came to visit Laue in his apartment 

to ask for help with his problem: to investigate mathematically the action of light waves in a 

lattice of polarizable atoms. During the course of the discussion, Laue mentioned by chance 
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that someone should irradiate crystals with shorter waves, such as X-rays. If the atoms really 

formed a lattice, this should produce interference phenomena similar to the light 

interferences in optical gratings. Laue’s idea was discussed at the Café Lutz in the Hofgarten 

(Jungk 1956), which was a favorite gathering place for young physicists. Eventually Walther 

Friedrich, a postdoctoral researcher also working for Sommerfield who had just finished his 

thesis on X-ray scattering under Roentgen, offered to test the idea experimentally. 

Sommerfield thought this was a waste of time, and instead directed Friedrich to do an 

experiment on the directional distribution of the rays emanating from the anti-cathode.  

Luckily, Paul Knipping, a doctoral student under Roentgen offered his help, and so began the 

experiment on the transmission of X-rays through zinc blend crystals around Easter in 1912 

(Laue 1962) . For the first attempt, a photographic plate was placed between the X-ray tube 

and the crystal, acting on the assumption that the crystal would act like a reflection grating. 

This did not work, as no diffraction spots were observed. Thinking things over Friedrich and 

Knipping came to the conclusion that better success might be achieved by placing the plate 

behind the crystal as a transmission grating. Knipping insisted on placing plates all around 

the crystal. The result of the second attempt was positive. On the plate behind the crystal, 

surrounding the imprint of the direct or primary ray, rings of fuzzy spots appeared, each spot 

of elliptical shape with the minor axis pointing to the overexposed and therefore solarized 

center of the black area produced by the primary ray (Figure 4). 
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Figure 4. A.  Zincblende, also known as Sphalerite. Old-Time combination pice from Joplin 

Field, Tri-State District, Jasper County, Missouri, USA. Material from the collection of noted 

California collector, Charles Hansen. Collection  B.  Laue diagram of zincblende by 

Friedrich and Knipping. C. Sphalerite-unit-cell rendered with 3D balls.  

 

No similar spots were produced on the other plates. Crude as it was, the picture 

contained an unmistakable proof that some property of X-rays had been found which had 

escaped all previous investigators (85 Ewald, Peter Paul 1962). Sommerfield presented the 

results of Friedrich, Knipping, and Laue to the Bavarian Academy of Sciences on June 8, 

1912 (Friedrich, W. 1912; Friedland, Gerald W. and Friedman, Meyer, 1998).  On July 6 of 

the same year, Laue presented a paper in which he described the underlying theory 

surrounding the results (Laue 1912).  

Unlike the discovery of X-rays, the popular press played only a minor role in the 

dissemination of the news of Laue’s discovery. It is, in fact, uncertain, how the news of this 

discovery reached Sir William Henry Bragg, who at that time occupied the Cavendish chair 

of physics at the University of Leeds in England.  It seems that detailed information on the 

works came to Bragg through a lecture given by Sir Joseph John Thomson, to the physics 

group in Leeds or Manchester. W. H. Bragg was keenly interested in Laue’s diagrams, and 



15 

 

 

 

 

soon interested his son, William Lawrence Bragg in them. W.H. Bragg noted that the 

positions of the spots on the Laue diagrams seemed to depend on simple numerical relations 

(Bragg 1912). W.L. Bragg noted that the position of the photographic plate on a Laue 

diagram made a tremendous difference on the pattern of the spots. When the plate was placed 

near the crystal, the spots were almost circular, but when placed farther back, they became 

very elliptical. In his paper, read before the Cambridge Philosophical Society on November 

11, 1912, W.L. Bragg presented this finding (Bragg 1912). The paper was published the 

following year (Bragg 1913). Shortly thereafter, at the suggestion of William Jackson Pope, a 

professor of chemistry, Bragg tried crystals of NaCl, KCl, KBr, and KI.  The Laue pictures 

that the salt crystals produced were much simpler than those of zinc blende. These 

photographs led to complete solutions of their structure (Bragg, Bragg 1913). These were the 

first crystals to be analyzed by X-rays (Ewald 1962). 

At first, Bragg and his followers applied X-ray crystallography only to solids that had 

an orderly structure, which let the solids form crystals. Attempts were made to crystallize 

proteins, but these attempts failed. Because of these failures, it was generally assumed that 

proteins would not diffract. In 1934, Bernal and Crowfoot at Cambridge University came up 

with the idea of using capillary tubes to draw crystals of pepsin out of their mother liquor 

without exposing them to air. This enabled them to produce crystals that did diffract, and 

they postulated that these diffraction patterns could be used to elucidate the three 

dimensional structure of the protein (Bernal, Crowfoot 1934). Concurrently with this 

development, William Thomas Astbury, at the University of Leeds, Leeds, England began 

taking X-Ray photographs of powdered proteinaceous crystal, thus laying the foundations of 
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the method of powder diffraction (Astbury, Lomax 1934).  Astbury followed up on this 

finding with investigations into wool, human hair, keratin and other molecules. He presented 

his findings at the second annual symposium in quantitative biology organized by Reginald 

Harris at Cold Spring Harbor Laboratory in New York, (United States) in July of 1934 

(Astbury 1934). 

A significant development in X-ray crystallography was the adoption of methods 

discovered by Artho Lindo Patterson, a visiting researcher in the lab of Bertram Eugene 

Warren at the Massachusetts Institute of Technology located in Cambridge, MA, USA 

(Patterson 1934, Patterson 1935). The Patterson method of determining interatomic distances 

from Fourier transforms gave rise to Patterson maps, which, without phase information is 

essentially a map of vectors between scattering atoms. Vectors in a Patterson map derived 

from a real crystal cell correspond to the real cell’s vectors, translated to the Patterson origin.  

Patterson methods made possible the solution of far more complex structures by “heavy atom 

replacement” or “multiple isomorphous replacement” a method in which heavy atoms are 

chemically substituted at known positions in a large crystal.  A Patterson difference map is 

constructed between the native crystal and the crystals treated with heavy atoms.  This 

difference map reveals the heavy atom’s location in the unit cell.   

 In 1936, using Patterson’s methods, Dorothy Crowfoot, under the supervision of J.D. 

Bernal published her Ph.D. thesis which consisted of a detailed and thoroughly 

comprehensive review of the structural properties of sterols (Crowfoot 1936). It was possible 

for Dorothy to predict, using Bernal’s stereochemical models, the most probable crystal 

structure for many of the sterols including their packing and spatial characteristics. However, 
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it was not possible to calculate electron densities from these crystals due to the lack of phase 

information (Palmer et al. 2007).  In 1945, Carlisle and Crowfoot turned their attention to 

cholesteryl iodide crystals. In a classic paper published by the Royal Society of London, they 

described the presence of two polymorphic forms of cholesteryl iodide, denoted A and B. 

They reported the structures in projection down the b-axis, but only reported the 3-

dimensional structure of form B (Carlisle, Crowfoot 1945). This was one of the earliest 

examples of a structure being solved by heavy atom replacement using Patterson’s methods. 

It was a watershed moment. Previous structures had only been able to confirm what organic 

chemists already knew about structures, however the structure of cholesteryl iodide allowed 

the elucidation of the two different forms of the molecule, information which had hitherto 

been unknown to chemists. The B form of cholesteryl iodide was written about in textbooks 

for over a quarter of a century, but it was a half century later that the A form of the molecule 

was finally solved from crystals left in a drawer 50 years prior (Palmer et al. 2007).  Dorothy 

Crowfoot, (also known as Dorothy Hodgkin) followed up on her success with cholesteryl 

iodide, and successfully solved the structure of  penicillin (Crowfoot et al. 1949) and vitamin 

B-12 (Hodgkin et al. 1955), thus ushering in the era of biological macromolecular 

crystallography. She won a Nobel prize for her efforts in 1964. 

 Macromolecular crystallography posed an enormous challenge for early researchers 

due to the complexity of the calculations involved in structure determination. While it was 

possible to perform Fourier synthesis on small molecules, solving large bio molecules 

involved thousands of calculations. Even with incremental algorithmic improvements, the 

use of Beevers-Lipson strips for Fourier syntheses (Beevers, Lipson 1936), and motor driven 
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adding machines, the solution of large, complicated molecules such as proteins was out of 

reach. This all changed in 1951 when a crystallographer named John Kendrew, and a 

biochemist named John M. Bennet described their use of the Cambridge EDSAC computer to 

calculate the Fourier synthesis of structure factors of the protein molecule myoglobin. The 

first published account of this research appeared in the Manchester University Computer 

Proceedings Conference in 1951(Kendrew, Bennet 1951). A more formal version of the 

paper was received by Acta Crystallographica on July 28, 1951 (Hook, Diana H. Norman, 

Jeremy M. 2002) and was published in 1952.  

 In mid 1952, Rosalind Franklin, working as a research associate in the lab of John 

Randall at King’s College, London, England produced a famous X-ray photo of DNA, now 

known as “photo 51” (Everson 2007). This photo was the crucial piece of evidence that 

enabled the eventual solution of the structure of DNA. The solution and accompanying X-

Ray photograph were published in back to back papers in Nature in 1953 (Watson, Crick 

1953, Wilkins, Stokes & Wilson 1953).   

 Despite significant progress in small molecules, the situation with proteins remained 

stagnant. Though Patterson methods of isomorphic replacement seemed to work for small 

molecules, no one knew how, in practice, the complete structure of a crystalline protein could 

be found using X-rays. In 1954, Max Perutz and his colleagues at Cambridge University 

showed that heavy atoms could be attached to proteins at specific locations. The resulting 

diffraction patterns from these complexes were heterogenous enough that difference maps 

could be constructed, and the phases could be solved through isomorphic replacement 

(Green, Ingram & Perutz 1954). In 1958, J.C. Kendrew and colleagues, in the Cavendish 
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Laboratory at Cambridge University, leveraged this discovery and the EDSAC computer to 

elucidate, to a resolution of approximately 6Å, the tertiary structure of the myoglobin 

molecule (Kendrew et al. 1958). This was the first 3 dimensional protein structure solved by 

X-ray crystallography. 

 

X-ray Crystallography and Virology 

 

 The first application of X-ray crystallography to a virus occurred in 1936 when Ralph 

Wyckoff and Robert Corey working at Rockefeller University in Manhattan, NY, USA shot 

X-ray photographs of powdered specimens of  Tobacco mosaic virus (TMV) prepared by 

their colleague, W.M. Stanley (Wyckoff, Corey 1936). In 1938 Frederick Charles Bawden 

and N. William (Bill) Pirie working together at the Rothamsted Research Station in 

Harpenden, England crystallized Tomato bushy stunt virus (TBSV) for the first time 

(Bawden, F. C., and N. W. Pirie. 1938). In 1941, J.D. Bernal used these crystals to take the 

first X-ray photographs of a single crystalline specimen of an entire virus (Bernal, Fankuchen 

1941b).  In 1945, Dorothy Crowfoot succeeded in obtaining an X-ray diffraction pattern from 

a single crystal of Tobacco necrosis virus (Crowfoot, Schmidt 1945). These early 

experiments provided the impetus for further experimentation using both the powder 

diffraction and single crystal diffraction techniques. 
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Powder Diffraction of Tobacco mosaic virus 

 

 One of the earliest investigators to leverage the powder diffraction technique of X-ray 

crystallography for the investigation of viruses was Rosalind Franklin. In March of 1953, 

shortly after the publication of her famous DNA photo, Franklin left King’s College and 

moved to Birkbeck College of London in London, England. At Birkbeck, she was recruited 

by J.D. Bernal, then head of the physics department, to work in his laboratory. In Bernal’s 

crystallography laboratory, Franklin set out to determine the internal structure of the TMV 

virus particle by X-ray diffraction. Franklin quickly realized that the way to do this was with 

isomorphic replacement. The technique had not thus far been applied to non-crystalline 

specimens. Franklin obtained three samples, a normal (wild-type) sample of TMV, a mercury 

substituted sample containing one mercury atom per 20,000 molecular weight of protein, and 

a re-polymerized “A” protein, an RNA free complex, presumably the TMV protein subunit, 

first isolated by Gerhard Schramm, at the Max Planck Institute for Virus Research in 

Tübingen, Germany (Creager, Morgan 2008).  She used monochromatic kα radiation and a 

high-resolution focusing camera to take pictures of each sample (Franklin 1956).  She then 

embarked on a data analysis project, without the aid of a computer, in which she compared 

results from her studies with those of Donald Caspar, who had done a thesis project at Yale 

University in New Haven, CT, USA the year before on the same topic (Klug 1999).  He too 

had used isomorphic replacement to elucidate the structure, but had used lead instead of 

mercury as his heavy atom derivative (Caspar 1956). He had also used a slightly different 

technique – Compton X-rays and a Geiger counter – to do his calculations. By comparing 
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Casper’s data with her own, Franklin soon figured out that, despite the differences in 

preparation and technique, the equatorial scattering intensities of the wild type virus were 

nearly the same. There were, however, significant differences between the re-polymerized A-

protein and the wild type pictures. The differences were most marked on the equator, but 

were significant on all the layer lines that could be accurately measured. The major structural 

difference was at a radial distance of ~40 Å: the wild type preparation had its strongest 

density maximum at this position, but the A-protein preparation had a pronounced minimum 

at this position. From her previous work with DNA (Franklin, Gosling 1953), Franklin knew 

that the phosphate group of nucleotides acts as a “heavy atom”, and that the scattering profile 

from the phosphate group dominates over the rest of the nucleotide. She thus concluded that 

the density difference at the 40 Å mark between the wild type and A-protein preparations 

must be due to the presence of the RNA. This meant that, rather than being sequestered in the 

core, the RNA was actually deeply embedded in the protein coat. This hypothesis was later 

confirmed for TMV, and it turned out to be true for many other viruses as well. Rosalind 

Franklin’s work was seminal in at least two ways: it demonstrated for the first time that 

rather than being a simple wrapper for RNA, the protein coat actually interacts with its cargo.  

It also demonstrated the utility of X-ray crystallography and isomorphic replacement in the 

study of viruses, a technique that is still in widespread use today. 
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Theoretical Advances in Structural Virology 

 

 In 1956, James Watson and Francis Crick, working at the Cavendish Laboratory at 

Cambridge University, published an article in Nature theorizing that small plant viruses were 

essentially small molecules consisting of two chemical components: RNA and protein (Crick, 

Watson 1956). They based their hypothesis on the following observations: (1) electron 

micrographs of spherical viruses studied to date showed that plant virus populations are 

similar in shape and size (Williams 1950) and (2) since small viruses can form crystals, there 

must be a high degree of order that exists within the viruses. They further postulated that 

there is a general framework that describes the relative positions of RNA and protein in the 

viruses. The majority of the protein lay on the outside of the virus while the RNA was 

contained in the core. They noted that this arrangement had been definitively established for 

two viruses, Turnip yellow mosaic virus, a spherical virus (Markham 1951) and TMV, a rod 

shaped virus. They hypothesized that the protein component of a round virus is a spherical 

shell, and that of a rod virus is a cylindrical shell. The shells are constructed from a large 

number of identical protein molecules, of small or moderate sized, packed together in a 

regular manner. Watson and Crick’s paper in Nature was followed directly by a paper from 

Donald Caspar on the structure of TBSV (Caspar 1956) in which he clearly showed that 

TBSV contained subunits and had certain “axes of symmetry”: a fivefold axis, a threefold 

axis and a twofold axis. This configuration he termed “point group 532 symmetry”. The 

implication of point group 532 symmetry is that the virus is built from sixty structurally 

identical asymmetric units. By some simple mathematical calculations on the molecular 
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weight of the virus, he deduced putative values for the molecular weight of the sub-units. 

This was the first published indication that spherical plant viruses may exhibit icosahedral 

symmetry.  

Rosalind Franklin, still at Birbeck College in London, followed up extensively on 

these results, but died of ovarian cancer, possibly induced by her work on X-rays, in 1958.  

Fortunately, her colleague Aaron Klug carried on with the research. In 1959, Klug published 

a paper describing studies on poliomyelitis virus which he dedicated to the memory of 

Rosalind Franklin.  In this study, Klug presented evidence that confirmed that this virus too 

exhibited icosahedral symmetry (Finch, Klug 1959).  Klug hypothesized that there is a 

general principle at work in spherical viruses that makes the icosahedron the favored 

structure. Briefly, Klug hypothesized that there is an upper limit on the length of the amino 

acid sequences due to the limited amount of RNA in the capsid which encodes the coat 

protein. The virus must of necessity be formed of small identical peptides, and of all the 

types of cubic symmetry it is icosahedral symmetry which allows the use of the greatest 

possible number (60) of identical structural units in building the framework. Klug predicted 

that the number of subunits in a small spherical virus then must be some multiple of 60. This 

work, combined with the untimely death of Rosalind Franklin, sparked a transatlantic 

collaboration between Donald Caspar and Aaron Klug. In this work Caspar and Klug 

continued both the investigation of spherical plant viruses and the work on helical TMV that 

was started by Rosalind Franklin. In the course of this work, they began to understand the 

design of icosahedral viruses. Caspar was half way through a manuscript on quasi-

equivalence when Klug got the invitation to speak at the 1962 Cold Spring Harbor 
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Symposium. Klug invited Caspar and they literally cut up Caspar’s original manuscript and 

reassembled it with new material. The paper they presented (Caspar, Klug 1962) introduced 

several new terms. “Triangulation number” was used to describe possible icosahedral surface 

lattice designs. “Quasi-equivalence” was used to describe nearly equivalent bonding of 

identical units. “Self-assembly” was used to identify assembly processes that are controlled 

by the specific bonding of these parts. The paper also imported the analogy that viruses were 

built somewhat like the geodesic domes popularized by Buckminster Fuller (Fuller 1954). 

This idea has been widely accepted, but is known to have exceptions. The first exception to 

the theory was discovered in Caspar’s own laboratory at Brandeis University (Waltham, 

MA., USA) by Ivant Rayment in 1982 (Rayment, Baker & Caspar 1982). An anachronistic 

aspect of the paper is the repeated reference to “Casper and Holmes, 1963” a paper which 

was promised but never published.  In the 1963 paper, Casper and Holmes were to expound 

upon the physical aspects of viral design and assembly. In fact, much of this theory was 

incorporated into the 1962 paper. Hence, the 1963 paper never materialized. The 1962 paper 

was much more a theoretical construct than an actual experiment, yet it synthesized a huge 

amount of previous research done in the previous decade.  The theory, while not perfect, is 

nonetheless extremely useful for describing viral capsid protein symmetry. It has been 

incorporated extensively in modern publications and in data repositories such as the ViperDb 

(Tripp et al. 2009). 
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Spherical viruses Studied by Single Crystal Diffraction Techniques 

 

In the spring of 1964, Stephen C. Harrison, an ambitious graduate student in the 

biophysics program at Harvard University, decided he was interested in macromolecular 

structure. After some preliminary exploration, including a stint in the laboratory of Aaron 

Klug at Cambridge University where he did ultra-centrifugation experiments on Turnip 

crinkle virus (TCV), Harrison decided to work on TBSV with Donald Caspar. His intent was 

to determine the structure of TBSV for his Ph.D. thesis at Harvard University. In the fall of 

1965, Harrison took up residence in Caspar's lab at Harvard and began the process of 

growing crystals. It was slow work. He started with some older samples that Don Caspar still 

had in the laboratory. It took 3-4 months for the first tiny crystals to appear. Once Don 

Caspar's viral stock had been depleted, Harrison utilized preparations provided by C.A 

Knight from the University of California, Berkeley. After some experimentation, Harrison 

learned to seed the crystals thus enhancing the crystallization process. Harrison soon found 

that the traditional colorimeter used to obtain X-ray diffraction patterns from single crystals 

(Bolduan, Bear 1949) was insufficient for virus crystals. The problem was caused by the 

large unit cells inherent in the virus crystals. To overcome this problem, Harrison designed a 

point-focusing camera that combined two bent-glass mirrors at right angles. The design had 

been introduced by A. Franks in 1955 (Franks 1955). The apparatus that Harrison eventually 

created produced a highly collimated beam which allowed him to collect data from TBSV to 

a resolution of 17Å (Harrison 1968). In 1969, Harrison published the first of several papers 

dedicated to the structure of TBSV. In his first paper, Harrison utilized data from small angle 
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X-ray scattering of the virus in solution, small angle X-ray scattering from gels of the virus 

and single crystal X-ray diffraction to deduce a very general structure of the virion particle. 

This early publication put the total diameter of TBSV at ~300 Å, with an RNA density from 

a radii of 100 to 110 Å. From this data, Harrison speculated that the TBSV virion may 

contain a single protein shell with a large (groove) that the RNA fit into, or a double shell 

configuration in which the RNA was “sandwiched” between the two protein layers (Harrison 

1969). In 1970, Aaron Klug’s lab showed that it was possible to use Fourier synthesis to 

generate three dimensional reconstructions of viruses. Their calculations confirmed 

Harrison’s earlier observations from X-ray data (Crowther et al. 1970).  At this point, the 

resolution range of the two technologies of electron microscopy and X-ray diffraction were 

almost identical. This point was underscored by back to back presentations at the Cold 

Spring Harbor Symposium in 1971.  Crowther presented a paper in which he used his Fourier 

tranforms to generate three dimensional images of Human papilloma virus (HPV; which at 

the time was called Human Wart Virus ) at a Fourier cutoff of 37 Å, while TBSV and TCV 

reconstructions were shown to a cutoff of  25 Å (Crowther, Amos 1972).  Harrison presented 

a paper in which he put a resolution of 30 Å on the structure of TBSV. In this paper, he also 

noted the utility of platinum as a heavy atom derivative (Harrison 1972). 

 In 1975, Harrison and Crowther combined the results of their experiments and 

showed that one could obtain phase information, essential for X-ray analysis from Electron 

microscopy (Jack, Harrison & Crowther 1975).  Armed with this information, Harrison was 

able to get the resolution of TBSV to 16 Å. He used the method of multiple isomorphic 

replacement to accomplish this. Heavy atom derivatives of both mercury and platinum were 
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utilized for the process (Harrison, Jack 1975). The next breakthrough in resolution came 

about in 1977 when the data was refined to 5.5 Å. A major contribution to this improvement 

in refinement was the increased computational power and computing interactivity afforded 

by Programmed Data Processor (PDP) computers (Winkler et al. 1977). In 1978, 13 years 

after his first attempt, Harrison finally published the structure of TBSV to 2.9 Å (Harrison et 

al. 1978).  The paper was seminal in a number of ways: first, Harrison had demonstrated that 

near atomic resolution structure of an entire virion was possible through single crystal X-ray 

crystallography. Second, a number of myths regarding TBSV were finally and definitively 

laid to rest: it was now firmly established that there was only one protein coat, not a dual 

layer as Harrison had originally proposed. The idea of the P and S domains, coupled together 

by a protein (not RNA) hinge was established. The flexible N-terminal arm was visualized 

and described. The idea that a protein could have a long disordered arm that could wrap in 

different ways depending on the internal virion environment was a new development in 

virology. In 1980, Harrison and colleagues published a detailed analysis of the 2.9 Å 

structure utilizing the quasi-equivalence concept of viral architecture (Caspar, Klug 1962). In 

this paper, they postulated that the single coat protein of TBSV was able to adopt three 

distinct conformations in the intact virus. The different conformations were denoted as A, B 

and C conformations. A “trimer” consisting of three coat proteins with one coat protein in 

each of the  A, B and C conformations formed an asymmetric unit from which the entire 

virion could be constructed (Harrison 1980).  Harrison’s 1980 diagrammatic representation 

of the architecture of TBSV formed the basis for understanding numerous T=3 icosahedral 

viruses. The diagram is shown in Figure 5. 
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Figure 5.  Tomato bushy stunt virus Architecture.  b. Structure of a single coat protein. The 

protruding  domain (P), shell domain (S), hinge domain (H), arm domain, (a) and RNA 

interacting domain (R) are shown.  c. Model of whole virion.  Protruding domains (P 

domains) of coat protein in A and B conformations are juxtaposed, as are P domains of 

adjacent coat proteins in C conformation. (d) The two principal states of the TBSV subunit 

viewed as dimers about s2 and q2. Coat Proteins in C conformations have the interdomain 

hinge "up" and a cleft between twofold related S domains, into which fold parts of the N-

terminal arms (Harrison 1980).  

 

The coat protein in A, B, and C subunit conformation and the N-terminal arm domain 

observed in TBSV were also observed in Southern bean mosaic virus (SBMV), another virus 
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crystalized in 1980. SBMV was solved at 2.8 Å resolution and shown to possess an N-

terminal arm motif, extending into the interior of a virion from an eight-stranded β-barrel S-

domain (Abad-Zapatero et al. 1980). This eight stranded anti-parallel β-barrel was later 

described as having a “jellyroll” shape (Richardson 1981). 

 In 1982, the structure of Satellite tobacco necrosis virus, a T=1 icosahedral virion 

was determined at a resolution of 3.0 Å. The analysis of STNV showed that the jellyroll 

topology observed in SBMV and TBSV was conserved in STNV (Liljas et al. 1982). STNV, 

however, lacked the P domain. In 1983, the detailed conclusion of the TBSV work was 

finally published. The most striking observation was the modularity of the TBSV subunit 

design. The segregation of the R, S and P region of the coat protein as well as the connecting 

arm into discrete domains was firmly established. It was noted that this segregation into 

domains must have some functional significance. It was also noted that the unseen 

components occupied a volume nearly identical to the volume of the internal cavity of the 

particle defined by the inward-facing surfaces of the S domains and ordered C subunit arms 

of the coat protein (Olson, Bricogne & Harrison 1983). 

 In 1985, Jim Hogle and colleagues at the Research Institute of the Scripps Clinic, La 

Jolla, California utilized the techniques perfected during the elucidation of the plant virus 

structures to solve the structure of Poliovirus at 2.9 Å. This was the second animal virus 

solved, and the first animal virus ever solved without the use of synchrotron radiation (Hogle, 

Chow & Filman 1985).  

 In 1986, the crystalline structure of Turnip crinkle virus was resolved to 3.2 Å making 

it the fourth plant virus to have its X-ray structure resolved (Hogle, Maeda & Harrison 1986).  
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In 1988, the first diffraction pattern of crystalline single-stranded DNA virus was observed 

when Canine parvovirus (CPV) was crystallized and exposed to X-rays from a rotating 

anode source (Luo et al. 1988). 

 

Solution of the Tobacco mosaic virus Structure 

 

 In 1989, TMV was one of the most thoroughly investigated plant viruses on the 

planet. The complete amino acid sequence of the coat protein had been determined (Tsugita 

et al. 1960) and the complete sequence of the viral genome was known (Goelet et al. 1982).  

Previous experiments had shown that each virion contained 2130 identical coat protein 

subunits. The coat protein had a molecular weight of 17,500 daltons, and was arranged as a 

right handed helix with a pitch of 23 Å. Forty nine protein subunits were necessary to 

complete three helical turns. Although it was well studied by X-rays, no crystal structure had 

been published as TMV, like most filamentous particles, would not crystallize. The 

determination of the TMV structure, therefore, was done using the method of fiber 

diffraction. The samples that were used were quite old. They had been prepared over a period 

of 15 years between 1960 and 1975. The samples were prepared by drawing pellets of 

centrifuged virus into quartz X-ray diffraction capillary tubes of nominal diameter 0.7 mm, 

mixing them with small quantities of buffer solution and moving the column of virus to 

orient the long particles by shearing forces. Samples prepared in this way are quite stable. In 

fact, the data used in the final refinement of the TMV structure was obtained from an image 

taken in 1982. The specimen that produced the image was made by K.C. Holmes in Donald 
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Caspar’s laboratory in 1960. Phase determination had been done by  Keiichi Namba and 

Gerald Stubbs at Vanderbilt University in 1985 (Namba, Stubbs 1985). The structure was 

now ready for molecular refinement. Namba and Stubbs accomplished by modifying a least 

squares refinement algorithm (Stubbs, Namba & Makowski 1986) that had been previously 

proposed and implemented by Wayne Hendrickson, who was then working under J.H. 

Konnert at the Indian Academy of Science in Bangalore, India (Hendrickson, Konnert 1980). 

The structure factor calculation in Hendrickson’s original algorithm was replaced by a 

Fourier-Bessel transform and intermolecular interactions were added as restraints. Namba 

and Stubbs also included restraints from covalent bonds between asymmetric units, in 

particular, the continuous strand of RNA that follows the basic helix of the TMV structure. 

They found that their stereochemically restrained least squares approach worked pretty much 

as it does in protein crystallography. Once the refinement cycles were complete, they set 

about building a model, which fit their solvent-flattened electron density map of 3.6 Å. The 

refinement was extended to a resolution of 2.9 Å making it possible to visualize the contacts 

between nucleic acid and protein in the virion. The final model contained 1379 atoms which 

included 71 water oxygen atoms, two calcium ions and all of the non-hydrogen atoms in the 

RNA and protein. The refined atomic coordinates were deposited into the Protein Data Bank 

(Berman et al. 2000) at Brookhaven National Laboratory in Upton, New York (Namba, 

Pattanayek & Stubbs 1989). The structure ID is 2tmv. This was the first case ever of a virus 

in which protein-nucleic acid interaction could be visualized at the molecular level. 
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The Discovery of Synchrotron Radiation  

 

In the waning months of the Second World War, Edwin Mattison McMillan, an Associate 

Professor in the Department of Physics at UC Berkeley was stationed at what was to become 

Los Alamos National Laboratory. He had been summoned in November of 1942 by Robert 

Oppenheimer to work on weapons development for the Manhattan Project. The activity at 

Los Alamos reached a fever pitch in the summer of 1945 and climaxed on July 16, 1945 with 

the test of the world’s first atomic bomb. At this point, the end of the war was in sight and 

McMillan turned his thoughts again to the central problem of cyclotrons: the energy limit 

imposed by the relativistic increase in mass of the ions as they gain energy. The highest 

energy for accelerators at the time was the 60-inch cyclotron in Berkeley, CA. This cyclotron 

produced an electron beam of 19 megavolts (MeV). The next projected cyclotron was to 

produce beams of 100 MeV. This incremental progress was unacceptable to McMillan. A 

new idea was needed. Fortunately McMillan had such an idea. In a letter to the editor of 

Physical Reviews published on September 5, 1945, McMillan proposed a device that could 

make use of a “phase stability” possessed by certain orbits in a cyclotron. He showed that a 

particle whose energy is such that its angular velocity is precisely calibrated to match the 

frequency of an oscillating electric field would experience an acceleration and compensatory 

decrease in angular velocity when it passed through an accelerating gap just as the electric 

field passed through zero. The orbit is then stationary and any displacement in the 

equilibrium of the orbit will be quickly corrected. Hence, by varying either the magnetic field 

or the frequency, one could shift the phase of motion ahead just enough to provide an 
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acceleration force. This behavior was similar in principle to that of a synchronous motor, 

which in fact suggested the name “synchrotron” (McMillan 1945). This idea was proposed 

independently by Vladimer Veksler in 1944 (Veksler 1946). However, due to a lack of 

communication imposed by war, McMillan was unaware of this development (McMillan 

1946). 

 Several years passed before the two scientists shared the Atoms for Peace award for 

the contribution of the principle of phase stability (Physics Today 1963). However when 

other physicists read McMillan and Veksler’s papers, a feverish race ensued among 

enthusiasts in the field eager to be the first to prove the principle. F.K. Goward and D.E. 

Barnes, working in the Armament Research Department in Woolwhich, London won the race 

by two months, by modifying a betatron to accelerate electrons to 8 MeV (Goward, Barnes 

1946). On the other side of the Atlantic, a team at General Electric built a 70 MeV electron 

synchrotron, which was soon in production. This machine was not fully shielded, and the 

coating on the electron tube was transparent. This feature allowed a technician to look around 

the shielding with a large mirror to check for sparking in the tube. On April 24, 1947, Robert 

Langmuir and Herbert Pollock were trying to push the electron gun and its associated pulse 

transformer to the limit. Some intermittent sparking had occurred and Floyd Haber, a 

machinist who had assembled the laminated magnet for the synchrotron, was asked to 

observe with a mirror around the protective concrete wall which separated the machine from 

the control room. He signaled to turn off the synchrotron as “he saw an arc in the tube.”  

Further investigations revealed that the mysterious bright spot of light only occurred when 

the 163-Mc rf cavity resonator was running and the electron gun was calibrated correctly. 
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The intensity of the light remained high when the electron beam was decelerated from 70 

MeV to 10 MeV without bringing the beam to the target or gun (Pollock 1983). The 

scientists immediately knew that the radiation they were observing was the same radiation 

predicted by Julian Schwinger of Harvard University (Schwinger 1949). They called the 

phenomenon “Schwinger radiation”. The radiation was actually considered an enormous 

nuisance in the field of electron accelerators as it placed an upper limit on a betatron 

accelerator’s energy output (Iwanenko, Pomeranchuk 1944). The “Schwinger radiation”, 

which has come to be known simply as “synchrotron radiation”, was of immediate use in 

optimizing synchrotron adjustment, operation and design (Pollock 1983). However, it was 

still an unintended and unwanted byproduct of synchrotron accelerators. The utility of the 

radiation was first recognized in 1956 when Tomboulian and Hartman, using a 300 MeV 

synchrotron at Cornell University, first investigated the characteristics of synchrotron 

radiation in the extreme ultraviolet region. They recognized that the continuous nature, high 

intensity and wide spectral coverage of the radiation could be quite useful in calibration 

applications. They also demonstrated the utility of the radiation in spectroscopy by 

measuring the transmission of beryllium and aluminum foils near the K and L edges 

(Tomboulian, Hartman 1956).  

 In 1961, the National Bureau of Standards (NBS) in Washington, DC, modified its 

180 MeV electron synchrotron to allow access to the radiation. This was done by adding a 

single tangent port so that the radiation could be accessed. The spectroscopists were known 

as “parasitic users” since the primary aim of the synchrotron was not to access the radiation 
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per se. Early experiments involved investigating the absorption spectra of single elements 

such as argon, xenon, calcium, strontium, barium and oxygen (Codling 1997).   

 The next major technological advance was the advent of electron storage rings. The 

idea of a storage ring for achieving colliding beams was first proposed by Lichtenberg, 

Newton and Ross, all Indiana University physicists at a meeting in Bloomington, Indiana in 

February of 1956. The same idea was proposed independently by Gerry O’Neill of Princeton 

University, (Princeton, New Jersey, USA) later that spring. In the years between 1956 and 

1965, the Midwestern Universities Research Association (MURA), a group of physicists 

interested in the field, pursued the idea, writing government proposals, sitting on government 

advisory committees and making important incremental improvements to the nascent field of 

synchrotron technology. In 1965, MURA began a project that ultimately resulted in the 

construction of a 240 MeV electron storage ring that became known as Tantalus I. The 

original purpose of the instrument was for particle physics. It’s success as a research 

instrument was due to a serendipitous event in 1967 when Professor P. G. Kruger of the 

University of Illinois pointed out the existence of the machine to members of a subcommittee 

of the Solid State Panel of the American Academy of Sciences which was sitting to consider 

the uses of synchrotron radiation in solid state physics (Brown et al. 1966). This in turn led to 

contact being established between E.M. Rowe, F.E. Mills and Professor F.C. Brown of the 

University of Illinois. The collaboration eventually spawned a synchrotron radiation research 

program using a storage ring located at the Physical Sciences Laboratory of the University of 

Wisconsin. The injector for the storage ring was a 50 MeV FFAG electron synchrotron (The 

MURA Staff 1961). The first circulating beam was achieved in the storage ring in February 
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of 1968 and the first stored beam at full energy was achieved in March of 1968. Three 

months later, the first hard data was obtained and subsequent to that event, the storage ring 

was operated exclusively as a synchrotron radiation source (Rowe, Mills 1973,). On August 

7, 1968, the storage ring known as Tantalus I(Figure 6) produced its first data when Dr. 

Ulrich Gerhard, a postdoctoral research associate from the University of Chicago, carried out 

a simultaneous reflection and absorption measurement on cadmium sulfide (CdS) over the 

wavelength range of 1100 Å to 2700 Å. The circulating beam current was about 1.4 mA 

(Lynch 1997).  

 

 

Figure 6. The world’s first synchrotron, Tantalus I. Seven of the eight bending magnets can 

be seen. The ‘disk’ on the right is the r.f. cavity. The University of Chicago’s focusing-mirror 

chamber is in the foreground (Lynch 1997).  

 

 The success of the Tantalus I storage ring sparked a surge of interest. In 1971, 

synchrotron-radiation work began on the 540 MeV ACO storage ring at the Orsay laboratory 
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in France. With the help of the Wisconsin group, the U.S. National Bureau of Standards 

(NBS) converted its synchrotron into a 250 MeV storage ring (SURF II) in 1974. The same 

year the INS-SOR group (now part of the Institute for Solid State Physics) in Tokyo began 

commissioning a 300 MeV storage ring, generally considered the first machine designed 

from the start specifically for the production of synchrotron radiation. The first storage ring 

in the multi- GeV class to provide X-rays to a large community of synchrotron-radiation 

users was the 2.5-GeV SPEAR ring at the Stanford Linear Accelerator Center (SLAC). A 

SLAC beamline with five experimental stations was added in 1974 under the auspices of the 

Stanford Synchrotron Radiation Project (Robinson 2001). In 1979, at the Cornell High 

Energy Synchrotron Source (CHESS), the Cornell Electron Storage Ring was added. 

 

Virus Crystal Structures Solved Using Synchrotron Radiation 

 

 In 1983 Michael Rossmann and John Erickson, working in the department of 

biological sciences at Purdue University began a study using Human rhinovirus 14 (HRV14). 

The crystals were very sensitive to radiation. They deteriorated during the time it took to set 

up the X-ray camera properly, thus making it impossible to collect high quality data. 

Rossmann and Erickson solved this problem by utilizing oscillation photography.  A fresh 

crystal was optically aligned and multiple photographs were taken using a rotation camera. 

This not only saved valuable synchrotron time, but it also allowed more photographs to be 

made with less radiation exposure. Rossmann and Eriskson termed their new procedure the 

'American method' as it demanded that the shooting be done first and the questions asked 
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later, consistent with the normal procedure of law enforcement in the Wild West (Rossmann, 

Erickson 1983).  In 1985, using their newly established American Method, Rossmann and 

others reported the structure of HRV14 to 3.0 Å (Rossmann et al. 1985).  This was the first 

near atomic resolution structure of an animal virus. The achievement was possible thanks to 

the availability of synchrotron radiation from the CHESS facility, increased computational 

capability of computers and methodological advances established by Harrison, Unge and 

others working with plant viruses. The work was a milestone in structural virology. Not only 

was it the first animal virus ever solved to high resolution, it was also the first virus of any 

kind to be solved using synchrotron radiation. The structure of the virus was found to be 

similar to TBSV and SBMV, complete with T=3 icosahedral symmetry and pseudo-

equivalent subunits VP1, VP2 and VP3 exhibiting great similarity both in their tertiary fold 

and in the quaternary organization to the A, B and C quasi-equivalent structures in TBSV. 

The surprising structural conservation immediately implied an evolutionary link between 

plant and animal viruses. Since conservation of three-dimensional structure is almost 

invariably greater than conservation of amino-acid sequences, the structural comparison can 

be used to trace divergent evolution over much longer time spans than would be achievable 

by amino acid comparisons alone (Rossmann et al. 1985).   

 In 1987, the M variant of Mengovirus was solved at 3.0 Å using high quality 

oscillation photographs obtained at CHESS.  Mengovirus was the first virus solved without 

the use of isomorphic replacement techniques. The structure was solved with only the atomic 

structure of a closely related virus available for use as a starting model (Luo et al. 1987). The 

crystals were extremely radiation sensitive, so the so-called ‘American Method’ – shoot first 
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and ask questions later -- was utilized and extended (Luo et al. 1989). The overall viral 

structure of Mengovirus resembles that of HRV14, however considerable differences were 

noted in the surface features of VP1 and the VP4 subunit was relocated (Luo et al. 1987). 

 The case of Foot and mouth disease virus (FMDV) presented a logistical challenge. 

Since FMDV is a highly contagious pathogen and represented a major threat to livestock, the 

containment and security of the virus was extremely important.  The virus was crystallized in 

1987 by the Brown lab in Pirbright, England (Fox et al. 1987).  Crystals then had to be 

transported 207 miles to the Synchtrotron Radiation Source (SRS) in Daresbury, England. 

The trip was approved months in advance by the chief veterinary officer in the United 

Kingdom. Each trip could be only 24 hours in duration and a Safety Officer had to 

accompany the scientists on their trips. Since FMDV is unstable below pH 7, citric acid 

swabs were placed on the oscillation camera under the glass capillary holding an FMDV 

crystal. This ensured that in case of accidental breakage of a capillary, the FMDV crystal 

would be neutralized by the citric acid. Fortunately, no capillaries were ever broken 

(Helliwell 1992).  

The analysis of FMDV was completed in 1989 (Acharya et al. 1989).  Its completion marked 

a milestone in that at least one representative of each of the then known genera in the 

Picornaviridae family had been solved at near atomic resolution by X-ray crystallography. 

The analysis showed that FMDV was structurally similar to Poliovirus, HRV14 and 

mengovirus but it lacked the canyon or pit feature that was present in the enterovirus, 

rhinovirus and cardiovirus families (Acharya et al. 1989). This had serious implications for 

the viability of the so called “canyon hypothesis” which proposed that the site of cell 
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attachment is a depression on the surface of the virus which is inaccessible to antibodies and 

thus shields the virus from immune surveillance (Rossmann et al. 1985). The news of the 

solution of FMDV generated some interest in the popular press with the New York Times 

dedicating an article to it (New York Times, 1989). 

 Two synchrotron sources were used to solve the capsid structure of Black beetle virus 

(BBV) to 3.0 Å resolution. The native data was collected at the Laboratoire pour l’Utilization 

du Rayonnement Electromagnetique (LURE) facility in ORSAY, France while a mercury 

acetate derivative was shot at the CHESS facility at Cornell. It was the first insect virus ever 

solved. It was also the first icosahedral virus with a T=3 triangulation number ever to be 

solved on a synchrotron. The virus contained the familiar eight-stranded anti-parallel β-barrel 

motif found in TBSV, SBMV, CPMV and the Picornaviruses. It also contained the “arm” 

segment found in the other viruses, but the details were slightly different. In the plant viruses, 

the arm was contributed by the C subunits and constituted an additional strand, directly 

connected to the β-barrel. In the plant viruses, this strand was invisible in the A and B 

subunits and the groove in the quasi-twofold joint created by the A and B P domains is 

empty. In BBV, however, the groove is occupied by the arm. The arm, however, is 

disordered at both termini, hence, it is not connected to the β strand of the C subunit. The 

nucleotide sequence of this disconnected arm was not clear (Hosur et al. 1987).   

 The first viruses studied at synchrotrons were animal viruses. Shortly thereafter, plant 

virus researchers began to realize the benefits of synchrotron radiation. The first plant virus 

studied on a synchrotron was Cowpea mosaic virus (CPMV) in 1984. The data collection 

was done by Usha and colleagues at the LURE facility in France. CPMV virus crystals 
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diffracted to 4.3 Å. The study laid the groundwork for the processing of data with large unit 

cells (Usha et al. 1984). Bean pod mottle virus (BPMV) was the first plant virus to have its 

molecular structure solved at near atomic resolution (1.42 Å) using a synchrotron. The data 

collection was done at CHESS and the structure was solved to a resolution of 3.0 Å. Nearly 

20 % of the BPMV RNA was found bound to the interior of the capsid. The electron density 

was clearly visible and nucleic acid was readily fitted. BPMV was the first virus in which the 

positions of protein-nucleic acids were directly obtained from a diffraction pattern (Chen et 

al. 1989).  

 Human rhinovirus serotype 1a (HRV1A) was the second rhinovirus to be solved at 

CHESS. The analysis of HRV1A showed that it was quite similar to HRV14 with the major 

differences appearing in the loops and corners of the VP1, VP2 and VP3 segments where 

insertions or deletions occurred. The packing was also slightly different, with the VP1 and 

VP3 subunits rotated about 1 degree and translated by about 0.9 Å with respect to HRV14 in 

HRV1A.  The structure of the NIm-IA binding site, one of four major antigenic sites 

identified on surface proteins of the HRV-14 virion using monoclonal antibody escape 

mutants, (Sherry et al. 1986) was slightly different. The NIm-IA site in HRV1A includes a 

loop that was determined to be much shorter and less protruding than in HRV14. The “WIN” 

binding pocket is a cleft located inside the VP1 β-barrel which is the binding site of antiviral 

drugs that inhibit cell attachment. It is named for its affinity to certain WIN antiviral 

compounds such as WIN 53338 manufactured by Sterling-Winthrop, Inc. The WIN binding 

pocket was different in HRV1A in that it looked similar to that of HRV14 when bound to a 

drug complex rather than in the native form. The authors speculated that this was due to the 
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presence of a sucrose molecule that was bound to the entrance of the pocket thus holding the 

hole in the WIN pocket open (Kim et al. 1989).     

 The bacteriophage MS2 was the first bacterial virus to be solved by X-ray 

crystallography. While some X-ray photographs were obtained using conventional X-ray 

sources, the bulk of the work was done at the Science and Engineering Research Council 

(SERC) Synchrotron Radiation Source (SRS) in Daresbury, England. An analysis of the MS2 

structure showed a tertiary structure unlike that of other icosahedral viruses: instead of the 

canonical eight stranded antiparallel β-barrel, the main chain of the protein subunit folded 

into 7 β strands and two α helices. Five of the β strands made up a twisted sheet of the β-

meander type. These strands formed the RNA-facing subunit. The remaining two antiparallel 

strands were on the outside of the particle, crossing the BC-BG sheet at an angle of about -

35° (Valegard et al. 1990). The structure was later revised and the two short β strands 

connected by a loop that were seen in the original solution were consolidated into a single 

long β strand (Golmohammadi et al. 1993). The original and refined C conformations of the 

MS2 coat protein, together with the TBSV coat protein, are shown in Figure 7.  
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Figure 7. Ribbon diagrams of jellyroll structural motifs. A. TBSV coat protein showing the 

canonical eight stranded antiparallel jellyroll (Richardson 1981) structural motif. B. An early 

solution of MS2 coat protein structure showing five β strands. C. A refined MS2 coat protein 

structure showing four β strands. Rendered with VMD. 

 

The main-chain folding of the MS2 dimer was similar to that of bovine platelet factor 

4 dimer, and of a domain in the class I histocompatibility antigen, HLA-A2 (Bjorkman et al. 

1987). Both of these complexes are structures composed of a six or eight-stranded β sheet 

and have two antiparallel helices on one side of the β sheet.  

 Prior to the solution of the MS2 structure, the only example of an icosahedral 

structure that did not contain the β-sandwich motif was the bifunctional enzyme complex of 

heavy riboflavin synthase (Ladenstein et al. 1988, Klug 1999). This non-viral structure was 

shown to form a T=1 icosahedron consisting of 60 identical β subunits enclosing three α 

subunits in the central core. The main chain of the β subunits in heavy riboflavin synthase 

folds into a parallel four-stranded β sheet (Figure 8). 
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Figure 8. Ribbon diagram of Riboflavin synthase subunit. The four stranded β sheet is 

similar in structure to MS2. Rendered in VMD. 

 

MS2 was the first example of an icosahedral virus that did NOT contain the canonical 

jellyroll motif (Richardson 1981). 

 The Bacteriophage ΦX174 (Phi X) was the first DNA genome to be sequenced. Phi X 

is a single stranded DNA phage which consists of 11 genes. Four of the 11 gene products, (J, 

F, G and H) participate in the structure of the virion. The crystal structure of Phi X was first 
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investigated in the Rossmann laboratory at Purdue University (West Lafayette, IN, USA) 

beginning in 1990. The phage crystalized in the space group P21. By this time, a number of 

synchrotron sources were in operation. The Purdue team used four of them: the Deutsches 

Elektronensynchrotron (DESY) in Germany, the SRS facility in Daresbury, England, the 

Stanford Synchrotron Radiation Laboratory (SSRL) at Stanford University in California and 

the Brookhaven National Laboratory, National Synchrotron Light Source (NSLS) at 

Brookhaven, NY (Willingmann et al. 1990). The central motif of the F protein was the 

canonical eight stranded antiparallel β-barrel that, with the exception of the MS2 phage, was 

found in all icosahedral viruses crystallized and solved to near atomic resolution at that time 

(McKenna et al. 1992). 

  

Advances in Structural Virology (1990- present) 

 

 During the early 1990’s, numerous viruses were crystallized and studied. The 

availability of high resolution crystal structures for multiple strains of the same virus species 

enabled significant advances in understanding. A prime example of this is illustrated by the 

elucidation of the virulence sites in Theiler murine encephalitis virus (TMEV). In 1992, two 

separate strains of TMEV were crystallized and solved independently by separate groups. 

TMEV strains are categorized into two groups, a neurovirulent group that rapidly kills the 

host and a demyelinating group that causes a generally nonlethal infection of motor neurons 

followed by a persistent infection of the white matter with demyelinating lesions similar to 

those found in multiple sclerosis. The Daniel’s (DA) strain, isolated by Joan B. Daniels from 
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a mouse in a colony at Harvard Medical School (Cambridge, MA, USA) in 1948 (Daniels, 

Pappenheimer & Richardson 1952) is a member of the demyelinating group of TMEV. The 

structure of the DA strain was determined to 2.8 Å using oscillation photography. The 

architecture of DA revealed similarity to other picornaviruses: the virion consists of sixty 

protomers with three large capsid proteins (VP1, VP2 and VP3) and one smaller protein 

(VP4) arranged to form a T=1 icosahedral shell. The wedge-shaped eight-stranded 

antiparallel β-barrel that is found in numerous viruses was also present here. The main 

difference appeared to be in the loop regions that connect the β-barrels. The virion contains a 

pit area which is part of a larger, broad depression that spans the twofold axis of symmetry. 

There is also a region of unusual extra density contiguous with cysteine side chains that may 

indicate disulfide bonding  (Grant et al. 1992). The BeAn 8386 (BeAn) strain of TMEV was 

first isolated from a feral mouse at the Belém Virus Laboratory,  Belém, Para, Brazil in 1957 

(Rubio, De Felipe & Torres 1990). The BeAn strain of TMEV was crystallized and solved 

using the synchrotron at CHESS. The BeAn strain is similar to the DA in both structure and 

virulence (Luo et al. 1992).  In 1940 Max Theiler accidentally discovered the GDVII strain 

when he noted that a mouse inoculated 11 days previously with material suspected of 

containing yellow fever virus became ill. He inoculated six normal mice intracerebrally with 

a suspension of brain prepared from the sick mouse. Four of these mice developed a flaccid 

paralysis of the hind legs 14 to 16 days after inoculation. This clinical picture was different 

from yellow fever (Theiler, Gard 1940). The strain was especially virulent and became a 

standard used in labs across the world studying TMEV. In 1996, the structure of TMEV-

GDVII was solved to 3.5 Å using synchrotron radiation at Stanford and CHESS. Comparison 
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of the TMEV strains revealed that strain GDVII had an ordered C-terminus while the DA and 

BeAn strains did not. There was also a change involving the hydrogen bonding of the 

Asp2170 side chain. The results implied that structural integrity, not the specific sequence in 

the region, is necessary for TMEV virus persistence (Luo et al. 1996). 

 The structural determination of Bluetongue virus (BTV) was the first example of a 

relatively large, complex macromolecule solved by X-ray crystallography. BTV is a 

representative of the Orbivirus genus of the Reoviridae. It is ~80 nm in diameter. Data was 

collected in-house at the University of Oxford (Oxford, UK). A MAR Research imaging 

plate system (Mar Research, Norderstedt, Germany) was used as a detector and a Rigaku 

Ru2000H rotating anode (Rigaku Corporation, Tokyo, Japan) was used as an X-ray source. 

The BTV virion contains the β-sandwich similar to the jellyroll motif in other viruses. The 

topologies of the β sheets were similar to the jellyroll of influenza virus haemagglutanin 

(Grimes et al. 1995).  

 In late 1995, regular user runs began at the Advanced Photon Source (APS) a third 

generation synchrotron at Argonne National Laboratory (Argonne, IL, USA). The APS is a 

positron storage ring operating at 100 mA, 7 GeV. Hardware and software upgrades have 

occurred continuously since the beam line opened  (Decker 1997).  In the year 1996, the 

number of structures solved by X-ray crystallography and deposited into the Protein Data 

Bank increased fourfold. This was due in part to the wider availability of user facilities such 

as APS. 

 In 1998, the crystal structure of Satellite tobacco mosaic virus (STMV) was solved to 

a resolution of 1.8 Å. This was the most precisely determined virus structure ever known. 
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The crystals, which were grown in the microgravity environment of space, all had 

dimensions greater than a millimeter. This is ~30 times larger than the volume of crystals 

obtained by other methods. Some diffraction patterns went beyond 1.8 Å. The virus is a T=1 

particle with 60 identical copies of a coat protein which contains a “Swiss roll”  β-barrel of 

123 carboxyl-terminal residues and a long, extended amino-terminal strand of 36 residues 

(Larson et al. 1998).  

 In 1999, the structure of CPMV was refined to 2.8 Å. CPMV is a member of the 

Comovirus genus, however, structural analysis inferred some degree of relatedness to the 

picornaviruses. One unique feature of CPMV is that there are two capsid proteins, an L 

(large) subunit and an S (small) subunit that have different amino acid sequences (Figure 9). 

These two proteins together create the canonical A, B and C subunits seen in other T=3 

quasi-icosahedral virions. The S subunit corresponds to the A domain, while the L subunit 

creates the C and B domains. The canonical jellyroll motif is present, however, the canyon is 

not. CPMV is chimera-like in that it has characteristics of two different T=3 viruses with two 

domains oriented with the long dimension of the β-barrel tangent to the spherical surface (as 

in SBMV) and one domain oriented with the long dimension of the β-barrel parallel to the 

adjacent fivefold or quasi-six fold symmetry axes as in Cowpea chlorotic mottle virus 

(CCMV). In CPMV, the binding pocket is permanently occupied by βC’ and βC” strands of 

the A domain, making the putative receptor site permanently occupied. It was hypothesized 

that the distinction in CPMV has to do with the fact that CPMV depends on insect vectors to 

deliver the virus particle directly into the plant cell, hence the infection does not require the 
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intricate cell-interaction via binding pockets as do the animal picornaviruses (Lin et al. 

1999). 

 

Figure 9. Ribbon diagram of Cowpea mosaic virus capsid proteins. The large is capsid 

protein shown in red. The small capsid protein is shown in blue. Rendered with VMD.  

 

 In 2004, Human parvovirus B19 was solved to 3.5 Å resolution using the APS light 

source. The virus is the only known human pathogen in the parvovirus family. The virus 

contains a jellyroll with a β-barrel motif. It was the first near-atomic resolution structure of 

an Erythrovirus (Kaufmann, Simpson & Rossmann 2004). 

 In 2008, researchers at the Scripps Research Institute, La Jolla, CA, USA reported the 

crystal structure of Seneca Valley Virus-001 (SVV-001) to 2.3 Å resolution using the APS 

light source. SVV-001 represented a new genus, Senecavirus. It was the first naturally 

occurring nonpathogenic picornavirus shown to mediate selective cytotoxicity towards tumor 

cells with neuroendocrine features. The SVV-001 protomer has four subunits whose overall 
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folds correspond closely to other viruses from the Picornaviridae family. SVV-001 is similar 

to other cardioviruses in that VP1 possesses a hydrophobic pocket with a pocket factor. 

However, the entrance to the hydrophobic pocket is almost completely sealed off.  In 

cardioviruses that entrance is narrow, and in rhinoviruses it is wide (Venkataraman et al. 

2008). 

 In 2009, another important breakthrough occurred at the Scripps Research Institute, 

when John E. (Jack) Johnson and colleagues published the first crystal structure of a virus 

particle caught in the midst of assembling its impenetrable outer protein coat. The virus 

studied was HK-97, a lambda-like bacteriophage. The study demonstrated that rather than 

enveloping dsDNA as a rigid unit, as previously thought, the coat proteins interlocked in a 

highly organized fashion upon sensing the presence of DNA (Gertsman et al. 2009).    

 In 2010, Stanton Martin, working under the direction of Robert B. Rose and Steven 

A. Lommel at North Carolina State University in Raleigh, North Carolina, published a 

preliminary diffraction analysis of the Red clover necrotic mosaic virus (RCNMV) structure 

(Martin et al. 2010). RCNMV is a plant pathogen that, while relatively unimportant 

economically, has caught the eye of researchers interested in exploiting icosahedral plant 

viruses for the purposes of drug delivery (Lockney et al. 2011). 
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CHAPTER TWO 

 

CRYSTALLIZATION AND PRELIMINARY X-RAY DIFFRACTION ANALYSIS OF 

RED CLOVER NECROTIC MOSAIC VIRUS 
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Synopsis Virions of Red clover necrotic mosaic virus have been purified and crystallized. 

The space group has been determined to be I23, with a=377.8 Å. Crystals diffracted to 4 Å 

resolution. 

Abstract Red clover necrotic mosaic virus (RCNMV) is a species in the Tombusviridae 

family of plant viruses with a T=3 icosahedral capsid. RCNMV virions were purified and 

crystallized for X-ray analysis using the hanging drop vapor diffusion method. Self-rotation 

functions and systematic absences identified the space group as I23 with 2 virions in the unit 

cell.  The crystals diffracted to better than 4 Å resolution but were very radiation sensitive 

causing a rapid decay of the high resolution reflections. Data were processed to 6 Å in the 

analysis presented here. 

Keywords:  RCNMV; Dianthovirus; virus; crystal; I23 symmetry; T=3 
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Introduction to RCNMV 

 

 Red clover necrotic mosaic virus (RCNMV) was first reported in Trifolium pretense 

(Red Clover) in the former Czechoslovakia (Musil, 1969). RCNMV naturally occurs in 

Australia, Poland, Canada, and New Zealand (Hollings and Stone, 1977). RCNMV is a 

species within the Dianthovirus genus, Tombusviridae family (Fauquet et al., 2005). 

Tombusviridae are small icosahedral viruses that possess positive sense single-stranded RNA 

genomes. Dianthoviruses are distinguished from other genera in the family as they are the 

only members that have bipartite genomes. The RCNMV virion population is composed of 

two distinct virion types: a major population consisting of virions with one copy each of 

RNA-1 and RNA-2 and a minor population of virions containing multiple copies of RNA-2 

alone. This observation implies that a novel RNA packaging scheme exists for RCNMV 

(Basnayake et al., 2006). RNA-1 is 3889 nucleotides in length and contains 3 open reading 

frames (ORFs) encoding 27, 57, and 37 kDa polypeptides, respectively (Xiong and Lommel, 

1989). A -1 ribosomal frameshifting mechanism allows translation to continue through the 

p27 ORF into the p57 ORF to produce catalytic quantities of the 88 kDa viral polymerase 

(Xiong et al., 1993). The 3’ proximal ORF encodes the 37 kDa capsid protein (CP) which is 

translated from a subgenomic RNA. RNA-2 encodes the 35 kDa movement protein (MP; 

Lommel et al., 1988), which also functions as a suppressor of host RNA silencing activity 

(Powers et al., 2008). The origin of assembly is located within the MP ORF (Basnayake et 

al., 2009). A small degradation product of RNA-1 with unknown function, SR1f, is also co-

packaged into RCNMV virions (Iwakawa, et al., 2008). 
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 The RCNMV virion consists of 180 identical CP subunits arranged as a T=3 

icosahedron with an outer diameter of 36 nm and possessing an inner cavity of ~17 nm 

(Sherman et al., 2006).  RCNMV is morphologically similar to Carnation mottle virus 

(CarMV) and Tomato bushy stunt virus (TBSV), members of different genera within the 

Tombusviridae. Both CarMV and TBSV virions crystallized in the I23 space group. The 

structure of CarMV has been solved to 3.2 Å by molecular replacement using TBSV 

coordinates as a search model (Harrison et al., 1978; Morgunova et al., 1994; Olson et al., 

1983). A moderate resolution 8 Å structure of RCNMV has been obtained by cryoelectron 

microscopic (cryoEM) reconstruction (Sherman et al., 2006). Structural comparisons and 

density map fittings illustrated significant structural similarity of RCNMV to TBSV 

(Sherman et al., 2006).  

 A high resolution crystal structure of RCNMV is of particular interest because of its 

unique packaging, self–assembly and cargo carrying properties. The space constraints 

imposed by the small capsid size relative to the ~5.8 kb of RNA that must be packaged 

suggests a novel packaging mechanism. The RCNMV capsid has a unique property in that it 

can be reversibly transitioned from a “closed” or native state to an “open” state (with pores) 

without capsid dissolution by depletion of divalent metal cations (Sherman et al., 2006). 

These attributes make RCNMV an ideal biomolecule for nanotechnology applications 

(Franzen and Lommel, 2009). Viral capsids can be engineered to display specific targeting 

peptides, and recent work has demonstrated that the interior cavity can be loaded with small 

molecule cargo (Loo et al., 2008). These programmed virus based nano-cargo vessels have 

taken up and released cargo in mammalian cells.  Thus, RCNMV can serve as a cell specific 
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delivery vehicle for therapeutic agents (Franzen and Lommel, 2009).  We initiated structural 

studies to further characterize properties of the virus.  We report for the first time the 

crystallization and initial analysis of crystals of the RCNMV virion  

Materials and Methods 

Virus Propagation 

 

 RCNMV was maintained in 4–6 week old Nicotiana clevelandii. Infections were 

initiated by mechanical inoculation of T7 derived infectious RNA transcripts of full length 

RNA-1 and RNA-2 (Xiong and Lommel, 1991). The infection was propagated by sap 

transmission of the infected tissue. Infected plants were maintained in a temperature-

controlled glasshouse at 18+/-2°C and harvested 7-10 days post inoculation. 

Virus Purification 

 

 Virus purification was based on a previously published protocol for RCNMV 

(Sherman et al., 2006). 200-250 grams of RCNMV infected leaves were combined with two 

volumes of 0.2 M sodium acetate, pH 5.3 and 0.1% v/v β-mercaptoethanol and homogenized 

in a Waring Pro MegaMix blender. The homogenized tissue was filtered through Grade 50 

Veratec all cotton cheese cloth into a 2 L beaker and allowed to settle on ice for 15 minutes.  

The mixture was centrifuged at 7000 rpm for 30 minutes at 4°C in Nalgene 250 ml 

polypropylene centrifuge bottles using a Sorvall GSA rotor in a Sorvall RC-5B refrigerated 
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superspeed centrifuge. The supernatant was decanted through a sheet of 1r Miracloth (EMD 

Chemicals Inc, USA) into a 1 L beaker. 1/4 volume of 40% (w/v) polyethylene glycol (PEG 

8000) in 1 M NaCl solution was added to the supernatant and the solution incubated on ice 

for two hours. The solution was again centrifuged at 7000 rpm for 30 minutes.  The 

supernatant from each bottle was discarded, and the pellets were resuspended in 50 ml total 

volume of 0.2 M sodium acetate, pH 5.3.  The suspension was divided into two 25 ml 

aliquots in 30 ml Corex glass test tubes and centrifuged for 20 minutes at 10,000 rpm in a 

Sorval SS34 rotor.  The supernatant was aliquoted into 6 Ultra-Clear Beckman 

ultracentrifuge tubes (5 ml capacity), placed in a SW 55 Ti Beckman rotor and centrifuged at 

48,000 rpm for 90 minutes at 5°C.  The supernatant was discarded and each pellet was 

resuspended by addition of 200 l of 0.2 M sodium acetate, ph 5.3 and incubation at 4°C 

overnight. The resuspended pellets were subsequently pooled. Virion concentration was 

determined by UV spectroscopy using a Nanodrop 1000 spectrophotometer (Thermo 

Scientific, Waltham, MA) with an extinction coefficient of 6.46 and subsequently confirmed 

by the Coomassie Plus Protein Assay Reagent (Pierce Chemical, Rockford, IL). A typical 

preparation yielded 70-100 µg of purified RCNMV per g of infected tissue. The virus 

preparation was aliquoted into two 1.5 ml microfuge tubes and allowed to settle at 4°C for 21 

days. During this time the sample separated into two fractions. The top fraction, containing 

approximately ½ of the initial concentration, was used for subsequent crystallization 

experiments.  
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Virus Purity Assays 

 

 Virion morphology and integrity was determined by transmission electron 

microscopy (TEM). Purified virus samples for TEM were diluted 1:10000 by addition of 

sodium acetate buffer. 5 µl of the diluted sample was placed on 400-mesh copper grids and 

negatively stained with 2% (w/v) uranyl acetate. The grids were examined using a JEM100S 

transmission electron microscope (JEOL, USA, Peabody, MA).  The microscope was 

operated at 80kV with magnification at 50,000X.   

 Dynamic light scattering (DLS) data were collected using a Malvern 1000ES 

Zetasizer (Malvern Instruments, Worcestershire, United Kingdom). Virus sample 

concentrations ranged from 15-30 mg/ml. DLS measurements were conducted at room 

temperature. 

Crystallization 

 

 Initial crystallization trials utilized the sitting drop vapor diffusion technique at 18C. 

Initial crystallization conditions tested included: Hampton Research (Aliso Viejo, CA) 

Screening kits (HR2-098, HR2-110, HR2-112, HR2-126, HR2-130), Molecular Dimensions 

Limited (Apopka, FL) Structure Screens I and II (MD1-01, MD1-02) and Emerald 

BioSystems (Bainbridge Island, WA) Wizards I, II, and III screens.  One l of virion solution 

(15 mg/ml) was mixed with 1 l of crystallization solution and equilibrated against a 500 l 



70 

 

 

 

 

crystallization solution reservoir.  Crystals formed reliably with Molecular Dimensions 

Limited Structure Screen 1 (MD1-01) condition #10 (0.1 M trisodium citrate, 1.0 M 

ammonium dihydrogen phosphate, pH 5.6) within 10 days. Crystals grown under this 

condition were stained with IZIT crystal dye (Hampton Research) to confirm they were not 

salt crystals. The dyed crystals are shown in Figure 1. 

 
 

Figure 1. Crystals of RCNMV stained with IZIT dye. Each minor tick in the scale represents 

10 µm. The distance between numbered units is 100 µm as indicated in the scale bar. 

 

 Crystals grew between pH 4.5 and pH 5.6, however the optimal pH for crystallization 

was 4.7. The crystals were cube shaped and had a length of 75 – 100m. Crystals formed 

reliably under this condition utilizing both the sitting drop and hanging drop techniques. It 
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was found that the crystals were easier to harvest when the hanging drop technique was used, 

hence all crystals subsequent to the trial crystals were grown using the hanging drop method. 

Three cryoprotectants were screened on our home RuH2R rotating anode X-ray generator 

(Rigaku) with a MAR345 image plate detector: 2-Methyl-2,4-pentanediol (MPD) 25%, 

glycerol 25%, polyethylene glycol 400 (PEG 400) 25%. The PEG 400 treated crystals 

produced the highest resolution reflections with the least background. 

Data Collection and Processing 

 

 Crystals were harvested with a nylon loop (Teng, 1990) and quickly dipped in 

cryoprotectant composed of 50% crystallization solution and 50% PEG 400 25% prior to 

flash cooling in liquid nitrogen. The data were collected on the SER-CAT beam line at the 

Advanced Photon Source, US Department of Energy Argonne National Laboratory 

(Argonne, IL). The crystal–detector distance was set to 600 mm.  An oscillation angle of 

0.25° was used to minimize overlaps. Data were collected from a single crystal. The crystal 

initially diffracted to better than 4 Å (Figure 2). 



72 

 

 

 

 

 

Figure 2. Diffraction of RCNMV crystals. The RCNMV crystals diffracted to 4 Å resolution. 

The first diffraction frame is displayed, with an oscillation angle of 0.25 degrees.  Resolution 

rings are at 16, 8, 5.3 and 4 Å resolution, respectively. 

 

 Data were processed using Mosflm (Leslie, 1992) and scaled with SCALA from the 

CCP4 suite (Collaborative Computational Project, Number 4, 1994). The crystals were very 

radiation sensitive as indicated by a 5-fold increase of the scaling factor within 100 frames 

(data not shown). 

 In order to determine the space group, the data were processed in space groups P23, 

I23, P3, H3 and I222. Self-rotation functions were generated using POLARRFN and 

visualized with the program xplot84viewer (Collaborative Computational Project, Number 4, 

1994). The non-crystallographic symmetry and systematic absences indicated the virion 

crystallized in space group I23 with a= 377.8 Å. Data statistics are presented in Table 1.  
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Table 1. Data-Collection Statistics 

Values in parentheses are for the highest resolution shell. 

Wavelength (Å)       1.00 

Space group       I23 

Unit-cell parameter (Å)      a = 377.8 

No. of observations      70305 

No. of unique reflections      21104 

Multiplicity        3.3 

Crystal mosaicity (ᵒ)      0.54 

Resolution range (Å)      119-6.0 (6.33-6.0) 

Completeness (%)       94.1 (96.0) 

Rmerge        18.4 (40.3) 

‹I/σ(I)›        2.8 (1.8) 

Mean (I/sd)        4.8 (3.1) 

 

 

 The theoretical molecular weight of the virion based on the calculated mass of 180 

CP subunits and the 2 genomic RNA molecules is ~8.3 MDa.  This yields a Matthews 

coefficient of 3.24 Å
3
/Da with two virions in the unit cell (Matthews, 1968). Using this 

method the solvent content was calculated to be 62%. An alternative estimate was derived by 

estimating the volume of an icosohedron (V = 5/12 (3 + SQRT(5)) a
3
, with ‘a’ being the 

length of an edge. This method yielded a ~51% solvent content. 

Results and Discussion 

   Sample characterization 

 

 Transmission electron micrographs indicated that the sample contained particles of 

uniform size and with highly similar morphology (Figure 3).  
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Figure 3. Transmission electron micrograph of RCNMV virions. Mono-dispersed intact 

viruses are shown at 50,000X magnification. 

 

 A small portion of the particles appear misshapen while others show evidence of 

internal stain suggesting some loss of capsid integrity. It was observed that samples allowed 

to settle for 21 days were better at forming crystals. After settling, the A260 absorbance was 

approximately half of the original value. Analysis of a settled sample found that the 

precipitated fraction had a slightly larger diameter, as measured by DLS. This step appears to 

selectively remove damaged or degraded particles. Virions which were not structurally intact 

precipitated, while the more stable intact population remained in solution. 
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RCNMV Crystals 

 

 We have, for the first time to our knowledge, grown diffraction-quality crystals of 

RCNMV. The crystals diffract to better than 4 Å resolution (Figure 2).  Due to damage of 

crystals upon prolonged exposure to synchrotron radiation, we were unable to collect a 

complete data set.  Nevertheless, the data was of sufficient quality to identify the space 

group. The limited resolution of the data made it difficult to evaluate the space group from R-

merge statistics alone.  We therefore confirmed the space group through self-rotation 

functions. If the data were reduced in I23, the self-rotation functions included non-

crystallographic 2-fold, 3-fold, and 5-fold operators of the virus (Figure 4). This was not true 

if the data were reduced in H3 or I222 (not shown).  Reducing the data in the space group 

P23 confirmed the expected systematic absences in I23 (not shown). 

 

 

Figure 4. Self-rotation functions of the data reduced in I23 indicate non-crystallographic 

icosahedral symmetry of the virus. A) 2-fold symmetry axes, κ= 180°. B) 3-fold symmetry 

axes, κ= 120°.  C) 5-fold symmetry axes. κ= 72°. For A) and B), arrows point to the non-

crystallographic symmetry axes. All 5-fold axes are non-crystallographic. The contour levels 

for A) and B) start at 10 sigma with a contour interval of 4 sigma. The contour levels for C) 

starts at 40 sigma with a contour interval of 8 sigma.  The maximum integration radius for 

these plots was 120 Å using data from 20-7 Å resolution. Plots are drawn in polar 

coordinates. 
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 The unit cell in I23 contains 2 virions per unit cell.  The solvent content for the crystal 

is 62%, as calculated from the Matthews coefficient. This value is reasonable given the 

known dimensions of the virion, 36 nm as measured by CryoEM (Sherman et al., 2006).  

From the formula for the volume of an icosahedron, the solvent content would be 51% with 2 

virions in the unit cell. 

Conclusions 

 

 We present preliminary diffraction data and analysis demonstrating that the RCNMV 

crystals are of sufficient quality to determine an X-ray structure of the capsid ultimately at 

higher than 4 Å resolution. A data collection strategy will be devised to minimize radiation 

exposure, and may require merging multiple datasets to maximize the completeness of the 

data at high resolution. There is currently no crystal structure of the RCNMV capsid, but 

there is a 7 Å cryoEM structure (Sherman et al., 2006). A 2.9 Å structure exists for the 

structurally similar TBSV capsid (Olson et al., 1983). The TBSV CP coordinates derived 

from the X-Ray structure (Olson et al., 1983) and the RCNMV CP coordinates derived by 

cryoEM (Sherman et al., 2006) will be used to solve the crystal structure by molecular 

replacement. The overall identity and similarity between the RCNMV and TBSV CPs are 26 

and 39% respectively. The S domains are the most closely related (35% identical, 48% 

similar) while the P domains are 27% identical, 44% similar (Sherman et al., 2006). The 

high-resolution structure of the virus will allow us to characterize and redesign the virion to 

optimize encapsidation, transport stability, and targeted delivery. 
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CHAPTER THREE  

 

THE DEVELOPMENT OF NEUTRON SCATTERING AND ITS CONTRIBUTION 

TO STRUCTURAL VIROLOGY 

 

The Discovery of the Neutron 

 

In 1909, Hans Geiger and Ernest Marsden, working under the direction of Ernest Rutherford 

at the University of Manchester (Manchester, England) shot a beam of helium nuclei (α 

particles) generated by the radioactive decay of radium onto a thin sheet of gold foil. The foil 

was surrounded by a circular sheet of zinc sulfide, which was used as a detector (Geiger, 

Fellow & Marsden 1909 A). At the time, the “plum pudding model” of the atom, promoted 

by the British Nobel laureate physicist Sir Joseph John Thomson was in vogue, and this 

model predicted that the α particles would be deflected by a few degrees at most. The 

students were surprised when their experiment showed that some α particles were deflected 

at angles much greater than 90 degrees. Their professor, Ernest Rutherford was equally 

surprised. He wrote: ‘It was quite the most incredible event that has ever happened to me in 

my life. It was almost as incredible as if you fired a 15-inch shell at a piece of tissue paper 

and it came back and hit you. On consideration, I realized that this scattering backward must 

be the result of a single collision, and when I made calculations I saw that it was impossible 

to get anything of that order of magnitude unless you took a system in which the greater part 

of the mass of the atom was concentrated in a minute nucleus. It was then that I had the idea 
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of an atom with a minute massive center, carrying a charge.’ (Cassidy, Holton & Rutherford 

2002). Rutherford pondered the results of this experiment for nearly two years before he 

formulated the Rutherford (or planetary) model of the atom in 1911 (Rutherford 1911). 

 From 1911 to 1920, it became apparent to some that in order to account for the 

atomic weights of the elements; another particle must be present in the atom. The theoretical 

particle was named the neutron by Rutherford who predicted, with amazing accuracy, the 

existence and the properties of the neutron in a lecture to the Royal Society of London on 

June 3, 1920 (Rutherford 1920). Others such as Harkings, Mason, Meitner and Ono also put 

forth hypotheses regarding the nature of various theoretical particles. In 1921, Rutherford’s 

student J.L. Glasson performed discharge-tube and absorption experiments in an attempt to 

discover the neutron, but as there are no free neutrons present in nature, this attempt was 

unsuccessful. In 1922, another student, J.K. Roberts attempted to find the neutron using the 

assumption that in a discharge tube filled with hydrogen, the electrons might combine with 

protons to form neutrons. This tactic was also unsuccessful (Lavrakas 1952). 

 It was not until February of 1932 that James Chadwick, a professor in the Cavendish 

Laboratory at Cambridge University, UK, who had also been collaborating with Rutherford, 

announced in a cautious letter to Nature his strong suspicion that neutrons existed (Chadwick 

1932c). By May, his suspicions had been confirmed and he boldly reported on the existence 

of the neutron in both lecture (Chadwick 1932a) and in print (Chadwick 1932b). 
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The Quest for Neutrons 

 

 Enrico Fermi, an Italian physicist, realized that neutrons could be used to produce 

radioactivity. This was accomplished by shooting the neutrons into an atom’s nucleus. Fermi 

and his colleagues at the Physical Laboratory of the University of Rome bombarded 63 

elements with neutrons produced by sealed glass tubes containing beryllium powder and 

radon. They found that 37 of the 60 elements investigated could be activated by neutron 

bombardment (Fermi et al. 1934; Fermi 1938). This led to the discovery of “slow” neutrons 

(Michiels, Saxton 1937) and the fact that slow moving neutrons are especially effective in 

producing radioactive atoms (Michiels, Saxton 1937). In March of 1936, W.M. Elasser, a 

theorist, predicted that a crystalline substance, when irradiated with a beam of slow neutrons, 

would in fact give a diffraction pattern (Elasser 1936). In a meeting at the French Academy 

of Science on July 6, 1936, H. von Halban Jr. and P. Preiswerk reported experimental 

confirmation of Elasser’s predictions. They used radium and beryllium as a slow neutron 

source, an iron cylinder as a scatterer and dysprosium as a detecting material (H. von Halban 

Jnr., Preiswerk 1936). A month later, Mitchell and Powers repeated the experiment, this time 

using magnesium oxide crystals and aluminum blocks as scatterers. They noted that slow 

neutrons gave significant diffraction, while high velocity neutrons did not (Mitchell, Powers 

1936). In 1938, Otto Hahn and Fritz Strassmann, working at the Kaiser Wilhelm Gesellschaft 

in Berlin, Germany, reported that a group of at least three radioactive bodies, formed from 

uranium under neutron bombardment, were chemically similar to barium (Hahn 1939). Lisa 

Meitner, an Austrian who had also been working with Hahn and Strassmann in Berlin, but 
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had lost her citizenship and fled to Sweden, interpreted Hahn’s results to mean that the 

nucleus of uranium had split in half.  Her nephew, Otto Frisch, named the process “fission” 

(Meitner, Frisch 1939). 

 

Effect of World War II on the development of Neutron Sciences 

 

 The use of neutrons in science was profoundly affected by developments related to 

the Second World War. In fact, without the war effort it is quite likely that the nuclear 

reactors that produced the first neutrons used in scientific investigations would not have been 

built. The story of the war’s effect on neutrons begins in 1933 when Leó Szilárd, an Austro-

Hungarian physicist, realized that the neutron may mediate a nuclear chain reaction. When 

Szilárd, then at Columbia University in Manhattan, NY, USA heard of the discoveries of 

Hahn and colleagues, he realized that the chain reaction he had conceived in 1933 would now 

be possible. He also realized that the potential energy released in the nuclear reaction could 

be used in a type of bomb. Concerned that this technology would be used by the Germans, 

Szilárd, in consultation with Hungarian physicists Edward Teller and Eugene Wigner, wrote 

the famous Einstein-Szilárd letter, signed by Albert Einstein and delivered to US President 

Franklin D. Roosevelt (Einstein 1939). The letter warned of the destructive potential of 

atomic bombs and urged the president to speed up experimental research so that the Germans 

would not be the first to possess the bomb. 

 President Roosevelt responded by forming a special committee, the “Uranium 

Committee”, which met for the first time on October 21
st
 1939. Lyman J. Briggs, director of 
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the National Bureau of Standards, was chosen to lead the advisory committee on uranium. 

Leo Szilárd, Eugene Wigner and Edward Teller were all present for the first meeting. A week 

later, on November 1
st
, the Uranium Committee issued a report to President Roosevelt stating 

that “If the reactions turn out to be explosive in character, it would provide a possible source 

of bombs with a destructiveness vastly greater than anything now known”. Although the 

committee recommended “adequate funding support for a thorough investigation”, no action 

was immediately taken. President Roosevelt read the report, and “wished to keep it on file.” 

There it remained for several months.   

 Meanwhile, back in the UK, Otto Frisch and Rudolph Peierls realized that only a 

small amount of  
235

U would be adequate to sustain a fission reaction. They showed their 

calculations to Sir Marcus (Mark) Oliphant, then a professor of physics at the University of 

Birmingham, in England. At his urging, they prepared a theoretical analysis of the possibility 

of fast fission in 
235

U along with its bomb making potential (Frisch, Peierls ). Mark Oliphant 

quickly passed the report on to Harry Tizard, chairman of the Committee on the Scientific 

Survey of Air Defence. Tizard responded with a request to Oliphant that a small committee 

should be formed to study the issue and make a recommendation for what ought to be done. 

The committee, which eventually became known as the MAUD committee, met for the first 

time on April 10, 1940 in the Royal Society’s quarters in Burlington House. At that first 

meeting, they agreed to proceed with small-scale experiments on uranium hexafluoride. A 

second meeting occurred two weeks later on April 24, 1940. At this meeting, Frisch 

produced more evidence showing the feasibility of the neutron bomb. James Chadwick was 

present at the meeting and agreed to undertake the necessary experiments (Franz 1940). 



85 

 

 

 

 

 The key difficulty at this point was the problem of isotope separation. Natural 

uranium is 99.284% 
238

U isotope with 
235

U constituting only ~0.711% of its weight. Franz 

Simon, a physical chemist and German refugee of Jewish descent who became a British 

citizen, neatly solved the problem.  He relied on a principle first applied by Francis Aston in 

1913, which successfully separated isotopes of neon by diffusing a mixed sample several 

thousand times over and over through pipe clay. Simon thought that a material barrier, one 

that could resist corrosion by uranium hexafluoride, with a sufficient number of microscopic 

pores in it would be effective in separating the isotopes. One morning in June, Simon 

hammered a wire strainer he found in his kitchen flat until the holes were reduced to the size 

of pinholes. He showed the results to his assistants, Nicholas Kurti and H.S. Arms, and 

proudly announced that he thought the isotopes could now be separated. This was the 

beginning of a series of experiments which illuminated the basic materials, pore size, 

pressures, and other parameters necessary for equipment design. In December of 1940, 

Simon hand delivered his report (Franz 1940) to G.P. Thomson and the rest of the MAUD 

committee.  

By the spring of 1941, James Chadwick realized that not only was a nuclear bomb 

feasible, it was inevitable. He realized that sooner or later other physicists would have the 

same ideas, and eventually, some country would put them into action. On July 2, the MAUD 

committee chose James Chadwick to write the second and final draft of its report on the 

design and costs of developing a bomb. Chadwick hurriedly completed the report and on July 

15, 1941, the MAUD committee released it. An advance copy was sent to Presidential 

Science Advisor Vannevar Bush.  
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 In July of 1941 at Columbia University, Fermi, Zinn and their colleagues were 

working to determine operationally possible designs for a uranium chain reactor. The quest 

was to obtain measurements of the reproduction factor which was the key to the problem of a 

chain reaction. If this factor could be made sufficiently greater than one, a chain reaction 

could be made to take place in a mass of material of practical dimensions. If it were less than 

one, no chain reaction could occur. Since 
238

U and impurities in the uranium and in the 

moderator would capture some of the neutrons and make them unavailable for further 

reactions, and some would also escape from the pile without encountering 
235

U atoms, it was 

not known whether a value for the reproduction factor greater than unity could ever be 

obtained. One of the first things that had to be determined was how best to place the uranium 

in the reactor. Fermi and Szilárd suggested placing the uranium in a matrix of graphite which 

would be used as a moderating material thus forming a cubic lattice of uranium. Thus began 

the study of graphite-lattice uranium reactors at Columbia (Bulletin of the Atomic Scientists, 

December, 1962 page 21).  

 Franklin D. Roosevelt was finally made aware of the MAUD report on October 9, 

1941 when it was presented to him by Vannevar Bush. In response, FDR approved the 

atomic program and chose the Army to run it. The program would later become known as the 

“Manhattan Project”. On December 6, 1941, Vannevar Bush held a meeting to organize an 

accelerated 
235

U research project managed by Arthur Compton. Harold Urey was chosen to 

research gaseous diffusion for uranium enrichment and Ernest Lawrence was to research 

electromagnetic enrichment techniques. 
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 The next day, the Japanese Empire's attack on Pearl Harbor led to the United States 

entry into the war. Four days later, Germany declared war on the United States. At a meeting 

on December 18, the S-1 project was dedicated to development of a uranium bomb. On 

January 24, 1942 at a meeting conducted from his sickbed, Compton decreed that the 

developmental work on the chain reaction should proceed at the University of Chicago. 

 It took nearly a year of solid research for the details to be worked out, but on 

December 2, 1942 in a racquets court under the west stands of the abandoned Stagg Field 

stadium, Enrico Fermi presided over the world’s first nuclear chain reaction. The reactor, 

known as Chicago Pile 1 (Figure 1), consisted of 771,000 pounds of graphite, 80,590 pounds 

of uranium oxide and 12,400 pounds of uranium metal. Cadmium control rods were used to 

prevent a runaway reaction.  

 

Figure 1. Artists Rendition of Chicago Pile 1 Courtesy of the Argonne National Laboratory 
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Fermi allowed the reaction to continue for 4.5 minutes at half a watt of power before 

ordering the shutdown. It was an historic moment: man had controlled the release of energy 

from the atomic nucleus (Rhodes 1986).  

 

Nuclear Reactors Used in Science 

 

 Following the successful demonstration by Fermi, immediate design and construction 

of a full-scale nuclear reactor, or “pile” as it was called, was initiated. The DuPont chemical 

company, founded in 1802, played a crucial role in the engineering and design of the world’s 

first nuclear reactor. In fact, it was the DuPont engineers who first began calling the piles 

“reactors”. The objective of the reactor was to produce and extract plutonium on a gram scale 

in order to test the feasibility of the much larger Hanford project. A plant, code named X-10, 

was built to house the reactor. During the war, X-10 was called the Clinton Laboratories, 

named after the town of Clinton, Tennessee, about 8 miles away. After the war, the site 

became known as Oak Ridge National Laboratory (Weinberg 1949). The X-10 reactor 

(Figure 2) began operation on November 4, 1943. It was a graphite-moderated, air–cooled 

reactor which operated at a power level of about 3.5 MW thereby producing a slow neutron 

flux density of 10
12

 neutrons/cm
2
 sec.  Surrounding the cubic graphite pile on all sides was a 

radiation protection shield of concrete about 1.5 meters thick. The designers had arranged 

some channels through the concrete shield for access to the active volume of the assembly. A 

single-axis spectrometer was used at one of these channels to supply monoenergetic neutrons 

for transmission cross section measurements (Shull 1995).    
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Figure 2. The X-10 reactor at Oak Ridge National Laboratory. Photo courtesy of the 

American Museum of Science and Energy in Oak Ridge, Tennessee 

 

 In early 1944, Ernest Wollan came to Oak Ridge as a health physicist. The laboratory 

hoped to use his expertise on film-badge dosimeters. Wollan, however, was much more 

interested in the neutrons produced by the graphite reactor as an experimental source. Dr. 

L.B.  Borst pointed out that the channels in the concrete wall provided an excellent access 
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point for the neutron beam. On May 25, 1944, Ernest O. Wollan wrote a letter to R.L. Doan, 

the research director of the Clinton laboratories, in which he requested permission to setup 

equipment in an attempt to measure the diffraction of neutrons from single crystals (Wollan 

1944). Permission was granted and Wollan proceeded to setup a base spectrometer that he 

had used in his earlier thesis work on X-ray gas scattering under Arthur Compton in Chicago. 

The spectrometer had to be modified to support the loading of a neutron detector and this was 

done with support cables running to a swivel-bearing in the ceiling directly above the 

spectrometer axis. Operation of the spectrometer was done entirely by hand at first. 

Eventually, Wollan and his colleague, R.B. Sawyer, were able to collect the first neutron 

diffraction patterns of polycrystalline NaCl, H2O and D2O (Shull 1995). In June of 1946, 

Clifford Schull joined Wollan in his work. Towards the end of that year, they were joined by 

a young technician named Milton Martney and two volunteer physicist-scientists from the 

Oak Ridge Training School, William Davidson and George Morton. Morton, who was skilled 

in instrumentation, designed an automatic control system that permitted step-scanning with 

intensity measurement and recording. The improvements took several months to complete, 

but once in place, they permitted continuous, uninterrupted data collection (Shull 1995). 

More incremental improvements were made through the 1940’s and in 1950, Schull and 

Wollan published an analysis of their work. They noted that in contrast to X-rays, neutrons 

did not give a regular pattern of variation with increasing atomic weight. They noted that this 

difference may be exploited to probe structures which are not amenable to X-ray study. They 

noted, as an example, that with the crystal structure of ice, the effects of X-rays are due 

almost entirely to the oxygen atoms in the crystal. But with neutrons, if the deuterated form is 
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used, the cross sections for the scattering by deuterium atoms and oxygen atoms are very 

nearly equal, and a direct analysis of the position of these atoms in the crystal can be made. 

This observation led to numerous experiments being done with various materials in their 

deuterated and non deuterated state, a technique now known as contrast variation (Wollan 

1950). 

 In 1951, in a now classic paper, Clifford and Schull published comprehensive results 

of their early work that included nuclear spin, specific nuclides, and amplitude data on 

various elements and salts as determined by neutron diffraction (Shull, Wollan 1951). 

Through the 1950's and early 1960's, more reactors were introduced. In 1955, Bertram 

Brockhouse produced results from the first triple axis spectrophotometer prototype and in 

1956, the first true triple-axis spectrophotometer was installed at Chalk River Laboratories, a 

Canadian facility located near Chalk river in the province of Ontario. This allowed 

elementary excitations such as phonons and magnons to be observed directly.  

 

Application of Neutron Sciences to Biology 

 

 Theoretical advances were also made in the field of neutron sciences. One of the most 

important of these was Guinier’s 1955 treatise on the small angle scattering of X-rays. This 

laid the foundation for the Guinier analysis, a powerful technique still used extensively in the 

analysis of data from small angle neutron scattering (SANS) experiments (Guinier 1955).  

 The first discussions for biological applications were produced at Saclay Nuclear 

Research Center in the Essone department of Northern France in 1964. In the course of 
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discussion, experiments on proteins and even virus crystals were suggested (Jacrot 

1976). However, the first effective investigation was done at Harwell, in the United 

Kingdom: the investigation into Vitamin B12 by Dorothy Hodkin and Terry Willis initiated 

at Oxford University (Oxford, England) in 1965. In this study, a neutron diffraction pattern 

was obtained from a wet crystal of with a mass of  ~11mg. The Patterson synthesis(Beevers, 

Robertson 1950) from the neutrons was uninterpretable due to the many atoms in the unit 

cell, so atomic coordinates derived from X-ray crystallography were used to obtain 

approximate initial phases used for the neutron Fourier synthesis. The neutrons were able to 

distinguish, among other things, carboxylic acids from amides, something that was not 

possible with X-ray scattering at the time (Moore, Willis & Hodgkin 1967). This ground 

breaking work inspired the neutron crystallography of Benno Schoenborn who published his 

first results on the neutron diffraction patterns of sperm whale met-myoglobin in October of 

1969 (Schoenborn 1969).  

 The first work utilizing SANS was published by Schneider and colleagues in the 

physics department of Technische Universität (München, Germany) in 1969 (Schneider et al. 

1969). Schneider's analysis made use of the Guinier approximation and was essentially a 

proof of concept of using neutron beams. In 1972, the same group did the same experiment 

but using varying D2O concentrations. They were able to show that solvents made with 

different amounts of D2O had no effect upon radius of gyration. However, at 40.5% D2O, the 

small angle scattering intensity caused by hemoglobin vanishes completely. This was the first 

SANS experiment with contrast variation done on a biological molecule (Schelten et al. 

1972). A systematic investigation of the method was conducted by Heinrich B. Sturhmann at 
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the high-flux reactor of the Institut Max von Laue-Paul Langevin (Grenoble, France) in 1974. 

In this paper, Stuhrmann investigated the structure of 11 different biomolecules with 

molecular weights ranging from about 100 to several million in different H2O/D2O mixtures. 

He was able to classify lipoproteins, ferritin, myoglobin and fibrinogen according to their 

neutron scattering length distributions (Stuhrmann 1974). He also introduced the now classic 

"Stuhrmann plot" which plots the square of the radius of gyration as a function of the inverse 

of contrast. 

 

Neutron Scattering and Virology 

 

 In 1976, Jacrot and colleagues at the Institut Laue-Langevin applied neutron 

scattering, then called “diffraction”, to several plant viruses. They reported extensively on 

Brome mosaic virus (BMV). In this study, differences in spectra between BMV solvated in 

40% and 70% D2O was used to determine the difference in the location of protein and RNA 

in the virus (Jacrot, Pfeiffer & Witz 1976). That same year, Jacrot produced a review of the 

study of biological structures by neutron scattering in solution. This manuscript provided an 

excellent overview of the theory of neutron scattering as well as data on scattering metrics 

from a number of biological molecules (Jacrot 1976). The paper is widely referred to in 

contemporary studies involving neutrons. In 1977, Jacrot and company published detailed 

results of their neutron analysis of Turnip yellow mosaic virus (TYMV), Southern bean 

mosaic virus (SBMV), Cucumber mosaic virus (CMV), BMV and the bacteriophage MS2.  

They determined that most viruses possess a central cavity which increases in size in those 
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viruses containing relatively little RNA and that the external diameter of the bulk of RNA is 

much smaller than the virus diameter. They were also able to elucidate differences in the 

interpenetration of RNA and protein between viral species and inferred that deeper 

penetration of the RNA into the capsid was correlated with increasing importance of RNA-

protein interactions (Jacrot, Chauvin & Witz 1977). In 1979, Chauvin and colleagues 

elucidated the structure of Cauliflower mosaic virus (CaMV) using SANS. CaMV is a 

spherical plant virus that uses double stranded DNA for its genetic material. Chauvin 

concluded that most of the DNA in CaMV forms a monolayer on the interior of the protein 

shell (Chauvin et al. 1979). 

 In 1984, the capsid of Kilham rat virus, a virus with a single-stranded DNA genome 

was investigated by neutron scattering at Oak Ridge National Laboratory (Wobbe, Mitra & 

Ramakrishnan 1984). This was followed by a study of Rice dwarf virus (RDV). These 

viruses fit the now familiar pattern of protein shell with RNA packed around the inside and a 

cavity in the center of the virion (Inoue, Timmins 1985). In December of 1985, Stephen 

Cusack published a fairly detailed analysis of the SANS curves of Influenza B virus. Cryo-

electron microscopy (Cryo-EM) and scanning transmission electron microscopy (STEM) 

techniques were also used in the study (Cusack et al. 1985). The influenza study marked the 

beginning of an era of investigation in which multiple tools such as Cryo-EM, STEM 

measurements and SANS analysis were used in tandem to produce detailed results of viral 

structure.  

 The 1990’s brought a breakthrough in data analysis methods by allowing ab initio 

shape and domain structure determination and detailed modeling of macromolecular 
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complexes using rigid body refinement (Svergun, Koch 2003). This method has been used in 

subsequent years to reconstruct sphere shells of viral capsid proteins such as those found in 

bacteriophages (Zipper, Durchschlag 2007). In 1994, Peter Timmins working under the 

direction of Jean Witz and colleagues in Grenoble, France, did a study in which they 

determined, to a resolution of 16 Å,  the three-dimensional distribution of RNA and protein 

in the interior of Tomato bushy stunt virus (TBSV). 

 In 2010, Dennis Brown at North Carolina State University in Raleigh, North Carolina 

and William Heller at Oak Ridge National Laboratory in Oak Ridge, Tennessee led a 

collaboration in which SANS was used to study the structure of Sindbis virus. The study 

involved comparing two types of virions, those grown in animals and those grown in insects. 

The virions show no differences whatsoever in infectivity but the SANS analysis of the 

virions was able to detect a small change in their structure, implying that the chemical 

environment of the host cell has some affect on the assembly process. This was the first 

demonstration of structural differences in Sindbis viruses arising from different virus host 

species (He et al. 2010).  

 The field has enjoyed slow but steady progress over the course of the past few 

decades. Modern numerical and computational analyses are now combined with traditional 

SANS measurements that continue to provide new insights into the internal structure of 

spherical virions.  
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Abstract 

 Red clover necrotic mosaic virus (RCNMV) is a 36 nm T=3 icosahedral plant virus.  

RCNMV has an RNA genome split between two single-stranded RNA molecules with 

lengths of approximately 3.9 kb, (RNA-1), and 1.5 kb (RNA-2). The virus also packages a 

400 nucleotide degradation product of RNA-1 (SR1f). The structure of the virus has been 

determined at 8.5 Å resolution by a cryo-electron microscopy study, in which the RNA in the 

core of the capsid was partially resolved. In the present study, small-angle neutron scattering 

(SANS) with contrast variation (CV) was used to characterize the packing of the genomic 

RNA inside the capsid and to investigate the conformational changes resulting from the 

removal of Ca
2+

 and Mg
2+ 

ions from the virus. Analysis of the SANS CV data showed that 

the wild-type virion is consistent in size with the previously determined structure. Most of 

the RNA is contained in a shell with thickness of ~32 Å. This RNA is in contact with the 

interior domains of the viral capsid protein. The core of the virion is mostly free of genetic 

material. The SANS data show that Ca
2+

 and Mg
2+

 are important for defining and 

maintaining the structure of the virion. Removing the Ca
2+

 and Mg
2+ 

ions disrupts the 

protein-RNA contacts and causes a disruption in the organization of the capsid protein.  

Removal of Ca
2+ 

ions alone changes the capsid structure in a manner that allows for the 

passage of solutes, including small molecules and ions, between the exterior and the interior 

of the capsid. This is consistent with previous work showing that removal of divalent Ca
2+ 

causes a conformational change which results in the formation of pores in the capsid. 

Subsequent removal of Mg
2+

 disrupts protein/RNA binding and facilitates the transition of 
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the virion from fully formed particles to free RNA. A novel hypothesis to explain the 

mechanism by which RNA is released from the virus capsid is proposed. 

HighLights: 

 SANS data show that the core of the native RCNMV is devoid of RNA 

 Protein components undergo conformational changes when Ca2+ions are removed 

 RNA components undergo conformational changes when Mg2+ions are removed 

 UV irradiation of  the virus particle causes subtle conformational changes 

 Results indicate a potential mechanism for disassembly of the RCNMV virion 

 

Keywords: 

 RCNMV; Dianthovirus, Tombusviridae; small-angle neutron scattering; viral assembly; 

icosahedral virus structure. 

Introduction 

 Red clover necrotic mosaic virus (RCNMV) is the best characterized species in the 

plant exclusive Dianthovirus genus (Musil, Gallo 1982), Tombusviridae family and serves as 

an excellent model system for studying the molecular mechanisms of plant viral 

pathogenesis. RCNMV is being investigated for its potential in biotechnology applications 

(Loo et al. 2008). Unlike other genera in the Tombusviridae, the dianthovirus genome is split 

into two single-stranded positive sense RNA molecules of 3.9 kb (RNA-1) and 1.4 kb (RNA-

2) (Gould et al. 1981, Hiruki 1987). RCNMV employs an unusual genome packaging scheme 

resulting in two distinct, but morphologically indistinguishable, virion populations 

(Basnayake, Sit & Lommel 2006).  One virion population contains a copy of RNA-1 and 



102 

 

 

 

 

RNA-2 and at least one copy of a 400 nucleotide degradation product of RNA-1 termed SR1f 

(Iwakawa et al. 2008). A second population contains four copies of RNA-2 (Basnayake, Sit 

& Lommel 2006).  

 The RCNMV capsid is structurally similar to other viruses in the Tombusviridae 

family (such as Tomato bushy stunt virus; TBSV) even though the primary amino acid 

sequences of their capsid proteins (CPs) are only moderately similar (Harrison et al. 1978, 

Olson, Bricogne & Harrison 1983). The overall RCNMV capsid structure is a T=3 quasi-

equivalent (Caspar, Klug 1962) icosahedron (Figure 1A). It consists of 180 copies of the 37 

kDa CP that exist in three structural conformations referred to as A, B, and C. A moderate-

resolution (8.5 Å) structure of the RCNMV capsid was determined by cryo-electron 

microscopy (cryo-EM) (Sherman et al. 2006) to have an outer diameter of 366 Å and an 

internal cavity with diameter of 174 Å (Figure 1B).  

 The RCNMV CP can be divided into three structural domains termed R for RNA-

interacting, S for shell and P for protruding (Figure 1B and Figure 1C). The putative N-

terminal RNA binding R domain is composed of amino acids 1 thru 46  (Sherman et al. 

2006) and resides in the interior of the capsid. The S domain constitutes amino acids 47-207 

and forms the contiguous ~30 Å-thick shell that forms the enclosure for the virion. Pairs of 

the P domain (amino acids 208-339) tightly associate to create ninety protrusions that extend 

~37 Å outward from the S shell into the surrounding environment (Xiong, Lommel 

1989)(Figure 1B and Figure 1C).  
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Figure 1. (A) Negative stained transmission electron micrograph of highly purified (see the 

Materials and Methods) RCNMV virions prepared for the SANS measurement. The scale 

of the image is shown in the figure.  Particles were stained with 2% (w/v) uranyl acetate. (B) 

Cross section of cryo-EM based reconstruction of RCNMV(Sherman et al. 2006). P, S, R and 

C shells determined by neutron scattering delimited with red lines. The capsid protein (CP) is 

shown in yellow. The darker yellow indicates the capsid model as seen from the outside. The 

lighter yellow indicates the cut away view from the cross section. The blue color represents 

the RNA cage, and the purple represents the cutaway portion. (C) Monomer of RCNMV CP 

in the C conformation. The P domain is shown in gold. The S domain is shown in yellow. 

The R domain is shown in blue.  

 

 The space constraints imposed by the small capsid volume relative to the ~5.8 kb of 

RNA packaged within suggests a high level of condensation and significant dampening of 

the negatively charged RNA.  The cryo-EM reconstruction revealed an internal RNA cage 

located between 87 Å and 117 Å radius which is part of the R shell shown in Figure 1B 

(Sherman et al. 2006).  Only 35-40% of the total RNA in the particle was accounted for 

based on the density of the inner cage. It was hypothesized that the remaining RNA is loosely 

packed into the capsid interior.  The structure and organization of the unaccounted for RNA 

in the core of the virion remained unresolved. This was due in part to icosahedral symmetries 



104 

 

 

 

 

applied during the cryo-EM reconstruction that may not exist in the RNA contained in the 

icosahedral capsid.   

 Treatment of RCNMV with divalent cation chelators induced structural transitions in 

the capsid (Sherman et al. 2006). The depletion of Ca
2+ 

ions from the virus resulted in a 

reorganization of the capsid that presumably allows diffusion of Mg
2+ 

ions from the core. The 

Ca
2+

 had no observable effect on the conformation of the RNA.  Removal of Ca
2+

 and Mg
2+

 

ions resulted in the formation of sixty 11-13 Å channels extending through the capsid.  

 Ultraviolet (UV) irradiation of RCNMV virions results in the formation of RNA-

1:RNA-2 heterodimers and RNA-2 multimers. These multimeric complexes presumably 

result from the cross-linking effect of far UV that occurs when RNAs are in close proximity 

through either transient contacts or base pairing interactions (Basnayake, Sit & Lommel 

2006). The effect of UV irradiation on the protein component of the RCNMV virion has not 

been addressed. UV light is a ‘zero length’ cross-linking agent because it mediates the 

conjugation of two molecules by forming a bond containing no additional atoms (Hermanson 

2008). UV irradiation is thought to cross-link proteins to nucleic acids at their contact points 

without additional elements that might cause conformational perturbations (Pashev, Dimitrov 

& Angelov 1991). Therefore, only proteins closely associated with RNA can be covalently 

linked by UV irradiation (Pellé, Murphy 1993). It was hypothesized that N-terminal 46 

amino acids of the CP contain at least one RNA binding domain, and that the UV irradiation 

treatment would result in cross-links between this domain and the RNA that could affect the 

conformation of the virion structure.  
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 We conducted a series of small-angle neutron scattering (SANS) with contrast 

variation (CV) experiments on wild-type, UV irradiated, and chelated RCNMV. SANS CV 

experiments were done on wild-type virions in order to better understand the distribution of 

the entire volume of RNA within the RCNMV capsid.  Experiments were done on viruses 

subjected to chemical chelators in order to elucidate the role that divalent cations play in 

maintaining the structural integrity of the virion. Experiments were performed on UV 

irradiated samples to understand the impact of UV irradiation on the conformation of the 

RCNMV virion in the native, Ca
2+

 depleted and Ca
2+

/Mg
2+

 depleted states. SANS CV is a 

powerful non-destructive tool for probing the structures of nucleoprotein complexes in 

solution (Jacrot 1976, Heller 2010). SANS has been used to study the structures of numerous 

icosahedral viruses (Jacrot, Pfeiffer & Witz 1976, Inoue, Timmins 1985, Cusack et al. 1985, 

Witz, Timmins & Adrian 1993, Aramayo et al. 2005). We have generated SANS data that 

enable us to model the position of protein and RNA in solvated wild-type, ion depleted, and 

UV irradiated samples using poly core shell fitting methods. These methods give us an idea 

of the composition of the virion at different diameters, and tell us how many discrete layers 

of material (shells) the virion contains. We can then calculate the difference in neutron 

scattering length density for each shell. The neutron scattering length density (SLD) is an 

inherent property of the atomic and isotopic content of any material and is a measure of how 

a neutron interacts with it. The difference in the neutron scattering length density, analogous 

to the electron density, between the solvent and the RCNMV components, enables us to 

probe the arrangement of all of the RNA within the virion instead of only the portions that 

are well-structured.  
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Results 

 Gel electrophoresis, dynamic light scattering, and electron microscopy indicated that 

the virion preparation used for SANS CV consisted of highly purified RCNMV capsids 

(Figure 1A). The initial concentration of purified RCNMV virion preparations was 

determined to be ~19.2 mg/ml. These preparations were diluted to ~ 1 mg/ml for all SANS 

CV measurements. 

 The Guinier plots and fits of the low-q portion of the SANS CV data for wild-type 

RCNMV are shown in Figure 2.  

 

Figure 2. Guinier plots of SANS CV data sets for RCNMV collected at 59% D2O (), 63% 

D2O (), 77% D2O (Δ) and 81% D2O (∇). The first three points were omitted from the 

fitting to avoid the effect of any high-molecular weight contaminants on the fits. 

 

 The radii of gyration, Rg, and zero angle intensity I(0) derived from the Guinier 

approximation are tabulated in Table 1. 
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Table 1. The radius of gyration, Rg, and zero angle intensity, I(0), from Guinier 

Approximation 

D2O Rg (Å) I(0) (cm
-1

) 

59% 144.40±1.90 1.43±0.03 

63% 151.54±1.02 2.50±0.03 

77% 144.90±0.46 4.54±0.03 

81% 147.72±0.54 8.60±0.06 

 

 The Guinier plots suggest the presence of a very small population of high molecular 

weight contaminants (which may be virus aggregates) that cause the subtle break in the slope 

for the three lowest-q points in the data. 

 The SANS CV profiles of wild-type RCNMV at various D2O concentrations are 

shown in Figure 3. 
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Figure 3. SANS CV data for RCNMV. The curves, being collected at 59% D2O (), 63% 

D2O (), 77% D2O (Δ) and 81% D2O (∇), are offset for clarity. The two sets of data 

collected for each sample at the two different sample-to-detector distances were fit 

simultaneously using the 4-shell model described in the Materials and Methods (the solid 

lines). 

 

 The clearly distinguishable maxima observed are typical of SANS profiles from a 

predominantly spherical particle (Jacrot, Pfeiffer & Witz 1976, Inoue, Timmins 1985, He et 

al. 2010). The SANS profiles were fitted using a poly shell model consisting of four 

concentric spherical shells. The poly shell method has been shown to accurately represent the 

scattering patterns derived from viral icosahedral particles (Li et al. 2011). The solid lines 

shown in Figure 3 are the best fit profiles obtained with the 4-shell model. The structural 

parameters and scattering length densities (SLDs) resulting from the modeling are 

summarized in Table 2. 
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Table 2. The 4 shell model fitting parameters for the RCNMV virion determined from the 

SANS CV data.   

 

Shell  Thickness (Å) SLD(10
-6

Å
-2

) 

59%D2O 63%D2O 77%D2O 81%D2O 

C 87.95±4.18 3.94±0.02 4.21±0.03 5.29±0.01 5.66±0.01 

R 31.75±3.00 4.08±0.07 3.98±0.09 4.61±0.02 5.12±0.01 

S 33.30±3.03 2.24±0.10 2.77±0.09 2.72±0.01 3.00±0.01 

P 28.65±3.83 3.97±0.04 4.04±0.11 5.15±0.01 5.40±0.01 

Solvent - 3.95 4.30 5.34 5.69 

 

 The volume fractions of protein, RNA and solvent in each shell were estimated from 

the known SLDs of the various components of the virus as a function of D2O concentration 

using the relation  


3

1i ii
 , where 

i  and 
i  are the volume fractions and scattering 

length densities of the protein, RNA and solvent.  A constraint of  


3

1
1

i i
  was also applied.  

The results of this estimation are presented in Table 3. The four shells [designated C (for 

core), R (for RNA), S (for the CP shell domain) and P (for the CP protruding domain)] are 

shown in Figure 1B overlaying the cryo-EM reconstruction structure. The C shell consists 

primarily of solvent, although a very small amount of RNA and protein may be present based 

on the SLDs presented in Table 2 and the deconvolution of materials presented in Table 3. 

 

Table 3. Volume fraction in each shell that is occupied by protein, RNA or solvent 

determined from the 4-shell fitting of the SANS CV data.  The uncertainties in the volume 

fractions are on the order of a few percent.  

 

Shell Label Shell Protein RNA Solvent 

C 0-88Å 3% 5% 92% 

R 88-120Å 9% 52% 39% 

S 120-153Å 96% 0% 4% 

P 153-182Å 13% 0% 87% 
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 The volume fractions of protein and RNA in the C shell are on the order of the 

uncertainties in the material deconvolution.  Interestingly, the volume of RNA in the C shell 

is ~143,000 Å
3
, which is approximately the volume of the packaged SR1f RNA fragment.  

The R shell is dominated by RNA, as expected, and the S shell consists mostly of the CP 

shell domain. While the P shell contains some protein, the fitting demonstrates that the bulk 

of the P shell is occupied by solvent. This result is consistent with Figure 1B which clearly 

shows the ninety P-domain projections extending out from the capsid shell into the solvent. 

 The distance distribution functions, p(r) are normalized so that the peak value is equal 

to 1 (Figure 4). The maximum distance, Dmax, was found to be approximately 350 Å, which 

agrees well with the 366 Å RCNMV capsid diameter determined by cryo-EM (Sherman et al. 

2006). The position of the peaks for the 63%, 77%, and 81% D2O data sets are at ~220 Å and 

the shapes of the p(r) curves are consistent. The most probable distance occurs at a position 

greater than half of Dmax. This is an indication that the virion contains a solvated inner core 

which is protein free and contains a fleetingly small amount of RNA. The 59% D2O curve, 

which is the only dataset collected between the contrast matchpoints of the protein and RNA, 

peaks at ~250Å. The shift in the peak position results from the destructive interference 

arising from this specific contrast condition and is not a sign of an inconsistent data set.  
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Figure 4. Distance distribution functions, )(rp , determined from the SANS CV data 

collected at 59% D2O (), 63% D2O (), 77% D2O() and 81% D2O ().   

 

 The radial scattering length density distribution functions 
sr  )(  were determined 

to better understand the distribution of material in the capsid, and are presented in Figure 5. 

Due to the limited q-range of the SANS CV data, the
sr  )( below a radius of ~50Å are 

unreliable and are not presented. The curves all exhibit a broad feature near a radius of 125Å. 

The depth of the feature and the known SLDs of the solvent, CP and RNA, indicate that the 

minimum at this location corresponds to the protein shell. The variation in contrast between 
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the protein and the solvent account for the difference observed for the depth of the minimum.  

The curves at 77% and 81% D2O reveal a second feature at ~75Å. This feature results from 

the RNA in the structure and is visible in these curves because of the improved contrast of 

the RNA in the high D2O buffers. 

Figure 5. Radial scattering density distribution functions determined from the SANS CV 

data collected at 59% D2O (), 63% D2O (), 77% D2O() and 81% D2O (). The curves 

below 50 Å, masked out by the shaded region, are not reliable due to the limited q-range of 

the instrument. 

 

 The ORNL_SAS software package (Tjioe, Heller 2007) was used to generate 

simulated data based on the the polycore shell models. The software uses a modified Monte 

Carlo method to produce simulated intensity data based on a given model. The simulated 
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data can then be fit to the model curve generated by real data to assess the accuracy of the 

model. Spherical shells representing RNA density were placed inside a high-resolution model 

of the protein capsid constructed from the cryo-EM data (Sherman et al. 2006). The virion 

was assumed to have an innermost core containing solvent with an RNA shell outside of it 

that extends to the boundary defined by the CP S-shell (see the Materials and Methods). 

The SANS intensity profiles of one of the most accurate models, having an inner radius R = 

77Å and a shell volume 6.5 x 10
6
 Å

3
, are shown in Figure 6.  

 

Figure 6. SANS CV data collected at 59% D2O (), 63% D2O (), 77% D2O (Δ) and 81% 

D2O (∇) with the model intensity profiles determined from the fitting using the model of the 

CP with the internal shells of RNA. The curves have been offset for clarity and the number of 

data points in the overlap region between the two detector distances used was reduced for the 

model fitting. The first three points were omitted from the fitting to avoid the effect of any 

high-molecular weight contaminants on the fitting.   
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 The model structure producing the profiles presented in Figure 6 and a plot of χ
2 

as a 

function of the shell inner radius R are shown in Figure 7.  

 

Figure 7. Results of theoretical modeling. (A) Chi-squared distribution of most accurate 

model as a function of the inner radius of the shell. (B) Structure based on theoretical data 

using the most accurate theoretical model. The theoretical structure shows a spherical inner 

core of solvent surrounded by an RNA shell, which in turn is surrounded by a protein shell of 

variable thickness. The variation in thickness is best explained by the presence of the coat 

protein P domains on the exterior and the coat protein R domains on the interior. The 

theoretical structure is in agreement with the structure generated using a high-resolution 

cryo-EM based model of the coat protein.  

 

 The χ
2 

is roughly parabolic and the single minimum as a function of R is well-

defined.  These results agree with the 4-shell modeling result. Both models indicate that the 
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innermost core is essentially free of RNA.  The difference between the radius of the C-shell 

and the inner radius found for this model is not large. The difference that is observed may be 

attributed to variation in the modeling methods employed. For example, the structural detail 

inherent to the models built with the atomic-resolution model of the RCNMV capsid may 

differ from those derived from the 4-shell modeling.  The SANS profiles of RCNMV treated 

with chelators and cross linking agents are shown in Figure 8.  

 

Figure 8. SANS profiles of samples in 90% D2O. The curves are shifted vertically for clarity. 

All the samples exhibit a similar global structure indicated by the similar curves at low q.   

The difference in the shape of the second and third peak may result from the difference in the 

local structure of the particles under different conditions.  This structural difference is also 

implied by the high q data.  
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 It was found that a two shell model best fit the chelator treated data. The shell 

thicknesses, and SLD changes are given in Table 4.  

Table 4 Thickness and scattering length density of wildtype, UV treated, and chelated 

RCNMV samples based on Two shell model SANS model. 

Shell Thickness 

(Å) 
Uncertainty Wild-type with UV treatment 

SLDx10
-6

 (Å-2
) Uncertainty 

1(inner) 106.19 0.64 5.16 0.01 

2(outer) 53.58 0.82 3.50 0.02 

 Total=159.77  Solvent=5.65  

 

Shell Thickness 

(Å) 
Uncertainty Wild-type without UV irradiation 

SLDx10
-6

 (Å-2
) Uncertainty 

1(inner) 105.94 0.61 5.15 0.01 

2(outer) 54.37 0.78 3.46 0.01 

 Total=160.31  Solvent=5.65  

 

Shell Thickness 

(Å) 
Uncertainty EDTA with UV irradiation 

SLDx10
-6

 (Å-2
) Uncertainty 

1(inner) 104.99 0.86 5.32 0.01 

2(outer) 54.51 1.10 4.14 0.01 

 Total=159.50  Solvent=5.65  

 

Shell Thickness 

(Å) 
Uncertainty EDTA without UV irradiation 

SLDx10
-6

 (Å-2
) Uncertainty 

1(inner) 106.79 0.58 5.13 0.01 

2(outer) 53.24 0.75 3.37 0.02 

 Total=160.03  Solvent=5.65  

 

Shell Thickness 

(Å) 
Uncertainty EGTA with UV irradiation 

SLDx10
-6

 (Å-2
) Uncertainty 

1(inner) 106.79 0.70 5.20 0.01 

2(outer) 52.95 0.90 3.65 0.02 

 Total=159.74  Solvent=5.65  

 

Shell Thickness 

(Å) 
Uncertainty EGTA without UV irradiation 

SLDx10
-6

 (Å-2
) Uncertainty 

1(inner) 104.77 0.67 5.23 0.01 

2(outer) 55.15 0.86 3.74 0.01 

 Total=159.94  Solvent=5.65  
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 The model fitting indicates that no significant change in total size of the capsid occurs 

as a result of the various treatments.  For the samples that did not undergo UV irradiation, it 

is very clear that EGTA treatment results in an SLD increase in both shells. The effect of 

EGTA on the position of the RNA shell is negligible. However, the center of the protein shell 

is displaced towards the inside of the capsid by ~5-10 Å after the treatment. In contrast, the 

EDTA treatment results in a decrease in SLD of the protein shell only.  The radial 

distribution function (Figure 9) indicates that both the centers of RNA and that of protein 

move ~5-10 Å towards the inside of the capsid.  

 

Figure 9. Radial neutron scattering length densities of the wild-type RCNMV (), RCNMV 

with EDTA(●) and EGTA (▲ ) without UV irradiation in 90% D2O.  
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 The UV irradiation treatment results in a subtle change in the structure of the RNA in 

the wild-type capsid, as evidenced by the difference in SLD at 66.9% D20 (Table 4). This 

subtle difference in SLD’s is also observed in the EGTA-treated capsid. In the EDTA treated 

capsid, the effect of UV is rather dramatic and affects both the RNA and the protein 

components of the virus. This result is obtained consistently in both the model and the 

model-free analysis. The observation supports the hypothesis that cross-linking of the 

structural components may occur as a result of UV irradiation. The centers of RNA and 

protein shift towards the interior by about 10 Å in the wild-type particle. In contrast, in the 

cUV irradiated EGTA treated sample the center of protein is displaced ~5 Å. The wild-type 

particle exhibits slightly higher SLDs in both shells.  The SLD’s become lower for EGTA-

treated UV irradiated samples. Figure 10 shows the differences in SLD between those 

samples which were UV irradiated and non UV irradiated EDTA treated samples. The UV 

irradiation has a relatively large impact on the structure of the EDTA-treated sample. 

Although the centers of mass for both RNA and protein do not move, the SLDs become 

larger.  

Discussion 

Structure of Wild-Type RCNMV 

 

 The SANS CV data presented here allowed us to model the RNA in the core of the 

RCNMV capsid independent of the cryo-EM reconstruction (Sherman et al. 2006). A notable 

observation derived from the SANS CV data is that the innermost core of the wild-type 

virion contains a volume fraction of RNA just large enough to account for the SR1f RNA. 
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This leaves a mostly RNA free inner core. This conclusion is supported by both of the 

modeling methods employed. This result is similar to the results obtained from small-angle 

X-ray scattering (SAXS) and SANS experiments conducted on TBSV, where the RNA 

appearing in the 3D reconstruction volume is constrained within a discrete RNA layer 

(Aramayo et al. 2005). One difference between RCNMV and TBSV is the absence of protein 

in the inner core of the RCNMV virion. In TBSV, it was observed that a portion of the CP 

extended into the core of the virion below the RNA layer (Aramayo et al. 2005).  The 

RCNMV CP is 339 amino acids (aa), while the larger TBSV CP is 388 aa residues. The 49 aa 

difference is due to a longer R domain in TBSV and may partially account for the presence 

of protein in the inner core of TBSV.  

 The models produced by the SANS analysis agree well with the previous cryo-EM 

(Sherman et al. 2006)
 
reconstruction structure while improving upon our understanding of the 

distribution of RNA within the core. The cryo-EM reconstruction of wild-type RCNMV 

depicted a distinct cage-like distribution of density beginning at a radius of 87 Å and 

extending to a radius of 117 Å. It was noted that the cage is a quasi t=1 symmetry while the 

capsid possesses the cannonical T=3 quasi-equivalent symmetry. The RNA cage is composed 

of 60 slab-like densities of RNA. At the twofold axes, slabs are oriented in an anti-parallel 

fashion and are separated by ~50 Å. It was noted that the density of the capsid accounts for 

all of the density of 180 CP residues except for the 14-16 amino acid N-terminus. It was 

implied that the slabs were composed of the CP 16 N-terminal residues complexed with 

RNA. The volume of RNA interacting with protein in the slabs accounts for 35 – 40% of the 

total RNA known to be packaged within the wild-type virions (Sherman et al. 2006). It was 
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unclear from the cryo-EM reconstruction where and how the remainder of the RNA is 

distributed within the core of the virion.  This SANS CV model demonstrates that ~93% of 

the RNA in wild-type RCNMV lies in the capsid R shell. RNA-1 and RNA-2 together 

account for ~93 % of the RNA. The remaining 8% of the RNA lies in the inner core. This 

corresponds to the amount expected from the degradation product SR1F.  These results imply 

that there is a high level of interaction at the RNA/protein interface, and this interaction is 

between the RNA-1, RNA-2 molecules and the N-terminus of the protein. This is not at all 

surprising, since previous experiments have demonstrated that the RCNMV capsid assembly 

process is driven by both protein-protein and protein-RNA interactions that together create 

the icosahedral capsid that envelopes the RNA genome (Basnayake, Sit & Lommel 2006). 

Specifically, the 34 nt trans-activator (TA) hairpin element in RNA-2 is recognized by the 

CP to initiate the capsid assembly process (Basnayake, Sit & Lommel 2009). A tight 

interaction between the RNA cage and the individual CP subunits comprising the S-shell was 

thus expected.  The ~16 amino acid N-terminus of the CP is highly positively charged and 

may be in close association with the negatively charged RNA. Molecular studies done on 

Brome mosaic virus, another icosahedral RNA plant virus, have indicated that specific N-

terminal motifs are involved in the packaging of the RNA genome (Choi, Rao 2000). A 

similar mechanism may be in operation for wild-type RCNMV. 
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Effect of EGTA on RCNMV Virions 

 

 SANS analysis of wild-type RCNMV versus RCNMV treated with EGTA and EDTA 

elucidate the role that divalent cations of calcium and magnesium play in disassembly of the 

virus. The increase in scattering length density (SLD) observed in both shells of the virion in 

response to EGTA treatment may be attributed to solvent entry.  This implies that some 

structural rearrangement of CP occurs which modifies the capsid exterior a way that allows 

for the ingress of solvent. This idea is not without precedent. Experiments done on 

suspensions of phage viruses done in the 1950’s demonstrated that the permeabilities of 

various viral capsids to water and salt ions is highly variable (Anderson, Rappaport & 

Muscatine 1953).  This difference in permeability is the driving force behind osmotic shock 

protocols, where virus capsids are disrupted by suddenly changing the concentration of ions 

around the capsid (Cordova et al. 2003).  It is interesting, that in the case of RCNMV, the 

ingress of solvent is not accompanied by concurrent particle swelling.  One explanation for 

this observation is that the wild-type RCNMV virus exists in a partially dehydrated state.  

There are 390 ± 30 Ca²
+
 ions per RCNMV virion, which corresponds to slightly more than 2 

calcium ions per CP subunit. There 420 ± 25 Mg
2+

 ions per virion.  Treatment with EGTA 

removes the calcium ions to the limit of detection, and reduces the number of magnesium 

ions to 125 ± 128 (Sherman et al. 2006). When the calcium ions are removed, the 

permeability of the RCNMV S-shell to water is increased, allowing for the capsid to fully 

hydrate. The ingress of water results in a thinning of the S-shell, but without an overall 

increase in diameter. This is consistent with the results obtained from Cryo-EM (Sherman et 
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al. 2006).  The increase in SLD of the RNA shell implies that the RNA in this shell is slightly 

more diffuse after treatment with EGTA. This observation can be explained in terms of the 

effect of magnesium ions on RNA. It is well established that magnesium plays a role in RNA 

folding  (Misra, Draper 2002). One would expect that the removal of ~300 magnesium ions 

would disrupt the wild-type RCNMV RNA folds.  

 

Effect of EDTA on RCNMV virions 

 

 The results of the radial distribution function (Figure 9) imply that the RNA and 

protein components of the virion become more distinct after treatment with EDTA which is a 

less selective chelator than EGTA.  Previous experiments have reported that EDTA treatment 

results in the depletion of both magnesium and calcium ions. It was hypothesized that this 

loss leads to the opening of “pores” in the capsid through which viral RNA may exit into the 

cytosol (Sherman et al. 2006). 

 EDTA treatment results in the loss of all calcium ions, and nearly all of the 

magnesium ions. The number of magnesium ions left after EGTA treatment was 

approximately 120. Treatment by EDTA results in the opening of pores in the virion, an 

increase in SLD of the coat protein only, and a shift in the center of mass of RNA to the 

interior of the virion. Additionally, the distinction between protein and RNA shells is much 

more pronounced in the EDTA treated virions. These results suggest that the magnesium ions 

that remain after EGTA treatment may be facilitating the protein/RNA interactions. One can 

envision a magnesium mediated protein/RNA binding construct in which the presence of 
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magnesium is a requirement for maintaining the RNA fold necessary for binding protein. 

Such a construct has been described in mammalian cells (Hammamieh, Yang 2001). 

 

Proposed RCNMV Disassembly Mechanism 

 

 The results of the SANS/ CV studies together with the Cryo-EM data suggest that the 

sequence of events resulting in the deformation and the hypothesized egress of RNA from the 

capsid may be more complex than previously believed. Models of other T=3 viruses such as 

TBSV have assumed that the conformational twist among the three protein subunits is a rigid 

body change (Aramayo et al. 2005). Previous models have assumed that the 3 capsid protein 

conformations were essentially rigid body plates held together by calcium salt bridges. When 

the salt bridges are removed, an expansion mechanism is triggered resulting in swelling of 

the virion (Robinson, Harrison 1982). Recent advances in crystallography have enabled the 

discovery of an intermediate structure that occurs during the formation of the icosahedral 

prohead II component of the bacteriophage HK97. The structure suggests an unprecedented 

expansion mechanism that involves a twist of the subunit around three β-strands (Gertsman 

et al. 2009). This observation implies that in this case, the rigid-body model may not be 

appropriate.  The idea that the rigid-body model for S- shell domain movement proposed by 

Harrison for TBSV (Robinson, Harrison 1982) may not be universally applicable in plant 

viruses, has also gained traction in recent years due to increased recognition of the presence 

of intrinsically disordered proteins (IDPs) that lack a unique, stable structure in solution. 

These IDP’s often occur in regions of the protein that are conserved across species. The 
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conservation of disordered peptides in a particular region of a protein is referred to as 

conserved disorder (Bellay, J. 2011). It has been predicted that viruses have 10 times more 

conserved disorder than bacteria (Uversky, Longhi 2012). Studies of the Sesbania mosaic 

virus (SeMV) capsid have indicated that its coat protein has some intrinsically disordered 

regions (Nair, Murthy & Savithri 2012). In RCNMV, three regions in the S-domain, amino 

acids 53-63, 81-95, and 145-151 are predicted to be intrinsically disordered by FoldIndex 

(Prilusky et al. ), an online tool that predicts the intrinsic folding properties of a protein 

sequence. 

 The lack of detectable swelling or shrinkage of the RCNMV virion in response to the 

chelators coupled with the effect of UV irradiation on the SLD of EDTA treated capsids, and 

the intrinsic disorder of some portions of the S-domain, suggest an alternative interpretation 

of the events leading to capsid deformation: In RCNMV, as in TBSV, the removal of Ca
2+ 

ions
 
causes a conformational shift that allows for solvent ingress into the interior of the 

virion. However, in contrast to TBSV and SeMV which swell when exposed to chelators, 

RCNMV does not change its size. The presence of Mg
2+ 

ions induces a specific RNA fold  

that facilitates binding of RNA to the CP R domain occurs. Upon removal of magnesium 

ions, RNA sel repulses causing the RNA-protein bonds to break. The 46 N-terminal R 

domain residues then fold into a small globular structure. The hydrodynamic radius Rh of the 

this theoretical conformation can be calculated to be ~10 Å, with radius of gyration Rg at ~8 

Å using relationships Rh =(4.75 ±1.11)N
0.29±0.02

 where N is the number of residues in the 

polypeptide chain and Rg =ρRh with ρ predicted to be ~0.77 for spherical molecules (Wilkins 

et al. 1999). A globular protein of this size could conceivably fit through the 11-13 Å pores 
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formed at the 3 fold axis of symmetry in cation depleted capsids. We hypothesize that an 

initial step in the disassembly of RCNMV may involve the translocation of the N-terminus of 

certain CP arms from the interior to the exterior of the capsid.  A translocation event such as 

this one has been postulated for both TBSV, and picornaviruses (Harrison, S.C. 1987). In 

Cucumber necrosis virus (CNV) exposure of the N-terminal arms appears to be essential for 

chloroplast targeting (Kakani,K. 2004).  

 One structural feature that is common to numerous related viruses is a structural motif 

known as the β-annulus. The β-annulus is formed by extensive hydrogen bonding between 

protein subunits related by the icosahedral three-fold axis of symmetry (Pappachan et al. 

2008). In TBSV, the β-annulus is formed by the ordered folding of 35 residues at the N-

terminal end of the 60 C-position S-domains (Robinson 2001). The β-annulus structure is 

believed to have a role assembly, disassembly and stabilization in TBSV (Timmins, Wild & 

Witz 1994). Mutants of CNV have shown that deletion of the R region responsible for 

forming the β-annulus structure causes the capsids to disassemble when treated with EDTA 

(Hui, Rochon 2006). Recent work has shown that a region in the arm domain of CNV can 

function as a chloroplast transit peptide (TP) in infected plants, and that targeting may 

represent a means for virus particle disassembly (Hui, Xiang & Rochon 2010). TBSV has an 

R domain that contains 102 amino acids. CNV is slightly truncated at 92 amino acids. The R 

domain of RCNMV is only half as long  at 46 amino acids. An alignment of the R regions of 

TBSV, CNV, and RCNMV is shown in Figure 10.  
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Figure 10. Alignment of the R domains of RCNMV, CNV, and TBSV capsid protein. Colors 

are generated with Clustal Colour scheme (Thompson, Gibson & Higgins 2002). 

 

 It is of interest to note that the R domain of the RCNMV CP aligns with the amino 

acid adjacent to the CP S domain in both TBSV and CNV. This is the region that has been 

implicated for forming the β-annulus in TBSV. Hence it is likely that the β-annulus 

formation may also be present in RCNMV.  Unlike TBSV and CNV, RCNMV does not 

swell when treated with EDTA. Hence the β-annulus may be involved in the stability of 

RCNMV, and may be involved in assembly. 

 Sherman and colleagues speculated that the sixty 11-13 Å pores that open upon cation 

removal may provide a possible escape route for viral RNA (Sherman et al. 2006).  However, 

this idea is not consistent with the neutron scattering data, which shows that the RNA-protein 

interface actually becomes more distinct upon treatment with chelators. From the data 

obtained from studies of other viruses, together with the observations from neutron scattering 

in RCNMV we propose an alternative mechanism for RCNMV disassembly. First, calcium is 

depleted from the capsid. This may be due to a change in pH, a charge variation, or a deficit 

of calcium ions in the external environment. This destabilizes the RCNMV capsid allowing 

free passage of solvent and ions between the interior and exterior of the environment.  The 

destabilization, initiates a series of non-rigid body conformational changes in the S shell, 

which are then translated to the RNA shell. When the RNA is disrupted, magnesium ions not 
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involved with protein-RNA binding are released and diffuse into the cytosol thus 

exacerbating the osmotic pressure. The increased disequilibrium overcomes the strength of 

the ionic bonds of the 120 RNA/protein magnesium mediated binding sites formed by N-

termini of the A and B subunits. Egress of the remaining magnesium ions results in 

disruption of the protein fold and the magnesium mediated RNA fold that together make 

possible the protein-RNA interaction at the N-terminal domain. When these folds are 

disrupted, any remaining Mg
2+

 ions, which are known to bind preferentially to phosphate 

groups and to play a critical role in maintain proper RNA folding (Misra, Draper 2002), are 

free to migrate to the exterior. This migration causes further conformational changes that 

result in the formation of the 10-13 Å pores visualized in the Cryo-EM structure. Free of its 

Mg
2+

 ions the RNA expands into the empty core of the virion.  The free N-terminus then 

folds into the pore, effectively sealing the capsid with the RNA inside, with the N-terminus 

of the R domain now sequestered on the exterior of the virion.  The N-terminus may provide 

a signaling mechanism, similar to the chloroplast transit peptide mechanism noted in CNV, 

which marks the virion for degradation by host machinery.  

 

Conclusion 

 

 The combination of SANS CV and modeling presented here demonstrates the utility 

of this approach for identifying the internal structure of viruses having icosahedral symmetry. 

The SANS-CV analysis has shed new light on the mechanism of ion mediated disassembly of 

the RCNMV virion. It has allowed us to question the previous assumption of RNA egress 
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through the pores of the capsid, and has allowed us to propose a new idea for the mechanism 

by which the viral RNA is released. SANS analysis of RCNMV in its wild-type state and 

subsequent treatment by chelators and UV irradition has revealed that conformational 

changes induced by treatment dramatically affect the internal organization of the virion. The 

changes suggest possible mechanisms for intracellular disassembly of the capsid that have 

not previously been explored. Further biochemical research is needed to validate the 

magnesium mediated RNA-protein binding interactions as well as the ubuiquitin mediated 

dissasembly process. 

 The methods applied here are not specific to RCNMV. They are broadly applicable to 

other icosahedral virions. The methods and concepts employed here could be extended to 

understand the organization of RNA in rod-like virions, as well. 

 

Materials and Methods 

Virus Propagation and Purification 

 

 Red clover necrotic mosaic virus was propagated in Nicotiana clevelandii plants as 

previously described (Xiong, Lommel 1991). Virions were isolated from infected leaves by a 

differential centrifugation based purification process described previously (Martin et al. 

2010). The purified virus was then resuspended in 200 mM sodium acetate buffer, pH 5.2. 

The initial virus concentration was determined using a NanoDrop 1000 spectrophotometer 

(Thermo Scientific, Waltham, MA) with an extinction coefficient of 6.46 mg ml
-1

 cm
-1

at 260 

nm (Lommel 1983) and subsequently confirmed by the Coomassie Plus Protein Assay 
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Reagent (Pierce Chemical, Rockford, IL). The relative morphological capsid integrity was 

assayed by negative staining transmission electron microscopy. 

 

Virus Purity 

 

 Purified virus preparations were assayed for aggregation using dynamic light 

scattering (DLS) on a Malvern 1000ES Zetasizer (Malvern Instruments, Worcestershire, 

UK). To assess purity of the sample, two electrophoretic assays were conducted to separately 

analyze protein and RNA composition. A 12% SDS-PAGE gel was prepared to assay for 

protein contamination. This gel was loaded with 19.2 µg of RCNMV in both the native and 

denatured state. Samples were electrophoresed at 150 volts for 50 minutes. The protein bands 

were visualized by staining with Coomassie blue stain. Virion RNA was extracted by adding 

480 µg of diluted virus to 7.5 µl of 20% SDS. The volume was brought up to 100 µl with 

Tris-EDTA buffer followed by extraction with 100 µl of phenol/chloroform (1:1 v/v), pH 

4.3. The viral RNA was ethanol precipitated and resuspended in 25 µl dH2O. RNA 

concentration was determined using the NanoDrop 1000 spectrometer. Viral RNA (0.631 µg) 

was electrophoresed through a 1% agarose gel in 1X Tris-EDTA buffer at 90 volts for 60 

minutes and visualized with ethidium bromide staining. 
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Chelating and UV Irradiation Treatment 

 

 Aliquots of 85 μl of purified RCNMV were obtained from stock.  To these were 

added 15  μl of either 10 mM EDTA, 10 mM EGTA, or H2O.   One aliquot representing each 

treatment group was held back as a control, while the other was subjected to UV irradiation. 

A modification of a published protocol for irradiation of ribosomal RNA was used 

(Juzumiene et al. 2001). Briefly, the UV irradiation aliquot was cooled on ice for 10 minutes, 

then transferred to a quartz crystal cuvette placed in a thermostat holder. The sample was 

deoxygenated by a flow of nitrogen gas and irradiated with 300 nm UV radiation from a 

transluminator  (Fotodyne Inc., Hartford Wi) placed 5 centimeters away.  

 

Small-Angle Neutron Scattering (SANS) 

 

 For wild-type virus, a contrast variation series was made by adding 0.96 µg of the 

virus, prepared as described above, in an H2O buffer to 450 µl of mixed buffers composed of 

59%, 63%, 77% and 81% D2O. For the treated virions the contrast was set at 90% D2O. The 

D2O concentration of 90% was chosen as past experience has shown that SANS profiles of 

chelator treated virions with D2O concentrations less than 90% cannot be easily resolved 

(Martin, unpublished). Samples were measured at room temperature in sealed, 1 mm path 

length quartz cuvettes. The actual D2O content of the samples were determined using the 

sample transmissions, T, as well as those of pure H2O and D2O standards. For these samples, 

the neutron absorbance, dTLn /)( , where d is the sample thickness, can be related to the 
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fraction of D2O in the solution, f, through the relation     
ODOHOD

f
222

1   . The 

measured samples contained 59%, 63%, 77% and 81% D2O. The measured sample of the 

treated samples was 89.57% D2O. 

 The SANS experiments were performed at the HFIR Bio-SANS (CG3), Oak Ridge 

National Laboratory (Lynn et al. 2006). The neutron wavelength, λ, was set to 6 Å with a 

wavelength spread, Δλ/λ, of 0.14. Scattered neutrons were detected with a 1 × 1 m
2
 helium-

filled two-dimensional position sensitive detector with 192 × 192 pixels. Two sample-to-

detector distances, 3 m and 11.3 m, were used to cover a q-range between qmin = 0.004 Å
-1

 

and qmax = 0.3 Å
-1

. The samples and corresponding buffers were collected 3-5 hours at each 

detector setting to obtain acceptable counting statistics. The raw 2D data were corrected for 

the detector pixel response and dark current, which represents the ambient radiation 

background and electronic noise, before subtracting the buffer backgrounds. The corrected 

data were azimuthally averaged to produce the 1D profile I(q) vs. q, where q = 4π sinθ/λ and 

2θ is the scattering angle. Data were placed on an absolute scale (cm
-1

) through the use of 

calibrated standards (Wignall, Bates 1987). 

 The reduced 1D profiles from the two detector distances were merged using methods 

developed by the National Institute of Standards and Technology (Kline 2006)
 

and 

implemented in IGOR Pro 6.1 (WaveMetrics, Lake Oswego, OR). The reduced and merged 

data were produced by subtracting the I(q) for the buffer from that of the sample and 

including a constant to account for the difference in incoherent scattering that arises from the 

difference in hydrogen content resulting from the displacement of buffer by the virus in the 

sample. 
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SANS Data Analysis 

 The radius of gyration, g
R  was determined using the Guinier approximation (Guinier 

1955) in which the g
R  can be determined from the data by fitting a straight line to the data 

transformed to   qILn  vs. 2q .  Guinier fitting was accomplished using the software 

implemented by NIST in IGOR Pro 6.1 (Kline 2006). A distance distribution,  rP , which is 

related to the SANS intensity by a Fourier transform, was calculated using the program 

GNOM (Semenyuk, Svergun 1991). The radial scattering density distribution function, 

 
s

r   , where 
s

 is the scattering length density for the solvent, was performed for each 

contrast value as described previously (He et al. 2010). 

 

SANS Data Modeling 

 

 The model fitting was accomplished by approximating the virus as a structure 

consisting of concentric spherical shells. Both transmission electron microscopy and cryo-

EM suggest that the icosahedral virus has a strongly spherical character and can be modeled 

as spherical shells. The intensity profile of the multi-shell model is given by Equation 1.    

bkg
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                                     (1) 

 The volume fraction of the particles in solution is given by  , 
pV is the volume of the 

virus particle, iV  and ir  are the volume and radius of the i
th

 concentric sphere, respectively. 

N is the number of shells used. The function 2
1 /)cos(sin)( xxxxxj  is the first spherical 
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Bessel function. All of the data sets with different contrasts and the data sets of the same 

sample collected at different camera lengths were fit simultaneously for the shell radii and 

scattering length densities. The radii were identical for all of the CV data sets, while the 

scattering length densities were not coupled between CV data sets. The free parameters for 

the model fitting were the radii of the shells, the scattering length densities of each shell and 

the baseline, being the bkg in Equation 1. The non-linear least-squares fitting routines were 

accomplished through the so-called “global fit” function developed by NIST (Kline 2006) in 

the IGOR Pro 6.1 software package. The instrument resolution function was accounted for in 

the fitting. The initial values for scattering length density and thickness of each shell were 

estimated from the previously published cryo-EM structure of RCNMV (Sherman et al. 

2006). Different values of N  were tested In order to determine the number of shells for the 

fitting. It was found that four shells were ideal for the best fit while more shells did not 

improve the fitting quality significantly. 

 Additional modeling was performed using the RCNMV capsid structure determined 

by cryo-EM (Sherman et al. 2006) and a concentric shell of uniform density to represent the 

RNA contained in the capsid. An atomic model of the virus capsid was assembled by using a 

homology model based on the 2.9 Å crystal structure of TBSV (Harrison et al. 1978). This 

model was fit to the cryo-EM density map after appropriate amino acid substitutions. The 

resulting model consisted of a trimer representing the three different CP conformations. The 

complete capsid was generated using the pdbset program available within the CCP4 program 

suite (Collaborative Computational Project, Number 4 1994). The RNA was modeled as a 

uniform density shell with an inner radius R and an outer radius of 131 Å, a value determined 
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from the structure of the CP. The scattering length density of the shell was determined from 

the known volume of RNA. The calculated volume of the shell was adjusted for the volume 

occupied by the CP that protruded into the core of the particle, and the scattering length 

density of RNA calculated at the specific concentrations of D2O present in the solutions that 

were measured.  Models were tested for values of R ranging from 0 Å to 130 Å in 1 Å 

intervals.  Models having shells with insufficient volume to hold the RNA were not tested.  

The intensity calculation followed the method used in ORNL_SAS (Tjioe, Heller 2007). The 

capsid and the spheres were overlaid onto a 1 Å cubic grid and each grid element was 

assigned to the capsid, RNA spheres, and solvent. The quality of the fit of the model SANS 

intensity profiles to the measured data were evaluated using the reduced χ
2
 parameter used 

previously (Tjioe, Heller 2007, Heller 2006). The reproducibility of the χ
2
 of each model 

tested was tested by performing the calculation 100 times, making it possible to determine 

the average and standard deviation of the χ
2
 of each model tested as a function of the inner 

shell radius. 
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CHAPTER FIVE 

 

EARLY ATTEMPTS AT MODELING RCNMV USING MOLECULAR DYNAMIC 

SIMULATIONS: PROGRESS AND LESSONS LEARNED 

Stanton L. Martin and Steven A. Lommel 

 

Abstract 

 

The original motivation for this thesis project was an attempt to utilize in silico modeling to 

illuminate the mechanism by which RCNMV opens and closes its pores in response to 

changes in the external environment.  Here we review the developments that led up to this 

idea, and present the results of early experiments in molecular dynamic simulations.  Five 

separate experiments are presented and discussed.    

 

…the history of science is not restricted to the enumeration of successful investigations. It 

has to tell of unsuccessful inquiries, and to explain why some of the ablest men have 

failed to find the key of new knowledge….James Clerk Maxwell 
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Introduction 

 

 2006 was an exciting year in the field of computational virology. In March of this 

year, Klaus Schulten and colleagues at the University of Illinois took it upon themselves to 

use NAMD, (Phillips et al. 2005) a molecular dynamics simulations package that was a 

recipient of a 2002 Gordon Bell Award, to attempt the first ever all atom molecular dynamic 

simulation of a complete organism (Freddolino et al. 2006). They chose Satellite tobacco 

mosaic virus (STMV) to do this.  STMV is a T=1 icosahedral virus with a diameter of only 

17 nanometers.  STMV contains a single RNA molecule that encodes two genes. One gene 

codes for the viral coat protein, while the function of the other is currently unknown. STMV 

enhances the virulence of Tobacco mosaic virus, with which it associates. The small size of 

the virus made it amenable to full fledged molecular dynamic simulations. Schulten and 

colleagues did 5 simulations. The first simulation contained only RNA and the capsid 

assembly. This system had a total of 1,066,628 atoms. They let the simulation run for 13 

nanoseconds. They then simulated RNA alone (388,000 atoms). Next, they followed up with 

two more 10 nanosecond simulations on the capsid alone using two different baseline 

temperatures (310 K and 298 K). Finally they added in all components: Capsid, RNA, and 

ions for a grand total of 1,068,969 atoms in the system. This simulation (simFULL) was run 

for 10 nanoseconds on the 128 node (256 core) Altix cluster located at the National Center 

for Supercomputing applications.  Performance for simFULL was 0.7 ns/day.  By comparing 

the results of the different simulations they learned that the capsid by itself was highly 

unstable. It tended to collapse without its RNA.  The simFULL simulation revealed a kind of 

dynamic stability. The virus appeared to “breathe” as it pulsed in and out asymmetrically.  
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Based on their analysis of the stability of the various simulations, they proposed an 

alternative model for the assembly of the STMV virion. They proposed that the RNA first 

folds into its spherical state then binds to individual capsid dimers which eventually form a 

complete capsid. Schulten’s accomplishment provided interesting insights into the biology of 

STMV. However, the most important aspect of the work was the proof of concept. The 

demonstration that an entire virus could be simulated in silico inspired our lab to explore the 

possibility of utilizing molecular dynamic simulations in our study of the Red clover necrotic 

mosaic virus (RCNMV).  During this time our laboratory was interested in the possibility of 

using RCNMV as a drug delivery system. Stefan Franzen’s laboratory at North Carolina 

State University had previously demonstrated that the RCNMV virion could be used to 

encapsulate gold nanoparticles (Loo et al. 2006). It had occurred to us that this same 

mechanism could be exploited to encapsulate other small molecules such as 

chemotherapeutic agents, and perhaps even designed antisense oligonucleotides. At about 

this time, our laboratory was completing its first foray into the world of structural virology. A 

long standing collaboration with Michael Sherman, then at Purdue University, and now at the 

University of Texas Medical Branch at Galveston, resulted in a cryo electron reconstruction 

of RCNMV to ~8.5 Å resolution (Sherman et al. 2006). The cryo EM paper elucidated a 

putative molecular switch in RCNMV that conferred upon the virion capsid a unique ability 

to open and close in response to changes in the ionic environment. Another collaboration, 

this time with Albert M. Mikhailov, at the Institute of Crystallography, Russian Academy of 

Sciences, Moscow, Russia to crystallize the virus was in progress. It was anticipated that this 

collaboration would soon yield an atomic resolution structure. We hoped to use this structure, 
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along with the techniques pioneered by Schulten’s laboratory to obtain an in silico molecular 

dynamic simulation of the entire virus. It was hoped that this simulation would confirm the 

“molecular switch” hypothesis as a mechanism of egress for the RCNMV RNA molecule. It 

was also hoped that the simulation would provide detailed molecular information that could 

be exploited when designing drugs that may be delivered through the RCNMV construct. 

 

Comparison of RCNMV to STMV 

 

 The first step in the process was to compare the experimental system simulated in 

STMV with that of RCNMV.   Table 1 shows a comparison of the two viruses. As indicated 

in the table, the total number of atoms to be simulated with RCNMV was close to 6 million, 

compared with approximately 1 million atoms in the STMV simulation. The difference in 

resolution between the two virions was an order of magnitude. (8.5 Å for RCNMV vs 1.81 Å 

for STMV). We calculated that assuming linear scaling; a full fledged atomic simulation of 

RCNMV would take ~ 2 billion days on the 128 dual core Altix nodes available at the 

National Center for Supercomputing applications. Since this amount of time is not 

reasonable, we initially focused on a smaller simulation of using single RCNMV monomers. 
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Table 1:  Comparison of RCNMV and STMV. 

 RCNMV STMV 

Diameter 36 nm icosahedral ~17 nm icosahedral 

Triangulation # 3 1 

# atoms RNA ~170,570 (5337nt) 30,330 (949nt) 

Protein  180 cp/capsid 60 cp/capsid 

# atoms protein ~741,609 (37kDa) ~135,960 (14.5kDa) 

Total # atoms in the virus 912,179 166,920 

#ions  ~4000 773 (mg,cl) 

# atoms H20 ~4,982,877 ?? 899,565 

Total 5,898,121 +Ca = ~6 

million atoms 

1,066,628 
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Experiment 1: Molecular Dynamic Simulation of the RCNMV coat protein 

 

 The A conformation of the RCNMV coat protein was selected for molecular dynamic 

simulations. The initial model was obtained from the cryo-EM dataset in the form of a pdb 

file. The coat protein was hydrogenated and solvated in a water sphere using the Visual 

Molecular Dynamics (VMD) modeling package (Humphrey, Dalke & Schulten 1996).  The 

molecular dynamic simulation was done using the NAMD 2.6b package (Phillips et al. 

2005). The initial temperature was set at 310 K. The time step was set at 2.0 femtoseconds.  

Spherical boundary conditions were in effect. Minimization occurred for 100 steps, and the 

simulation was allowed to proceed for 2500 time steps, corresponding to 63.9 seconds of 

clock time and 0.005 ns of simulation time.  Analysis was done by visually inspecting the 

animation produced by the .dcd file output from NAMD.  A root mean square standard 

deviation  (RMSD) analysis was done, as well as a difference analysis of the variation 

between coordinates before and after the simulation. 

 

Results and Discussion 

 

 The solvated monomer is shown in Figure 1A. The unsolvated  monomer  with P and 

S domains highlighted is shown in Figure 1B.  A ribbon diagram is shown in red (Figure 1C).  

The simulation revealed vibrational dynamics in the P and S domains, but no major 

deformation of the monomer was indicated. It was noted that the N- termini seemed to 

vibrate in a rotational fashion, and this rotating motion was more pronounced than that of the 



147 

 

 

 

 

rest of the monomer. Figure 2 shows box and whisker plots of the average differences in the 

PDB coordinates of the RCNMV coat protein model before and after molecular dynamic 

simulations. The graphing was done using the JMP software package from SAS Institute Inc. 

(Cary, NC. USA). Linked graphs in the JMP software package (not shown) allowed for 

visual inspection of those amino acids which moved a lot versus those that did not. It was 

observed that non polar amino acids such as valine and leucine, which collectively account 

for 24% of the amino acid in the coat protein,  moved very little. More polar amino acids 

such as lysine and asparagine moved a lot, even though they account for a relatively small 

proportion (7%) of the total protein. This observation is reasonable in light of the fact that 

non polar hydrophobic residues would tend to be sequestered in the interior of the protein 

and remain relatively fixed in space, while the hydrophilic polar residues on the exterior 

would be exposed to solvent and would have more freedom of movement. 

 

 
A     B         C  

 

Figure 1. A. A model of RCNMV coat protein solvated in a water sphere visualized with a 

ball and stick diagram. B. A model of RCNMV coat protein, colored by constituent amino 

acids. C. A Ribbon diagram of the P domain of RCNMV coat protein colored in red. 
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Figure 2. Box and whisker plots of the average difference between coordinates for each 

amino acid in the RCNMV coat protein before and after molecular dynamic simulation. 

Hydrophilic amino acids such as Arginine and Lysine tended to move more than 

hydrophobic amino acids such as Valine and Phenylalanine. 

 

Conclusion 

 

 An all atom molecular dynamic simulation was performed for 5000 femtoseconds 

(0.005 ns) on the RCNMV coat protein cryo-EM based model solvated in a water sphere. 

Vibrational motion was noted in all areas of the protein, but no large scale deformations 

occurred. Hydrophilic residues tended to move more than hydrophilic residues. The 

simulation required 60 seconds of computational time.  
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Experiment 2: Course Grained Modeling of Tomato bushy stunt virus 

 

 While molecular dynamic simulations of the RCNMV coat protein provided an 

interesting confirmation of the idea that hydrophobic residues are less mobile than 

hydrophilic residues in solution, this observation did little to shed light on the mechanics of 

the putative ion switch in the RCNMV coat protein. To understand this mechanism, it was 

highly desirable to do full capsid simulations as Schulten’s group had done. When the work 

on RCNMV started this was computationally impossible. However, in December of 2006, 

Klaus Schulten’s laboratory passed another important milestone when they published a novel 

method of MD called coarse graining, and applied it to the study of icosahedral viruses. The 

method uses a flexible algorithm to represent the system with a very small number of coarse 

grain (CG) particles. It then calculates a dynamic description of the CG system.  The CG 

model represents the shape of the virion by several point masses. About 200 atoms are 

represented in each particle. These particles then interact through effective potentials 

(Arkhipov, Freddolino & Schulten 2006).The availability of the course grained MD method 

paved the way for serious investigations into the viability of utilizing MD simulations as 

investigative tools. While awaiting the atomic resolution structure of RCNMV from the 

crystallography work, we began experimenting with molecular dynamics simulations using 

Tomato bushy stunt virus (TBSV) as a model system. TBSV is the type member of the 

Tombusviridae family and was the first icosahedral virus to be solved at atomic resolution. 

(See chapter 2). The availability of the atomic coordinates and the morphological similiarity 
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of TBSV to RCNMV (Musil. et. al., 1982) made it a logical choice for a proof of concept 

molecular dynamics study.  

Materials and Methods 

 The 2.9 Å dataset, 2TBV was downloaded from the protein databank (Berman et al. 

2000). The file contains 3 peptide chains, corresponding to the A, B, and C conformations of 

the coat protein.  A rendering of the trimer is shown in Figure 3.  

 

 

Figure 3. TBSV coat protein trimer from 2TBV pdb file(Hopper, 1984). Beta strands are 

rendered in purple. Alpha helics are rendered in orange. Loops are rendered in white. Figure 

generated by Stan Martin using UCSF Chimera 1.5.3 (Pettersen et al. 2004). 
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 Coarse graining was attempted using two separate methods.  In the first method, the 

residue based method, the entire capsid was built from the trimers using the oligomer 

generator available at ViperDB (Tripp et al. 2009).  The full atom capsid was then reduced to 

a residue based capsid where each residue was represented by 10 beads. The atomic level 

model of TBSV is shown in Figure 4.  The residue based coarse grained representations of 

TBSV are shown in Figure 5. 

 

Figure 4. A space filling model of TBSV virion based on the 2TBSV pdb file (Hopper, 

1984) rendered using UCSF Chimera 1.5.3 (Pettersen et al. 2004). The figure is colored by 

coat protein conformations. Conformation A is shown in green. Conformation B is shown in 

pink. Conformation C is shown in yellow. 
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Figure 5. Depiction of residue based coarse grained model of the TBSV virion generated by 

coarse grained molecular dynamics. Color is by residue.Rendering was done using UCSF 

Chimera. 1.5.3 (Pettersen et al. 2004).  

 

 A NAMD simulation was set up with the coarse grained model of TBSV, but the 

simulation soon crashed due to incorrect parameters relating to the coarse grained solvent.   

Calculations also revealed that even with the 10X reduction in the number of atoms, the 

residue based coarse graining method would be computationally intractable.  The residue 

based method was then abandoned in favor of the shape based approach (Arkhipov, 

Freddolino & Schulten 2006). To implement shape based coarse graining, the original trimer, 

2TBV was broken up into its constituent monomers, A, B, and C.  Each monomer was then 



153 

 

 

 

 

subjected to full fledged atomic simulation. The resulting pdb files were then used to 

generate course grained representations of the individual monomers. The files were named 

with the convention cg_conf.pdb where conf is the conformation a,b, or c of the subunit.  The 

next task was to map the course grained model of each monomer to the atomic structure. The 

first step was to parse the full capsid structure, 2tbv_full.vdb into its constituent monomers. 

The parsing was done in perl. The parsing code is given in Appendix I. The result of this 

operation was an atomic model for each of the 180 monomers that make up the capsid. The 

naming convention was number.conf where number is an integer from 1 to 60 and conf  is the 

A,B, or C conformation of the protein.  These files were then used for input into a mapping 

routine which was also written in perl. The mapping routine is given in Appendix II. The 

system call is to a C program written by Anton Arkhipov that implements the mapping 

algorithm designed by Schulten et. Al. (Anton Arkhipov, personal communication, 2006). 

This routine generated a pdb map of all the monomers. A TCL script was then used to 

generate the course grained tbsv file. The TCL code is given in Appendix III. The resultant 

shape base course grained pdb and psf files were then used for course grained simulations in 

NAMD. A VMD rendering of the course grained shape based PDB is shown in Figure 7. 
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Figure 6. Depiction of shape based Course Grain model of the TBSV virion generated by 

coarse grained molecular dynamics. Coloring is by coat protein conformation.Rendering was 

done using VMD 1.9 (Humphrey, Dalke & Schulten 1996). 

 

 The shape based course grained simulation of TBSV using NAMD started with a 

temperature set at 300 K. The time step was set at 170 femtoseconds. The simulation was 

allowed to run for 100 million time steps. Minimization was done for 1000 time steps. 
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Results and Discussion 

 

 The CPU time to run this simulation was ~ 28 hours using 8 processors and 64 

megabytes of memory. The bench marking demonstrated that the shape based coarse 

graining approach to modeling the entire virion was computationally feasible. A visual 

inspection of the animation produced by the dcd file revealed a collapsing capsid. There was 

a significant amount of shrinkage and deformation of the capsid that occurred over the course 

of the simulation.  This observation could possibly be explained by the relatively small 

number of beads that was used to model the virus. It could also be explained by the fact that 

no RNA was modeled in the structure. It has been observed in other simulations that other 

virion structures collapse without their RNA (Arkhipov, Freddolino & Schulten 2006), 

therefore it is reasonable to assume that TBSV may do the same thing. To confirm this 

finding, it would be necessary to make a model of TBSV that included the internal RNA and 

run simulations on that system.  If the RNA simulations collapse as well, one could infer that 

RNA is indeed necessary to confer stability on the TBSV virion. The coarse grained 

simulation demonstrated that it would be theoretically possible to employ the method for use 

with the RCNMV virion. In order to do this accurately, a near atomic resolution structure of 

the viral capsid would be needed as a starting point. While atomic resolution would not be 

necessary for the RNA, some experimentally confirmed knowledge of the internal structure, 

such as the distribution and the relative location of the RNA within the capsid would also be 

necessary.  The techniques and experiments used to generate this information are discussed 

in chapters 2, and 4. 
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Experiment 3: Site Directed Mutagenesis of RCNMV RNA-2 trans-Activator  

 

 While the coarse grained molecular dynamic simulations of RCNMV held promise, 

the Lommel laboratory was keenly aware that, absent a crystal structure, the simulations 

would be at best rough approximations, and there may not be a way to experimentally verify 

the results.  We wondered if we could find a way to apply MD in a way that could be 

experimentally tested. One test case could be a functional assay of the RNA based on 

structural changes predicted by MD. Our laboratory had published extensively on the 

structure and function of a 34-nucleotide region of RNA-2  known as the trans-activator 

(TA) (Sit, Vaewhongs & Lommel 1998). This region is predicted to form a stable hairpin 

structure with an eight-nucleotide loop that is complementary to an eight-nucleotide element 

immediately upstream of the sgRNA transcription start site on RNA-1 known as the trans-

activator binding site (TABS) (Guenther et al. 2004).  A model of the bound TA-TABS 

complex is shown in Figure 7. 
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Figure 7. Putative model RNA-1 and RNA-2 interaction at the the trans-activator binding 

site. The RNA backbone  is shown in bronze. The nucleosides of RNA-1 are depicted in 

green. The nucleosides of RNA-2 are depicted using red. Figure courtesy of Yaroslava 

Yingling, Professor of Materials Science and Engineering at North Carolina State University. 

 

 We hypothesized that insertions, deletions or substitutions of nucleotides in the TA 

loop may change the structure in such a way that function would be affected.  To this end, a 

series of site directed mutagenesis experiments was performed, one of which is described 

below. The objective of the experiment was to determine whether or not mutations that 

extend the TA loop without disruption of the stems would deactivate the RNA binding motif.  
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Materials and Methods 

 Three constructs were designed to test the hypothesis that adding extra nucleic acids 

into the TA-loop would disrupt RNA/RNA interactions.  Constructs were designed that 

consisted of the TA-Stem loop + 4, 8, or 12 extra nucleotides, which were then inserted into 

positions corresponding to the single stranded portion of the loop.  The reverse complement 

of each construct was also designed. The sequence of the nucleotide constructs is given in 

Appendix IX. The oligonucleotides were synthesized by Eurofins MWG Operon (Huntsville, 

AL). We wanted to isolate just the TA element, so we utilized a heterologous expression 

vector derived from TBSV, which contained the TA element. This plasmid was labeled 

pHST2-SL2. Site directed mutagenesis was done on E. coli plasmid pHST2-SL2, which 

contained the TA element expressed from a Tomato bushy stunt virus (TBSV). A 

modification of the QuikChange II Site-Directed Mutagenesis Kit protocol from Stratagene 

(LaJolla, CA) was used.  The mutant constructs were incubated for 48 hours.  DNA was then 

extracted from the constructs using the Qiagen (Qiagan Inc., Valencia, CA) miniprep 

protocol. The extracted DNA was then sent to Eurofins MWG Operon for sequencing.  

Sequencing results showed that the transformation was successful. We then selected 9 clones 

for plasmid linearization. Linearization was performed with SmaI prior to in vitro 

transcription.   Transcription was performed using the Megascript T7 transcription kit 

(Ambion, Woodland, TX).  Results were assayed using gel electrophoresis to ensure 

successful transcription. The transcribed RNA was then mixed with an RCNMV RNA-1 

construct called R1SG1 that contains a green florescent protein (GFP) construct in place of 

coat protein.  The mixture was used to rub inoculate Nicotiani clevelandii plants. The plants 
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were monitored for infectious symptoms. The pHST2-SL2 plasmid was used as a control.  

The leaves were observed for fluorescence under a mercury lamp.   

 

Results and Discussion 

 

 It was noted that the GFP signal got progressively weaker as nucleotides were added. 

The TA +4 constructs were fainter than the control.  The TA +8 constructs, were fainter than 

TA +4. The TA +12 constructs were so faint that expression was barely discernible, but a 

signal could still be detected. From these results we conclude that as the loop expanded, 

binding was negatively affected.  These results gave us the idea to model various mutations 

of the 34 nt TA element in silico with MD to see if molecular dynamics could predict which 

mutations would affect RNA binding.  An MD simulation of one of the mutations, TA-M23 

is described in experiment 4. 
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Experiment 4:  Molecular Dynamic Simulations of wild type and Mutant Hairpin Loop 

of the TA Binding Site. 

 

 Mutant TA-M23 is an RCNMV RNA-2 mutant construct in which the U:G base pair 

at the end of the stem before the loop becomes a G:U base pair. This mutant increases the Tm 

by 20˚ C.  It also resulted in a reduction in sGFP production of  ~10%  leading to the 

assumption that this mutant has a negative effect on RNA binding (Guenther et al. 2004).  

One hypothesis to explain this observation is that the mutation destabilized the capsid 

structure in such a way that it can no longer bind RNA efficiently.   We attempted to model 

this phenomenon with a molecular dynamic simulation using the Amber 8 (Case et al. 2004) 

molecular dynamics package (Pearlman et al. 1995). 

 

Materials and Methods 

 

 The putative wild type structure of the RCNMV hairpin loop was generated from 

NMR data. A visual inspection of the structure revealed certain bases that were incorrectly 

aligned. These were corrected by manually modifying the PDB structure using the DS 

Viewer Pro 6.0 package from Accelrys, Inc. (San Diego, CA.)  

  The corrected structure was subjected to minimization using the ptraj routine 

available within the AMBER MD package. A pdb representation of the putative wildtype 

hairpin loop structure is shown in Figure 9. 
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Figure 8. Putative model of the local structure of RNA-2  hairpin loop hypothesized to 

function as the RCNMV trans-activator (Sit, 1998). The model is based TA-M23 mutant 

generated by Tim Sit. The original PDB model was created by Yaroslava Yingling at North 

Carolina State University. Stan Martin created the mutant model. Rendering was done using 

Chimera 1.5.3 (Pettersen et al. 2004). 

 

 An in silico model of the TA-M23 mutant construct was created by mutating the wild 

type model using the swapna routine in UCSF Chimera (Pettersen et al. 2004) v1.5.3. The 

mutant PDB was then visually corrected. The correct mutant was subjected to minimization 
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and solvation using the ptraj routine in Amber 8. A molecular dynamics simulation was then 

run for 14 days. The simulated data corresponded to 20 nanoseconds. The RMSD between 

the simulations of the wildtype and mutant models was calculated.  No significant differences 

were noted between the before and after distances of the nucleotides. Visual inspections 

noted no major deformations caused by the nucleotide swap.  

 

Results and Discussion 

 

 From this simulation we conclude that with this particular mutation, MD simulation 

in Amber 8 (Case et al. 2004) with the parameters specified was not a reliable predictor of 

the RNA binding quench effect. This could be due to the small amount of time simulated. 

Some deformations may occur if the simulation was allowed to run longer. Additionally 

newer force fields and better parameters available in subsequent versions of Amber 

(Pearlman et al. 1995) may give a more reliable result.  
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Experiment 5: Amalgamation of Cryo-EM and Neutron Scattering Data to Generate 

Unified Structure 

 

Introduction 

 

 The cryo-electron microscopy dataset of RCNMV generated previously contained a 

significant amount of density that was not accounted for by the coat protein. It was assumed 

that at least some of this density could be attributed to RNA. When the neutron scattering 

data showing the RNA shells became available (see chapter 4) an attempt was made to merge 

these datasets. It was hoped that by merging the data, it would be possible to get a fairly 

accurate estimate of the atomic coordinates of the RNA.  This information could then be in 

used either all atom or coarse grained molecular dynamic simulations.  

 

Materials and Methods 

 

 The Cryo-EM data existed as MRC files. This is a binary file format commonly used 

in the field of cryo electron microscopy. In order to work with the data it was necessary to 

write a program to convert it into a non-binary format.  Inspection of the encoding scheme 

revealed that the data was encoded as a dimensionless 256*256*256 cubic matrix. Each point 

in the matrix was represented by a vector, X,Y,Z. In order to interpret this data in a 

meaningful way, the data needed to be scaled and centered around an origin. We used the 

coordinates 0,0,0 as the origin for convenience. A scaling correction of 1.5 was derived from 
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the MRC header. The MRC coordinates were multiplied by this scaling to ensure that the 

resulting PDB coordinates reflected accurate distances in angstroms.  To ensure that the data 

analyzed actually reflected some density, some sort of cutoff was needed.  A cutoff of 

0.000001 was used. PDB coordinates with electron densities less than 0.000001 were 

discarded. A computer program was written in the C language that parsed the MRC file, 

centered and scaled the data, discarded densities <0.000001, and wrote the output in tab 

delimited format. The source code for this program is given in Appendix IV. 

 The result of running the MRC parsing program was a tab delimited file containing 

the X,Y,Z coordinates and the non zero densities from the MRC file. The new matrix was 

scaled at 1.0 Å. The next step was to map these densities back to the known protein 

coordinates. In order to accomplish this it was necessary to generate a complete capsid of 

RCNMV from the trimer. During the course of this investigation, it was discovered that the 

trimer had a numbering error: The P and S domains of the monomer were represented as two 

separate chains, when they should be one.  This error was traced back to a mistake made in 

concatenating the pdb files that were generated as part of the 2008 Sherman  paper (Sherman 

et al. 2006). 

 To correct the numbering, the files were edited using PDB Editor, a java based 

protein data bank file editor with a graphical user interface (GUI) (Lee, Kim 2009).  During 

the editing process, it was also discovered that the N-terminus of the coat protein chains were 

truncated in each monomer. To correct this problem, the N-termini were meticulously hand 

built using a combination of Coot (Emsley et al. 2010, Emsley, Cowtan 2004), Chimera 

(Pettersen et al. 2004), PDBedit (Lee, Kim 2009) and DeepView (Guex, Peitsch & Schwede 
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2009, Guex, Peitsch 1997) programs. The complete capsid was then used to create a protein 

mask. To create a map to match the MRC derived integer based Cryo EM map, it was 

necessary to convert the pdb coordinates from the protein file into whole numbers. This was 

accomplished using a perl script.  An attempt was made to create a “roll off” correction to 

account for the fact that the Cryo_EM map was in fact an average of several thousand EM 

images.  This attempt was ultimately unsuccessful, and it was decided that since the PDB 

values were rounded anyway, the correction was not necessary. The rolloff code with 

therefore de activated prior to the final analysis. The perl script to extract integer coordinates 

from the PDB file is given in Appendix V. The result of this operation was a file called 

coordswithdensities.txt which contained the set of integer coordinates representing the 

protein component of the RCNMV capsid. The next step was to split the 

coordswithdensities.txt file into its constituent protein and RNA components by matching the 

PDB derived coordinates with the MRC coordinates. Coordinates that were matched were 

assumed to be protein. Coordinates that did not match were assumed to be either RNA or 

noise. The perl code used to make this comparison is given in Appendix VI. The result of this 

step was two coordinate files, protein.txt and rna.txt. 

 The results of the neutron scattering experiments (Chapter 4) revealed that the 

RCNMV capsid can be separated into shells based on the relative density of protein and 

RNA in those shells.  It was hypothesized that rough RNA coordinates could be derived from 

the density data by separating the data according to shells.  The innermost shell would be 

expected to be relatively devoid of non zero density. The density that did exist would be 

expected to be derived mostly from RNA.  The second shell would be expected to contain a 
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combination of RNA and protein derived density, while the third and fourth shells would be 

expected to contain mostly protein.  An assumption was made that coordinates in the MRC 

file that did correspond to RNA would have higher densities than coordinates that did not. 

Further, the number of points in the file should approximate the number of atoms in the 

RNA. 

 Using these assumptions, the RNA.txt coordinates were separated into shells based on 

their location. Coordinates with densities between 8 and 14 were kept for analysis.  Lower 

densities were discarded as noise. The SAS programming language was used to generate the 

shells. The SAS code is given in Appendix VII. 

 It was found that the number of coordinates with density values between 8 and 14 in 

shell 3 was slightly higher than the expected number of atoms in that region. It was further 

assumed that only those densities that were an appropriate distance away from neighboring 

densities would be considered a part of the structure. A SAS program was written to calculate 

the distances between data points with density, and to eliminate all densities that were 

physically impossible due to steric limitations. The SAS code for this program is given in 

Appendix VIII. 

Results and Discussion 

 

 The densities left in the dataset after this operation were assumed to correspond to the 

location of the RNA.  A representation of the RNA densities is rendered in Figure 10. Since 

no starting or ending information is available, it is not possible to assign atom names to these 

densities, however, it is reasonable to assume that they are RNA.  For the purposes of coarse 
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grain modeling, this level of resolution is sufficient.  A model of the RCNMV PDB file 

containing the RNA positions derived from the amalgamation of the neutron scattering and 

Cryo-EM data is shown in Figure 9. A combined PDB containing both the protein data and 

RNA data from the neutron scattering/ Cryo-EM hybrid model is shown in Figure 10. 

 

 

Figure 9: Putative densities of RCNMV RNA derived from the amalgamation of Cryo-EM 

and neutron scattering data. The density range is from 8 to 14, and the data localized in the 

R-shell of the virion is shown. The figure is color coded by density, with lowest density 

shown in maroon, and highest density shown in red.  The majority of the densities are 

between 9 (dark blue) and 10 (lighter blue). The inner edge of the R shell is delimited with 

transparent light blue. 
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Figure 10. Putative model of the complete RCNMV virion. The white ribbon diagram 

represents the protein capsid. Putative RNA location is shown using ball and stick diagrams 

(red and blue). The PDB file was generated by Stan Martin and rendered using UCSF 

Chimera 1.5.3 (Pettersen et al. 2004) 

 

 While the location of the RNA atoms in the above PDB file may not be perfect, it is 

nonetheless a significant accomplishment, and demonstrates that the idea of generating a 

complete PDB file that includes RNA for the purposes of coarse grained molecular dynamic 

simulations is possible by combining Cryo-EM and neutron scattering data.   Very recently, 

the crystallographic data described in chapter 2 has been solved to 3.9 Å, by molecular 
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replacement. TBSV was used as an initial model. A density map from this structure is shown 

in Figure 11.  

 

Figure 11. RCNMV density from X-rays overlaid on an RCNMV model derived from 

molecular replacement.  Gaps in chains indicate areas where amino acids that are missing 

from the TBSV sequence may reside.   The areas of empty density (green) may be accounted 

for by bits of RNA. Rendering in WinCoot 0.6.2 (Emsley et al. 2010).  
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Conclusion 

 The electron density from the X-ray data clearly show regions of interest that do not 

map to the coat protein modeled after TBSV.  Some of this density is likely to be accounted 

for by the missing N-terminal residues.  Some density may be attributed to RNA.  It is hoped 

that the refinement of the X-ray model will provide a combined PDB and RNA structure 

similar to the one derived by Cryo-EM and neutron scattering. A direct comparison of the 

structure derived from Cryo-EM and neutron scattering with the structure derived from X-

Ray crystallography may allow independent validation of the accuracy of the Cryo-EM and 

neutron scattering models.  Additionally, both structures may be suitable for molecular 

dynamic simulations; hence future experimenters will be able to look for convergence of the 

models during minimization. This work paves the way for future generations, equipped with 

ever more powerful computers to complete the molecular dynamic simulations of RCNMV, 

and hopefully uncover key mechanisms that help explain the dynamics ingress and egress of 

RNA through the putative openings in the capsid protein. 
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CHAPTER SIX 

CURRENT RCNMV RESEARCH, RECENT DEVELOPMENTS IN STRUCTURAL 

VIROLOGY, AND FUTURE ASPIRATIONS 

 

 The combination of neutron scattering, Cryo-EM and X-ray data has resulted in a 

putative model of the complete RCNMV virion. Work is currently underway to refine the X-

ray based all atom model of the RCNMV capsid for submission to the protein databank 

(Berman et al. 2000). It is hoped that the X-ray refinement will validate the putative all atom 

model and help to correct the positions of the N-terminal residues.  A parallel effort to 

perform coarse grained MD simulation on the putative RCNMV whole virion structure using 

methods similar to those employed for TBSV (Chapter 5 experiment 2) is also underway.  

 Recent technological advances may assist near term efforts to validate the putative 

model. Between 2008 and 2010 nine different near-atomic resolution structures of 

icosahedral virus determined by cryo-electron microscopy were published (Grigorieff, 

Harrison 2011).  In April of 2010, a 3.3 Å cryo-EM structure of a single viral particle, the 

primed, infectious subvirion of aquareovirus was published (Zhang et al. 2010). This 

represents a giant leap forward in the field, as it eliminates problems arising from the 

averaging of multiple particles. We hope to leverage the advances in cryo-EM to our 

advantage to generate a higher resolution cryo-EM based model of RCNMV. Comparison of 

a cryo-EM based model to our amalgamated model may serve to validate the amalgamation 

methods described in this work.  
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 In February of 2011, a major breakthrough in the field of X-ray crystallography 

occurred when a single non crystalline Mimivirus particle was imaged with a hard X-ray 

laser. The viral capsid is 0.45 µm in diameter, and has a pseudo-icosahedral appearance. The 

exterior of the capsid is covered by an outer layer of dense fibrils, giving the particle a total 

diameter of ~ 0.75 µm.  Mimivirus is too big for a full three-dimensional reconstruction by 

cryo-electron microscopy, and its fibrils prevent crystallization. The experimenters were able 

to collect a diffraction pattern from a single shot, and used it to reconstruct the particle at a 

resolution of ~35 nanometers. The experiment marked a break through in that it was the first 

time a diffraction pattern was observed from a non crystalline virus particle (Seibert et al. 

2011). The new capabilities of X-ray lasers open up the possibility of moving beyond 

crystallography to a new world where the molecular effects of viruses on their hosts can be 

observed at high resolution in real time.  Viral genomes can be measured in 3 dimensions in 

their native environment.   We will be watching these developments carefully to see what 

possible advantage hard X-ray lasers can give to the study of RCNMV.  A very recent 

development in the field of neutron scattering is the availability of the Spallation Neutron 

Source (SNS) at Oakridge National Laboratory (ORNL) for bio-sciences users William 

Heller, personal communication). The SNS was commissioned in 2006, and currently 

provides the most intense pulsed neutron beams in the world, operating at nearly 1 megawatt. 

Plans are currently underway to boost capacity to three megawatts. The increase in neutron 

flux, and availability of the SNS as a user facility may facilitate our neutron scattering 

efforts, allowing for more precise and less noisy mesaurements.  Proposals for beamtime at 
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the SNS are currently being accepted, and we hope to avail ourselves of this resource for 

future experiments.  

 The field of molecular dynamics simulations is also coming of age, as virology 

research focus their efforts on therapeutics.  In August of 2011, researchers at the University 

of Pennsylvania published a report in which they used molecular dynamics to design a potent 

spirane amine inhibitor that successfully targeted the V27A binding site in Influenza A virus. 

This site is under tremendous drug selection pressure, and until 2011 study, had not been 

successfully targeted by small molecule inhibitors despite years of extensive medicinal 

chemistry research efforts and high throughput screening (Wang et al. 2011). The success of 

the MD-designed molecule in targeting this site validates the concept of utilizing MD for 

drug design. In November of 2011, Chinese scientist reported the first ever all atom 

simulation of a complex virus, the influenza virion H1N1 (Xu et al. 2011).  We hope to 

utilize continuously improving techniques in our quest to understand the ion driven 

molecular switch controlling channel opening and closing in RCNMV. 
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Appendix I. 

Coarse Grain Routine 

Code to map the course grained model of each TBSV monomer, to the atomic structure,  and 

the full capsid structure.  Code is Written in Perl 

#!/usr/local/bin/perl 

open (IN, "2tbv_full.vdb"); 

open (A,">>a.vdb"); 

open (B,">>b.vdb"); 

open (C,">>c.vdb"); 

 

while (<IN>)  { 

 

if (/ATOM/) { 

 

if (substr($_,21,1) eq "A") {print A;}; 

if (substr($_,21,1) eq "B") {print B;}; 

if (substr($_,21,1) eq "C") {print C;}; 

} 

} 

 

close (A); 

close (B); 

close (C); 

close (IN); 

 

open (a, "a.vdb"); 

my $x=1; 

while (<a>) { 

open (OUT, ">>$x.a.pdb"); 

print OUT; 

split; 

if ($_[1] == 2136) {$x++; } 

} 

close (a); 

 

open (b, "b.vdb"); 

my $x=1; 

while (<b>) { 

open (OUT, ">>$x.b.pdb"); 

print OUT; 
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split; 

if ($_[1] == 4266) {$x++; } 

 

} 

close (b); 

 

open (c, "c.vdb"); 

my $x=1; 

while (<c>) { 

open (OUT, ">>$x.c.pdb"); 

print OUT; 

split; 

if ($_[1] == 6642) {$x++; } 

 

} 

close (c); 
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Appendix II 

Mapping Routine 

This code is used to map the PDB file to the all atom file.  Input is from files generated by 

coarse grain routine 

#!/usr/local/bin/perl 

 

for ($x=1; $x<=60; $x++) { 

 

open (OUT, ">map.conf"); 

 

print OUT "Path and name of input PDB file              $x.a.pdb \n"; 

print OUT "Path and name of input CG PDB file            cg_a.pdb \n"; 

print OUT "Path and name of reference all-atom PDB file               aa_ref_a.pdb \n"; 

print OUT "Path and name of all-atom PSF file                         a.psf \n"; 

print OUT "Path and name of output CG PDB file          $x.amap.pdb \n"; 

 

close (OUT); 

 

system "./a.out map.conf"; 

 

} 
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Appendix III. 

  TCL Code for Generating Full Capsid Course Grained PDB 

package require psfgen 

resetpsf 

topology cg_1.a.top 

topology cg_1.b.top 

topology cg_1.c.top 

 

for {set i 1} {$i <= 60} {incr i} { 

 

  segment A$i { pdb $i.amap.pdb 

  } 

  coordpdb $i.amap.pdb A$i 

 

  segment B$i { pdb $i.bmap.pdb 

  } 

  coordpdb $i.bmap.pdb B$i 

 

  segment C$i { pdb $i.cmap.pdb 

  } 

  coordpdb $i.cmap.pdb C$i 

 

} 

 

 

guesscoord 

 

writepdb tbsv_course.pdb 

writepsf tbsv_course.psf 
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Appendix IV. 

Code to Manipulate the RCNMV MRC file. 

The code is written in C. 

 

/**********************************************************************/ 

/*      Code to read, center, and scale the RCNMV MRC File            */ 

/**********************************************************************/ 

 

#include <stdio.h> 

#include <stdlib.h> 

#include <sys/types.h> 

#include <sys/stat.h> 

#include <string.h> 

 

 

FILE    *mrcfile; 

 

/**********************************************************************/ 

/*             header structure definition                            */ 

/**********************************************************************/ 

        struct  header 

        { 

                int     nxyz[3]; 

                int     mode; 

                int     nxyzstart[3]; 

                int     mxyz[3]; 

                float   cell[6]; 

                int     mapcrs[3]; 

                float   denmmm[3]; 

                int     spg; 

                int     nsymbt; 

                char    extra[116]; 

                float   origxy[2]; 

                int     nlabl; 

                char    gap[800]; 

        }; 

 

 

int main() 

{ 
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        char            data[65536]; 

        char          filename[256]; 

        int             byte_size; 

        int             file_size; 

        int             header_size; 

        int             icol; 

        int             imode; 

        int             ipack; 

        int             irow; 

        int             isec; 

        int             line_offset; 

        int             nbytes_to_swap = 4; 

        int             ncols; 

        int             nitems; 

        int             nrows; 

        int             nsecs; 

        int             NXstart; 

        int             NYstart; 

 

 

float ay=py*scale; 

float az=pz*scale; 

/*printf ("The coordinates in Angstroms are %f, %f, %f, \n", ax,ay,az);*/ 

printf ("ATOM  %5d  H   UNK     1     %8.3f %8.3f %8.3f 1.00 50.00   N 

\n",atomnum,ax,ay,az); 

 

} 

} 

 

return 0; 

} 

 

struct density { 

float densities; 

}; 

 

struct density den; 

 

int n=0; 

float x=1.0; 

float y=1.0; 

float z=1.0; 

int atomnum=0; 

float scale=1.5; 
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for (n=1;  n<= numdensities; n++) { 

 fread(&den, byte_size ,1,mrcfile); 

/*printf("x is %d y is %d z is %d \n", x,y,z); */ 

y+=1; 

if (y==256) { 

y=0; x+=1; 

} 

if (x==256) { 

x=0; z+=1; 

} 

if (den.densities >0.000001) { 

atomnum++; 

if (atomnum>941){atomnum=1;} 

/*printf ("The count is %d and the density for this count is %f \n", n, den.densities);*/ 

/*printf ("The coordinates are %f, %f, %f \n", x,y,z);*/ 

/* Center the cube around the origin */ 

float px=x-(ncols/2); 

float py=y-(nrows/2); 

float pz=z-(nsecs/2); 

/*printf ("The centered coordinates are %f, %f, %f, \n", px,py,pz);*/ 

float ax=px*scale; 

float ay=py*scale; 

float az=pz*scale; 

/*printf ("The coordinates in Angstroms are %f, %f, %f, \n", ax,ay,az);*/ 

printf ("ATOM  %5d  H   UNK     1     %8.3f %8.3f %8.3f 1.00 50.00   N 

\n",atomnum,ax,ay,az); 

 

} 

} 

 

return 0; 

} 

 

 

struct density { 

float densities; 

}; 

 

struct density den; 

 

int n=0; 

float x=1.0; 

float y=1.0; 

float z=1.0; 
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int atomnum=0; 

float scale=1.5; 

 

for (n=1;  n<= numdensities; n++) { 

 fread(&den, byte_size ,1,mrcfile); 

/*printf("x is %d y is %d z is %d \n", x,y,z); */ 

y+=1; 

if (y==256) { 

y=0; x+=1; 

} 

if (x==256) { 

x=0; z+=1; 

} 

if (den.densities >0.000001) { 

atomnum++; 

if (atomnum>941){atomnum=1;} 

/*printf ("The count is %d and the density for this count is %f \n", n, den.densities);*/ 

/*printf ("The coordinates are %f, %f, %f \n", x,y,z);*/ 

/* Center the cube around the origin */ 

float px=x-(ncols/2); 

float py=y-(nrows/2); 

float pz=z-(nsecs/2); 

/*printf ("The centered coordinates are %f, %f, %f, \n", px,py,pz);*/ 

float ax=px*scale; 

float ay=py*scale; 

float az=pz*scale; 

/*printf ("The coordinates in Angstroms are %f, %f, %f, \n", ax,ay,az);*/ 

printf ("ATOM  %5d  H   UNK     1     %8.3f %8.3f %8.3f 1.00 50.00   N 

\n",atomnum,ax,ay,az); 

 

} 

} 

 

return 0; 

} 

printf ("There are %d densities to read \n ", numdensities); 

 

 

struct density { 

float densities; 

}; 

 

struct density den; 

int n=0; 
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float x=1.0; 

float y=1.0; 

float z=1.0; 

int atomnum=0; 

float scale=1.5; 

 

for (n=1;  n<= numdensities; n++) { 

 fread(&den, byte_size ,1,mrcfile); 

/*printf("x is %d y is %d z is %d \n", x,y,z); */ 

y+=1; 

if (y==256) { 

y=0; x+=1; 

} 

if (x==256) { 

x=0; z+=1; 

} 

if (den.densities >0.000001) { 

atomnum++; 

if (atomnum>941){atomnum=1;} 

/*printf ("The count is %d and the density for this count is %f \n", n, den.densities);*/ 

/*printf ("The coordinates are %f, %f, %f \n", x,y,z);*/ 

/* Center the cube around the origin */ 

float px=x-(ncols/2); 

float py=y-(nrows/2); 

float pz=z-(nsecs/2); 

/*printf ("The centered coordinates are %f, %f, %f, \n", px,py,pz);*/ 

float ax=px*scale; 

float ay=py*scale; 

float az=pz*scale; 

/*printf ("The coordinates in Angstroms are %f, %f, %f, \n", ax,ay,az);*/ 

printf ("ATOM  %5d  H   UNK     1     %8.3f %8.3f %8.3f 1.00 50.00   N 

\n",atomnum,ax,ay,az); 

 

} 

} 

 

return 0; 

} 

printf ("There are %d densities to read \n ", numdensities); 

 

 

struct density { 

float densities; 

}; 
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struct density den; 

 

int n=0; 

float x=1.0; 

float y=1.0; 

float z=1.0; 

int atomnum=0; 

float scale=1.5; 

 

for (n=1;  n<= numdensities; n++) { 

 fread(&den, byte_size ,1,mrcfile); 

/*printf("x is %d y is %d z is %d \n", x,y,z); */ 

y+=1; 

if (y==256) { 

y=0; x+=1; 

} 

if (x==256) { 

x=0; z+=1; 

} 

if (den.densities >0.000001) { 

atomnum++; 

if (atomnum>941){atomnum=1;} 

/*printf ("The count is %d and the density for this count is %f \n", n, den.densities);*/ 

/*printf ("The coordinates are %f, %f, %f \n", x,y,z);*/ 

/* Center the cube around the origin */ 

float px=x-(ncols/2); 

float py=y-(nrows/2); 

float pz=z-(nsecs/2); 

/*printf ("The centered coordinates are %f, %f, %f, \n", px,py,pz);*/ 

float ax=px*scale; 

float ay=py*scale; 

float az=pz*scale; 

/*printf ("The coordinates in Angstroms are %f, %f, %f, \n", ax,ay,az);*/ 

printf ("ATOM  %5d  H   UNK     1     %8.3f %8.3f %8.3f 1.00 50.00   N 

\n",atomnum,ax,ay,az); 

 

} 

} 

 

return 0; 

} 

int numdensities= file_size / byte_size; 

printf ("There are %d densities to read \n ", numdensities); 



189 

 

 

 

 

 

 

struct density { 

float densities; 

}; 

 

struct density den; 

 

int n=0; 

float x=1.0; 

float y=1.0; 

float z=1.0; 

int atomnum=0; 

float scale=1.5; 

 

for (n=1;  n<= numdensities; n++) { 

 fread(&den, byte_size ,1,mrcfile); 

/*printf("x is %d y is %d z is %d \n", x,y,z); */ 

y+=1; 

if (y==256) { 

y=0; x+=1; 

} 

if (x==256) { 

x=0; z+=1; 

} 

if (den.densities >0.000001) { 

atomnum++; 

if (atomnum>941){atomnum=1;} 

/*printf ("The count is %d and the density for this count is %f \n", n, den.densities);*/ 

/*printf ("The coordinates are %f, %f, %f \n", x,y,z);*/ 

/* Center the cube around the origin */ 

float px=x-(ncols/2); 

float py=y-(nrows/2); 

float pz=z-(nsecs/2); 

/*printf ("The centered coordinates are %f, %f, %f, \n", px,py,pz);*/ 

float ax=px*scale; 

float ay=py*scale; 

float az=pz*scale; 

/*printf ("The coordinates in Angstroms are %f, %f, %f, \n", ax,ay,az);*/ 

printf ("ATOM  %5d  H   UNK     1     %8.3f %8.3f %8.3f 1.00 50.00   N 

\n",atomnum,ax,ay,az); 

 

} 

} 



190 

 

 

 

 

 

return 0; 

} 

 

int numdensities= file_size / byte_size; 

printf ("There are %d densities to read \n ", numdensities); 

 

 

struct density { 

float densities; 

}; 

 

struct density den; 

 

int n=0; 

float x=1.0; 

float y=1.0; 

float z=1.0; 

int atomnum=0; 

float scale=1.5; 

 

for (n=1;  n<= numdensities; n++) { 

 fread(&den, byte_size ,1,mrcfile); 

/*printf("x is %d y is %d z is %d \n", x,y,z); */ 

y+=1; 

if (y==256) { 

y=0; x+=1; 

} 

if (x==256) { 

x=0; z+=1; 

} 

if (den.densities >0.000001) { 

atomnum++; 

if (atomnum>941){atomnum=1;} 

/*printf ("The count is %d and the density for this count is %f \n", n, den.densities);*/ 

/*printf ("The coordinates are %f, %f, %f \n", x,y,z);*/ 

/* Center the cube around the origin */ 

float px=x-(ncols/2); 

float py=y-(nrows/2); 

float pz=z-(nsecs/2); 

/*printf ("The centered coordinates are %f, %f, %f, \n", px,py,pz);*/ 

float ax=px*scale; 

float ay=py*scale; 

float az=pz*scale; 



191 

 

 

 

 

/*printf ("The coordinates in Angstroms are %f, %f, %f, \n", ax,ay,az);*/ 

printf ("ATOM  %5d  H   UNK     1     %8.3f %8.3f %8.3f 1.00 50.00   N 

\n",atomnum,ax,ay,az); 

 

} 

} 

 

return 0; 

} 

/*printf ("The Cell angles are: %f , %f , %f \n",CELLD1, CELLD2, CELLD3); */ 

 

int numdensities= file_size / byte_size; 

printf ("There are %d densities to read \n ", numdensities); 

 

 

struct density { 

float densities; 

}; 

 

struct density den; 

 

int n=0; 

float x=1.0; 

float y=1.0; 

float z=1.0; 

int atomnum=0; 

float scale=1.5; 

 

for (n=1;  n<= numdensities; n++) { 

 fread(&den, byte_size ,1,mrcfile); 

/*printf("x is %d y is %d z is %d \n", x,y,z); */ 

y+=1; 

if (y==256) { 

y=0; x+=1; 

} 

if (x==256) { 

x=0; z+=1; 

} 

if (den.densities >0.000001) { 

atomnum++; 

if (atomnum>941){atomnum=1;} 

/*printf ("The count is %d and the density for this count is %f \n", n, den.densities);*/ 

/*printf ("The coordinates are %f, %f, %f \n", x,y,z);*/ 

/* Center the cube around the origin */ 
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float px=x-(ncols/2); 

float py=y-(nrows/2); 

float pz=z-(nsecs/2); 

/*printf ("The centered coordinates are %f, %f, %f, \n", px,py,pz);*/ 

float ax=px*scale; 

float ay=py*scale; 

float az=pz*scale; 

/*printf ("The coordinates in Angstroms are %f, %f, %f, \n", ax,ay,az);*/ 

printf ("ATOM  %5d  H   UNK     1     %8.3f %8.3f %8.3f 1.00 50.00   N 

\n",atomnum,ax,ay,az); 

 

} 

} 

 

return 0; 

} 

/*printf ("The dimensions in Angstroms are: %f by %f by %f \n", CELLA1, CELLA2, 

CELLA3); */ 

/*printf ("The Cell angles are: %f , %f , %f \n",CELLD1, CELLD2, CELLD3); */ 

 

int numdensities= file_size / byte_size; 

printf ("There are %d densities to read \n ", numdensities); 

 

 

struct density { 

float densities; 

}; 

 

struct density den; 

 

int n=0; 

float x=1.0; 

float y=1.0; 

float z=1.0; 

int atomnum=0; 

float scale=1.5; 

 

for (n=1;  n<= numdensities; n++) { 

 fread(&den, byte_size ,1,mrcfile); 

/*printf("x is %d y is %d z is %d \n", x,y,z); */ 

y+=1; 

if (y==256) { 

y=0; x+=1; 

} 
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if (x==256) { 

x=0; z+=1; 

} 

if (den.densities >0.000001) { 

atomnum++; 

if (atomnum>941){atomnum=1;} 

/*printf ("The count is %d and the density for this count is %f \n", n, den.densities);*/ 

/*printf ("The coordinates are %f, %f, %f \n", x,y,z);*/ 

/* Center the cube around the origin */ 

float px=x-(ncols/2); 

float py=y-(nrows/2); 

float pz=z-(nsecs/2); 

/*printf ("The centered coordinates are %f, %f, %f, \n", px,py,pz);*/ 

float ax=px*scale; 

float ay=py*scale; 

float az=pz*scale; 

/*printf ("The coordinates in Angstroms are %f, %f, %f, \n", ax,ay,az);*/ 

printf ("ATOM  %5d  H   UNK     1     %8.3f %8.3f %8.3f 1.00 50.00   N 

\n",atomnum,ax,ay,az); 

 

} 

} 

 

return 0; 

} 

/*printf ("The dimensions in Angstroms are: %f by %f by %f \n", CELLA1, CELLA2, 

CELLA3); */ 

/*printf ("The Cell angles are: %f , %f , %f \n",CELLD1, CELLD2, CELLD3); */ 

 

int numdensities= file_size / byte_size; 

printf ("There are %d densities to read \n ", numdensities); 

 

 

struct density { 

float densities; 

}; 

 

struct density den; 

 

int n=0; 

float x=1.0; 

float y=1.0; 

float z=1.0; 

int atomnum=0; 
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float scale=1.5; 

 

for (n=1;  n<= numdensities; n++) { 

 fread(&den, byte_size ,1,mrcfile); 

/*printf("x is %d y is %d z is %d \n", x,y,z); */ 

y+=1; 

if (y==256) { 

y=0; x+=1; 

} 

if (x==256) { 

x=0; z+=1; 

} 

if (den.densities >0.000001) { 

atomnum++; 

if (atomnum>941){atomnum=1;} 

/*printf ("The count is %d and the density for this count is %f \n", n, den.densities);*/ 

/*printf ("The coordinates are %f, %f, %f \n", x,y,z);*/ 

/* Center the cube around the origin */ 

float px=x-(ncols/2); 

float py=y-(nrows/2); 

float pz=z-(nsecs/2); 

/*printf ("The centered coordinates are %f, %f, %f, \n", px,py,pz);*/ 

float ax=px*scale; 

float ay=py*scale; 

float az=pz*scale; 

/*printf ("The coordinates in Angstroms are %f, %f, %f, \n", ax,ay,az);*/ 

printf ("ATOM  %5d  H   UNK     1     %8.3f %8.3f %8.3f 1.00 50.00   N 

\n",atomnum,ax,ay,az); 

 

} 

} 

 

return 0; 

} 

 

/*printf ("The dimensions in Angstroms are: %f by %f by %f \n", CELLA1, CELLA2, 

CELLA3); */ 

/*printf ("The Cell angles are: %f , %f , %f \n",CELLD1, CELLD2, CELLD3); */ 

 

int numdensities= file_size / byte_size; 

printf ("There are %d densities to read \n ", numdensities); 

 

 

struct density { 
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float densities; 

}; 

 

struct density den; 

 

int n=0; 

float x=1.0; 

float y=1.0; 

float z=1.0; 

int atomnum=0; 

float scale=1.5; 

 

for (n=1;  n<= numdensities; n++) { 

 fread(&den, byte_size ,1,mrcfile); 

/*printf("x is %d y is %d z is %d \n", x,y,z); */ 

y+=1; 

if (y==256) { 

y=0; x+=1; 

} 

if (x==256) { 

x=0; z+=1; 

} 

if (den.densities >0.000001) { 

atomnum++; 

if (atomnum>941){atomnum=1;} 

/*printf ("The count is %d and the density for this count is %f \n", n, den.densities);*/ 

/*printf ("The coordinates are %f, %f, %f \n", x,y,z);*/ 

/* Center the cube around the origin */ 

float px=x-(ncols/2); 

float py=y-(nrows/2); 

float pz=z-(nsecs/2); 

/*printf ("The centered coordinates are %f, %f, %f, \n", px,py,pz);*/ 

float ax=px*scale; 

float ay=py*scale; 

float az=pz*scale; 

/*printf ("The coordinates in Angstroms are %f, %f, %f, \n", ax,ay,az);*/ 

printf ("ATOM  %5d  H   UNK     1     %8.3f %8.3f %8.3f 1.00 50.00   N 

\n",atomnum,ax,ay,az); 

 

} 

} 

return 0; 

} 
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Appendix V. 

  Code to get Coordinates from the PDB file and scale them to fit the Cryo-EM MRC 

data. 

 

 

#!/usr/local/bin/perl/ -w 

#Script to get coordinate from a pdb file and change them by some scale 

use strict; 

open (IN,"<fullcapsid.pdb"); 

my $scale=1.5; 

my $rolloff=1.34; 

while (<IN>){ 

 

if (substr($_,0,4) eq "ATOM") { 

my $x=substr($_,30,8); 

my $y=substr($_,38,8); 

my $z=substr($_,46,8); 

$x=$x/$scale; $y=$y/$scale; $z=$z/$scale; 

#$x=$x*$rolloff; $y=$y*$rolloff; $z=$z*$rolloff; 

#$x=round($x); $y=round($y); $z=round($z); 

compare($x,$y,$z); 

#if ($x>128) {print "$x \n";} 

#if ($y>128) {print "$y \n;"} 

#if ($z>128) {print "$z \n;"} 

 

#print"$x       $y      $z \n"; 

 

#Increment roll off; 

#$x=$x+1; $y=$y+1; $z=$z+1; 

#print"$x       $y      $z \n"; 

#$x=$x+1; $y=$y+1; $z=$z+1; 

#print"$x       $y      $z \n"; 

#$x=$x+1; $y=$y+1; $z=$z+1; 

#print"$x       $y      $z \n"; 

#$x=$x-1; $y=$y-1; $z=$z-1; 

#$x=$x-1; $y=$y-1; $z=$z-1; 

#$x=$x-1; $y=$y-1; $z=$z-1; 

#$x=$x-1; $y=$y-1; $z=$z-1; 

#print"$x       $y      $z \n"; 

#$x=$x-1; $y=$y-1; $z=$z-1; 

#print"$x       $y      $z \n"; 
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#$x=$x-1; $y=$y-1; $z=$z-1; 

#print"$x       $y      $z \n"; 

#$x=$x+1; $y=$y+1; $z=$z+1; 

#$x=$x+1; $y=$y+1; $z=$z+1; 

#$x=$x+1; $y=$y+1; $z=$z+1; 

#$x=$x+1; 

#print"$x       $y      $z \n"; 

#$x=$x-1; 

#$x=$x-1; 

#print"$x       $y      $z \n"; 

#$x=$x-1; 

 

} 

 

 

} 

 

 

#Rounding function 

sub round { 

    my($number) = shift; 

    return int($number + .5 * ($number<=>000)); 

} 

 

 

# Funtion to compare 

sub compare { 

my $xc=shift; 

my $yc=shift; 

my $zc=shift; 

my $line=0; 

open (INFILE,"<coordswithdensities.txt"); 

while(<INFILE>) { 

chomp; 

my @coords=split; 

if ($xc==$coords[0] and $yc==$coords[1] and $zc==$coords[2]) { 

 

print "Line $line $xc   $yc     $zc \n"; 

} 

$line+=1; 

} 

close (INFILE); 

} 
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Appendix VI. 

Code to Compare Viral Capsid PDB Densities with Densities Derived from an MRC 

File. 

#!/usr/local/bin/perl/ -w 

use strict; 

open (IN,"<coordswithdensities.txt"); 

open (PROTEIN,">>protein.txt"); 

open (RNA,">>rna.txt"); 

my $match; 

 

while (<IN>){ 

        chomp; 

        my @coords=split; 

        $match="No"; 

                open (INFILE,"<capsid_indices.txt"); 

                while(<INFILE>){ 

                chomp; 

                my @indices=split; 

 

#print "$coords[0]      $coords[1]      $coords[2] \n"; 

#print "$indices[0]     $indices[1]     $indices[2]\n"; 

#print "\n"; 

 

                if ($coords[0]==$indices[0] and $coords[1]==$indices[1] and 

$coords[2]==$indices[2]){ 

                        $match="Yes";   } 

                        #print $match; 

                } 

        if ($match eq "Yes"){ 

                print PROTEIN "$coords[0]       $coords[1]      $coords[2]      $coords[3] \n"; 

        } 

        else { 

        print RNA "$coords[0]   $coords[1]      $coords[2]      $coords[3] \n"; 

                } 

 

 

 

close(INFILE); 

 

} 
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Appendix VII 

Code to Generate Shells from Cryo-EM and Neutron Scattering Data.  

Written in SAS 

libname in 'C:\Users\lock\Desktop\Neutron Scattering Paper\source 

data files and code\'; 

 

data density;  

 set in.coordswithdensities; 

 /*charX=put(x,6.); 

 charY=put(Y,6.); 

 charZ=put(Z,6.); 

 xyz=cats(charX, ',', charY, ',', charZ);*/ 

 r_den=round(density); 

 c_den=ceil(density); 

 f_den=floor(density); 

 denid=_n_; 

run; 

 

data capsid;  

 set in.capsid_indices; 

 /*charX=put(x,6.); 

 charY=put(Y,6.); 

 charZ=put(Z,6.); 

 xyz=cats(charX, ',', charY, ',', charZ);*/ 

 id=_n_; 

 idx=x; idy=y; idz=z; 

 *rename charx=charidx chary=charidy charz=charidz; 

run; 

 

proc freq data=density; 

 tables r_den c_den f_den/list missing; 

run; 

 

proc means data=density min max mean median n; 

run; 

 

******************************************************* 

Compute summary statistics for DENSITY from 4 shells 

*******************************************************; 

%macro creatShell(lim1=); 

 data shell1 shell2 shell3 shell4; 

  set density; 

  if -&lim1<x<&lim1 and -&lim1<y<&lim1 and -&lim1<z<&lim1 

then output shell1; 
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  else if (-%eval(&lim1+32)<=x<=%eval(&lim1+32)) and (-

%eval(&lim1+32)<=y<=%eval(&lim1+32)) and (-

%eval(&lim1+32)<=z<=%eval(&lim1+32)) then output shell2; 

  else if (-%eval(&lim1+32+33)<=x<=%eval(&lim1+32+33)) and 

(-%eval(&lim1+32+33)<=y<=%eval(&lim1+32+33)) and (-

%eval(&lim1+32+33)<=z<=%eval(&lim1+32+33)) then output shell3; 

  else if (-

%eval(&lim1+32+33+29)<=x<=%eval(&lim1+32+33+29)) and (-

%eval(&lim1+32+33+29)<=y<=%eval(&lim1+32+33+29)) and (-

%eval(&lim1+32+33+29)<=z<=%eval(&lim1+32+33+29)) then output shell4; 

  else put "!!!!somthing is wrong"; 

 run;  

%mend; 

 

%creatShell(lim1=84); 

 

proc freq data=shell2; 

 tables r_den c_den f_den/list missing; 

 where 8<=density<=14; 

run; 

 

data in.shell2_den_8_14; 

 set shell2; 

 if 8<=density<=14; 

run; 

 

data in.shell1_den_8_14; 

 set shell1; 

 if 8<=density<=14; 

run; 

 

data in.shell3_den_8_14; 

 set shell3; 

 if 8<=density<=14; 

run; 

 

 

 

*testing density boundary code; 

data checkdes; 

 set density; 

 if 16<=density; 

run; 

%macro creatshe(lim1=); 

 data she1 she2 she3 she4; 

  set checkDes; 

  if -&lim1<x<&lim1 and -&lim1<y<&lim1 and -&lim1<z<&lim1 

then output she1; 
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  else if (-%eval(&lim1+32)<=x<=%eval(&lim1+32)) and (-

%eval(&lim1+32)<=y<=%eval(&lim1+32)) and (-

%eval(&lim1+32)<=z<=%eval(&lim1+32)) then output she2; 

  else if (-%eval(&lim1+32+33)<=x<=%eval(&lim1+32+33)) and 

(-%eval(&lim1+32+33)<=y<=%eval(&lim1+32+33)) and (-

%eval(&lim1+32+33)<=z<=%eval(&lim1+32+33)) then output she3; 

  else if (-

%eval(&lim1+32+33+29)<=x<=%eval(&lim1+32+33+29)) and (-

%eval(&lim1+32+33+29)<=y<=%eval(&lim1+32+33+29)) and (-

%eval(&lim1+32+33+29)<=z<=%eval(&lim1+32+33+29)) then output she4; 

  else put "!!!!somthing is wrong"; 

 run;  

%mend; 

 

%creatshe(lim1=60); 

 

 

 

 

%macro DenStat(dat); 

proc univariate data=&dat normal plot; 

 var density; 

 title "Density Distribution from -&dat"; 

run; 

%mend; 

 

%DenStat(in.shell1); 

%DenStat(in.shell2); 

%DenStat(in.shell3); 

 

*%DenStat(in.protein); 

*%DenStat(in.rna); 

 

 

 

proc sort data=density; by x y z; run; 

proc sort data=capsid; by x y z; run; 

 

proc sort data=density out=testdensity dupout=dupdensity nodupkey; 

by x y z; run; 

proc sort data=capsid out=testcapsid dupout=dupcapsid nodupkey; by x 

y z; run; 

 

/* 

proc sort data=density; by xyz; run; 

proc sort data=capsid; by xyz; run; 

 

proc sort data=density out=testdensity dupout=dupdensity nodupkey; 

by xyz; run; 
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proc sort data=capsid out=testcapsid dupout=dupcapsid nodupkey; by 

xyz; run; 

 

proc print data=density; 

where xyz='-1-1024'; 

run; 

*/ 

data protein desnotCap notdescap; 

 merge density(in=one) capsid(in=two); 

 by x y z; 

 if one and two then output protein; 

 else if one and not two then output desNotCap; 

 else if not one and two then output notDesCap; 

 else put "something is missing"; 

run; 

 

 

******************************************************* 

Matching SHELL3.sas7bdat to PROTEIN.sas7bdat 

*******************************************************; 

 

proc sort data=in.shell3 out=shell3; by x y z; run; 

proc sort data=in.protein out=protein; by x y z; run; 

 

proc sort data=shell3 out=nodup1 dupout=dup1 nodupkey; by x y z; 

run; 

proc sort data=protein out=nodup2 dupout=dup2 nodupkey; by x y z; 

run; 

 

/*proc print data=density; 

where xyz='-1-1024'; 

run;*/ 

 

data pro_match pro_nonmatch; 

 merge protein(in=one) shell3(in=two); 

 by x y z; 

 if one and two then output pro_match; 

 else output pro_nonmatch; 

run; 

 

 

/*Exploratory Code for creating shell data sets*/ 

/* 

data test; 

 set density; 

 if -120<x<=-88 or 88<x<=120 then check1x=1; 

 else check1x=0; 

 

 if (-154<x<=-120 or 120<x<=154) then check2x=1; 
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 else check2x=0; 

 

 if (-182<=x<=-154 or 154<x<=182) then check3x=1; 

 else check3x=0; 

 

 if -120<y<=-88 or 88<y<=120 then check1y=1; 

 else check1y=0; 

 

 if (-154<y<=-120 or 120<y<=154) then check2y=1; 

 else check2y=0; 

 

 if (-182<=y<=-154 or 154<y<=182) then check3y=1; 

 else check3y=0; 

 

 if -120<z<=-88 or 88<z<=120 then check1z=1; 

 else check1z=0; 

 

 if (-154<z<=-120 or 120<z<=154) then check2z=1; 

 else check2z=0; 

 

 if (-182<=z<=-154 or 154<z<=182) then check3z=1; 

 else check3z=0; 

 proc freq; *tables check1x check2x check3x check1y check2y 

check3y check1z check2z check3z/list missing; 

 tables check1x*check1y*check1z check2x*check2y*check2z/list 

missing; 

 proc means data=test max min; 

 var x y z; 

 proc print data=test; 

 var x y z; 

 where x=122 or x=-122; 

run;  

*/ 

 

/* 

data in.shell1 in.shell2 in.shell3 in.shell4; 

 set density; 

 if -88<x<88 and -88<y<88 and -88<z<88 then output in.shell1; 

 else if (-120<=x<=-88 or 88<=x<=120) or (-120<=y<=-88 or 

88<=y<=120) or (-120<=z<=-88 or 88<=z<=120) then output in.shell2; 

 else if (-153<=x<-120 or 120<x<=153) or (-153<=y<-120 or 

120<y<=153) or (-153<=z<-120 or 120<z<=153) then output in.shell3; 

 else if (-182<=x<=-154 or 154<x<=182) or (-182<=y<=-154 or 

154<y<=182) or (-182<=z<=-154 or 154<z<=182) then output in.shell4; 

 else put "!!!!somthing is wrong"; 

run;  

 

data in.shell1a in.shell2a in.shell3a in.shell4a; 

 set density; 
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 if -88<x<88 and -88<y<88 and -88<z<88 then output in.shell1a; 

 else if (-120<=x<=120) and (-120<=y<=120) and (-120<=z<=120) 

then output in.shell2a; 

 else if (-153<=x<=153) and (-153<=y<=153) and (-153<=z<=153) 

then output in.shell3a; 

 else if (-182<=x<=182) and (-182<=y<=182) and (-182<=z<=182) 

then output in.shell4a; 

 else put "!!!!somthing is wrong"; 

run; */ 

 

*/ 
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Appendix VIII 

Code to Calculate Distances between Data Points with Density, and to Eliminate all 

Densities that were Physically Impossible due to Steric Limitations. Written in SAS. 

libname in 'C:\Users\lock\Desktop\RCNMV_WHOLE_CAPSID'; 

 

data density;  

 set in.shell2_den_8_14; 

 /*r_den=round(density); 

 c_den=ceil(density); 

 f_den=floor(density); 

 denid=_n_;*/ 

run; 

 

 

*Macro calcDist calculates distance between a data point in density 

data with all subsequent data points after that; 

%macro calcDist(indata=, den_upper=, den_lower=, dist_upper=, 

dist_lower=); 

 

 data A; *Get point A; 

  set &indata; 

  if &den_lower<=density<=&den_upper; 

  one=1; 

 run; 

 

 data b; * Get point B by duplicating point A; 

  set a; 

 run; 

 

 %let sumnum=0; 

 

 proc means noprint data=a; *Count total number of point A; 

  var one; 

  output out=sumnum sum=sumnum; 

 run; 

 

 data _null_; 

  set sumnum; 

  call symput('sumnum',trim(left(put(sumnum,8.)))); 

 run; 

 

 %if &sumnum>0 %then %do;  /* Skip to else statement if sumnum 

is zero. i.e point A data is empty */ 
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  proc datasets; delete dist_AB; run; *Initialize DIST_AB 

dataset for pending;  

 

  %do iter=1 %to &sumnum; *Calculate distance one point at 

a time; 

 

   data pointA; *Get one point from POINTA; 

    set a; 

    if _n_ eq &iter; 

   run; 

 

   data _null_; 

    set pointA; 

    call symput('x_A',x); 

    call symput('y_A',y); 

    call symput('z_A',z); 

    call symput('A_ID', denid); 

    call symput('den_A', density); 

   run; 

 

   data oneA_allB; *Calculate the distance from the 

POINTA point to all possible POINTB points; 

    set b (keep= x y z denid density rename=(x=x_B 

y=y_B z=z_B denid=B_ID density=den_B)); 

    if _n_>&iter; * Skip the ones that was done in 

the last cycle;  

 

    dist=sqrt((x_b-&x_a)**2+(y_b-&y_a)**2+(z_b-

&z_a)**2); *Distance formular; 

 

    if &dist_lower<=dist<=&dist_upper; *output 

records that are greater or equal to the dist limit; 

 

    A_ID=&A_ID; *store point A info; 

    den_A=&den_A; 

    x_A=&x_A;  

    y_A=&y_A; 

    z_A=&z_A; 

   run; 

 

   proc append base=dist_AB data=oneA_allB force; run; 

  %end; 

 

 %end; 

 

 data in.distance; 

  set dist_ab; 

 run; 

%mend; 
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%calcDist(indata=density, den_upper=14, den_lower=13.5, 

dist_upper=6.6, dist_lower=5.4); *boundaries are inclusive; 
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Appendix IX. 

 Sequence of RNA Hairpin Loop Constructs made by Site Directed Mutagenesis 

 

TA-Loop+4 (+) :  

5’-CGATCAATCAGAGGTCAATCGCCCCCAGCCTCTCAGTGTTGC-3’ 

TA-Loop+4 (-): 

5’-GCAACACTGAGAGGCTGGGGGCGATTGACCTCTGATTGATCG-3’ 

TA-Loop+8 (+): 

5- CGATCAATCAGAGGTTCATATCGCCCCACACGCCTCTCAGTGTTGC-3’ 

TA-Loop+8 (-): 

5’-GCAACACTGAGAGGCGTGTGTGGGGCGATATGAACCTCTGATTGATCG-3’ 

TA-Loop+12 (+):  

5’-CGATCAATCAGAGGTCCATCAAATCGCCCCAACCAGCCTCTCAGTGTTGC-3’ 

Ta-Loop+12(-): 

5’-GCAACACTGAGAGGCTGGTTGGGGCGATTTGATGGACCTCTGATTGATCG-3’ 


