
ABSTRACT 

MACKENZIE, SARAH HELEN. The Importance of the Dimer Interface in the Folding and 
Assembly of Procaspase-3.  (Under the direction of Dr. A. Clay Clark). 
 

Caspases are a family of cysteine proteases that are intimately involved in apoptosis and exist 

in the cell as inactive zymogens prior to activation. Initiator procaspases are monomers that 

must dimerize for activation.  Executioner procaspases, such as procaspase-3, are dimers that 

must be processed for activation.  The chemical properties of the dimer interface are different 

between the two subfamilies of caspases but their structures are similar, suggesting that the 

interface region is important for regulation. The goal of the studies presented here is to 

determine the importance of the dimer interface in folding and assembly of procaspase-3.  A 

histidine mutation was introduced into the dimer interface region, which completely 

abolished the activity of mature caspase-3.  Equilibrium and kinetic folding studies were 

performed to elucidate how a mutation in the dimer interface prevents substrate turnover in 

the active site when the distance between the two regions is 20Å.  The folding studies 

presented here coupled with the crystal structure show that the protein is entering a kinetic 

trap prior to dimerization because the histidine has to adopt an unusual rotomer to pack into a 

region that normally accommodates a much smaller valine residue.  A hysteresis was 

observed by equilibrium folding studies, presumably because the time it takes to refold is 

different that the time it takes to unfold due to the limited conformational freedom of the 

histidine residues. Additionally, the hysteresis is observed to be concentration dependent 

suggesting that the histidine residue makes the activation mechanism of procaspase-3 more 

like initiator caspases that require a large local concentration of protein to promote 

dimerization.  Kinetic refolding studies showed that the procaspase-3 monomer is becoming 



trapped in a conformation that is unstable and prone to aggregation prior to forming a 

dimerization competent species.  The crystal structure of caspase-3 (V266H) revealed two 

separate pathways of inhibition starting from the dimer interface and culminating in the 

active site that could be responsible for the lack of activity in this mutant.  These data, taken 

together, suggest that the dimer interface is a region that can be used to allosterically inhibit 

procaspase-3 because it is important for regulation of the enzyme.  This is important because 

it could be used as a drug target for diseases that have too much cell death, such as 

neurodegenerative disorders. 

  



The Importance of the Dimer Interface in the Folding and Assembly of Procaspase-3 

 

 

by 
Sarah Helen MacKenzie 

 

 

A dissertation submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the  
requirements for the degree of 

Doctor of Philosophy 
 

Biochemistry 

 

 

Raleigh, North Carolina 

2009 

 

APPROVED BY: 

 

 

_______________________________  ______________________________ 
              Dr. Dennis Brown                                                           Dr. Paul Agris 
 
 
 
_______________________________                      ______________________________ 
               Dr. Robert M Kelly                                                      Dr. A. Clay Clark 
                                                                                            Chair of Advisory Committee 



 ii 

DEDICATION 

 

To my mom, Kathleen, and my brother, Stuart for your love, support, and encouragement 

throughout the years. 



 iii 

BIOGRAPHY 

 

Sarah MacKenzie was born in Aberdeen, Scotland.  She moved to the United States 

with her parents when her dad got his first faculty position at Texas A&M.  She has lived all 

over the country, following her mom as she advanced through the ranks of the 

Pharmaceutical Industry.  She moved to North Carolina in 1997 and found her home.  She 

graduated from North Carolina State University in May 2003 with a Bachelor of Science 

degree in Biochemistry.  In August 2004 she started graduate school in pursuit of a Ph.D. in 

biochemistry at North Carolina State University under the direction of Dr. A. Clay Clark.  

She developed her passion for teaching in the Preparing the Professoriate Program and won 

three teaching awards during graduate school.  Upon completion of her Ph.D., Sarah plans to 

have a productive career in academics working on the cancer problem and teaching the next 

generation of biochemists.          

 

 



 iv 

ACKNOWLEDGMENTS 

 

 I would like to thank Dr. A. Clay Clark for his passion and commitment to making his 

students the best they can be.  You are truly an outstanding mentor, teacher and friend.  I 

would also like to thank my committee members Dr. Robert Rose, Dr. Paul Agris, and Dr. 

Robert Kelly for your support and encouragement for the past five years.  I appreciate your 

commitment to making me understand the importance of telling a story through my results.  I 

would also like to thank Dr. Dennis Brown for giving his time and sitting in on my prelim 

defense and my oral defense.   

 I would like to thank my family both near and far.  A special thanks to my mom, 

Kathleen, for never giving up on me and believing in me, no matter how stubborn I was.  

Your unwavering support has enabled me to become the person that I am.  To my brother, 

Stuart, thanks for being the amazing and compassionate person that you are.  I would like to 

thank my grandparents, Muriel and Ralph, for their endless support and encouragement.  

Your commitment to seeing me through my academic goals has driven me to be a more 

diligent student.  Lastly, but certainly not least I would like to thank my uncles, Richard and 

Les for their support.  The phone calls alone got me through graduate school especially when 

I had to pull an all night experiment.  I am blessed to have such an amazing family. 

 I would like to thank my friends for making the last five years some of the best times 

in my life.  Mialy, Karen, Stephanie, Katie, Maria, Garrett, Heba, Kyle, Dawn, John, 

Michelle, Josh, Nikki and Mike, you are all incredible people and I don’t know what I would 

do without you.  Thanks for all of your support!  I would also like to thank my classmates.  



 v 

Estella, Uma, Jad, Chris, Mialy and Sang-oh, it has gone by so quickly but you have all made 

a profound impact on my life.  To my fellow Claymates, Jad, Sara, Josh, Chunxiao and 

Denise, I have learned so much from all of you. 



 vi 

TABLE OF CONTENTS 

 

LIST OF TABLES .................................................................................................................. xii 

LIST OF FIGURES ............................................................................................................... xiii 

CHAPTER 1:  Targeting cell death in tumors by activating caspases ......................................1 

 ABSTRACT .........................................................................................................................2 

 A.  Types of cell death .........................................................................................................3 

 B.  Mechanisms of apoptosis ...............................................................................................4 

 C.  Cancer drug targets in apoptosis ....................................................................................7 

  C.1.  Extrinsic pathway ..................................................................................................7 

  C.2.  Caspases ..............................................................................................................10 

  C.3.  Intrinsic pathway .................................................................................................10 

  C.4.  IAPs .....................................................................................................................12 

 D.  Molecules that specifically bind to caspases................................................................13 

  D.1.  IAPs .....................................................................................................................14 

 E.  Caspase dimer interface ................................................................................................15 

 F.  A brief description of the dimer interface and active site formation ............................17 

 G.  Dimer interface experiments that suppress caspase-3 activity .....................................20 

  G.1.  FICA and DICA ..................................................................................................20 

  G.2.  Caspase-3 interface mutant Val266His ...............................................................22 

  G.3.  Experiments that activate the caspase-3 zymogen ..............................................22 

 H.  Conclusions ..................................................................................................................24 



 vii 

 REFERENCES .......................................................................................................................25 

CHAPTER 2:  Role of dimerization in the regulation of caspase activity ..............................48 

 ABSTRACT .......................................................................................................................49 

 A.  Apoptosis leads to cell death ........................................................................................50 

 B.  Caspases are part of the cell death machinery ..............................................................51 

 C.  Caspases are also part of the inflammatory response ...................................................52 

 D.  Caspases cleave with high specificity ..........................................................................53 

 E.  Caspases are produced initially as inactive zymogens .................................................53 

 F.  Dimerization of caspase zymogens ..............................................................................55 

 G.  Caspase dimerization affects stability ..........................................................................57 

 H.  Comparison of caspase dimer interfaces ......................................................................58 

 I.  Active site formation after chain cleavage ....................................................................63 

 J.  Active site cooperativity ................................................................................................68 

 K.  Conclusions ..................................................................................................................71 

 REFERENCES ..................................................................................................................72 

CHAPTER 3:  Protein folding: thermodynamic and kinetic perspectives ..............................84 

 A.  The protein folding problem ........................................................................................85 

 B.  Equilibrium and kinetic folding studies .......................................................................89 

 C.  Examples of protein folding mechanisms ....................................................................90 

  C.1.  Folding mechanism of procaspase-1 CARD .......................................................90 

  C.2.  Folding mechanism of DHFR .............................................................................91 

  C.3.  Folding mechanism of FIS ..................................................................................91 



 viii 

  C.4.  Folding mechanism of SecA ...............................................................................92 

  C.5.  Summary .............................................................................................................93 

 D.  Kinetic partitioning ......................................................................................................93 

 E.  Examples of kinetic partitioning ..................................................................................94 

  E.1.  Serpins native conformation is metastable in the energy landscape ...................94 

  E.2.  The β-subunit of bacterial luciferase can form an alternative native state ..........95 

  E.3.  Summary..............................................................................................................95 

 F.  Project Aims .................................................................................................................96 

 REFERENCES ..................................................................................................................97 

CHAPTER 4:  Materials and Methods ..................................................................................100 

 Materials ..........................................................................................................................101  

 Stock solutions .................................................................................................................101 

 Methods............................................................................................................................101 

 A.  Protein purification ....................................................................................................101 

 B.  Equilibrium folding studies ........................................................................................103 

 C.  Kinetic folding studies ...............................................................................................104 

  C.1.  Single-mixing stopped-flow fluorescence and CD ...........................................104 

  C.2.  Emission scanning .............................................................................................105 

  C.3.  Hand-mixing fluorescence and CD spectroscopy .............................................106 

  C.4.  Measuring folding kinetics ................................................................................107 

  C.5.  Data analysis .....................................................................................................107 

  C.6.  Burst phase ........................................................................................................107 



 ix 

  C.7.  Exponential fits .................................................................................................110 

 D.  Size Exclusion Chromatography ................................................................................111 

  D.1.  Column parameters and calibration ..................................................................112 

  D.2.  Sample preparation ...........................................................................................112 

  D.3.  Instrument procedure and data analysis ............................................................113 

 REFERENCES ................................................................................................................117 

CHAPTER 5:  Equilibrium folding studies of procaspase-3 (C163S, V266H) .....................119 

 ABSTRACT .....................................................................................................................120 

 INTRODUCTION ...........................................................................................................121 

 RESULTS ........................................................................................................................126 

 A.  Denaturation of procaspase-3 (C163S, V266H) ........................................................126 

 B.  Equilibrium unfolding of procaspase-3 (C163S, V266H) at pH 7.0 ..........................127 

 C.  Reversibility of procaspase-3 (C163S, V266H) folding at pH 7.0 ............................129 

 D.  Protein concentration dependence of unfolding at pH 7.0 .........................................130 

 E.  pH profiles of procaspase-3 (C163S, V266H), (C163S) by SEC ...............................131 

 F.  Equilibrium unfolding of procaspase-3 (C163S, V266H) at pH 5.0 ..........................132 

 G.  Reversibility of procaspase-3 (C163S, V266H) folding at pH 5.0 ............................133 

 H.  Protein concentration dependence of unfolding at pH 5.0 .........................................135 

 DISCUSSION ..................................................................................................................137 

 REFERENCES ................................................................................................................142 

CHAPTER 6:  Kinetic Folding Studies of Procaspase-3 (C163S, V266H) ..........................161 

 ABSTRACT .....................................................................................................................162 



 x 

 INTRODUCTION ...........................................................................................................163 

 RESULTS ........................................................................................................................167 

 A.  Multiple monomeric species are formed in the burst phase.......................................169 

 B.  Procaspase-3 (C163S, V266H) folds through multiple monomeric intermediates ....171 

 C.  Aggregation of kinetically trapped monomeric intermediate species ........................175 

 D.  Proposed folding model for procaspase-3 (C163S, V266H) .....................................176 

 E.  Unfolding data reveal two dimeric species ................................................................176 

F. Procaspase-3 (C163S, V266H) dissociated to form highly structured monomeric 

intermediates ..............................................................................................................178 

 G.  Monomeric procaspase-3 (C163S, V266H) unfolds slowly ......................................180 

 H.  Proposed folding model for procaspase-3 (C163S, V266H) .....................................182 

 DISCUSSION ..................................................................................................................183 

 REFERENCES ................................................................................................................188 

CHAPTER 7:  Discussion ......................................................................................................206 

 REFERENCES ................................................................................................................213 

APPENDICES .......................................................................................................................220 

APPENDIX A:  5-19F-tryptophan labeling of procaspase-3 (C163S) and 19F-NMR 

 preliminary studies ...........................................................................................................221 

 INTRODUCTION ...........................................................................................................222 

 RESULTS ........................................................................................................................225 

A. Procaspase-3 (C163S) expression in BL21 DE3 lys S cells ......................................225 

B. Procaspase-3 (C163S) expression in W3110trpA33 cells .........................................227 



 xi 

C. Protein purification, percent incorporation and preliminary NMR studies ...............228 

D. NMR studies using fluorine cryporobe in Dr. Carl Frieden’s lab at  

  Washington University, St. Louis ..............................................................................229 

 E.  pQE80L-procaspase-3 (C163S) expression in W3110trpA33 cells ...........................231  

 REFERENCES ................................................................................................................232 



 xii 

LIST OF TABLES 

 

CHAPTER 6 

Table I:  Refolding burst phase signals fit to two-state equilibrium folding models .......189 



 xiii 

LIST OF FIGURES 

 

CHAPTER 1 

 Figure1.  Cell death pathways ............................................................................................36 

 Figure 2.  Sequence alignment of eleven human caspases ................................................37 

 Figure 3.  Human caspase organization .............................................................................39 

 Figure 4.  The caspase cascade ..........................................................................................40 

 Figure 5.  Caspase-3 with XIAP BIR-2 bound ..................................................................42 

 Figure 6.  Inhibited caspases ..............................................................................................43 

 Figure 7.  Active site rearrangements of caspases-1,-3 and -9 ..........................................45 

CHAPTER 2 

 Figure 1.  Human caspase organization .............................................................................76 

 Figure 2.  The caspase cascade ..........................................................................................77 

 Figure 3.  Comparison of caspase dimer interfaces ...........................................................79 

 Figure 4.  Active site loop movements upon maturation of caspase-7 ..............................80 

 Figure 5.  Active site rearrangements of caspases-1 and -3 ...............................................81 

 Figure 6.  Active site rearrangements of caspase-9 upon inhibitor binding ......................82 

 Figure 7.  Structure of caspase-7 with FICA bound in the dimer interface .......................83 

CHAPTER 3 

 Figure 1.  Schematic diagram of one-dimensional cross sections through the free  

  energy surfaces of protein folding reactions contrasting two extremes:  

  thermodynamic versus kinetic control .........................................................................99 



 xiv 

CHAPTER 4 

 Figure 1.  SEC molecular weight standard chromatograms and standard curve .............118 

CHAPTER 5 

 Figure 1.  Structure of caspase-3......................................................................................144 

 Figure 2.  Equilibrium unfolding of procaspase-3 (C163S) ............................................145 

 Figure 3.  Fluorescence emission spectra of procaspase-3 (C163S, V266H)  

  at pH 7.0 .....................................................................................................................146 

 Figure 4.  Equilibrium unfolding of procaspase-3 (C163S, V266H) at pH 7.0 ...............147 

 Figure 5.  Reversibility of equilibrium folding of procaspase-3 (C163S, V266H)  

  at pH 7.0 .....................................................................................................................148 

 Figure 6.  Overlay of refolding curves at pH 7.0 shows a concentration dependent 

  hysteresis ....................................................................................................................150 

 Figure 7.  Concentration dependence of procaspase-3 (C163S, V266H) unfolding 

  studies at pH 7.0 .........................................................................................................151 

 Figure 8.  Denaturation profile of procaspase-3 (C163S, V266H) by  

  size exclusion chromatography at pH 7.0 ..................................................................152 

 Figure 9.  pH profiles of procaspase-3 (C163S, V266H) and procaspase-3 (C163S)  

  by size exclusion chromatography .............................................................................153  

 Figure 10.  Equilibrium unfolding of procaspase-3 (C163S, V266H) at pH 5.0 .............154   

 Figure 11.  Reversibility of equilibrium folding of 2μM procaspase-3  

  (C163S, V266H) at pH 5.0 ........................................................................................155 

   



 xv 

 Figure 12.  Reversibility of equilibrium folding of 1μM  procaspase-3  

  (C163S, V266H) at pH 5.0 ........................................................................................156 

 Figure 13.  Reversibility of equilibrium folding of 0.5μM procaspase-3  

  (C163S, V266H) at pH 5.0 ........................................................................................157 

 Figure 14.  Overlay of refolding curves at pH 5.0 shows a concentration dependent  

  hysteresis ....................................................................................................................158   

 Figure 15.  Concentration dependence of procaspase-3 (C163S, V266H)  

  unfolding studies at pH 5.0 ........................................................................................159 

 Figure 16.  Denaturation profile of procaspase-3 (C163S, V266H) by size exclusion  

  chromatography at pH 5.0..........................................................................................160 

CHAPTER 6 

 Figure 1.  Far-UV CD measured at 228nm refolding data ..............................................190 

 Figure 2.  Complex burst phase during refolding ............................................................191 

 Figure 3.  Emission scanning of the burst phase species .................................................193   

 Figure 4.  CD lag phase....................................................................................................195 

 Figure 5.  Rate of the final urea concentration for fluorescence emission  

  following excitation and by differential quenching by acrylamide ...........................196  

 Figure 6.  Intermediate phase of refolding .......................................................................197 

 Figure 7.  Slow phase of refolding shows procaspase-3 (C163S, V266H) enters a  

  kinetic trap .................................................................................................................198   

 Figure 8.  Oligomeric state of procaspase-3 (C163S, V266H) during the slow phase  

  of refolding.................................................................................................................199 



 xvi 

 Figure 9.  Proposed sequential refolding mechanism ......................................................200 

 Figure 10.  Unfolding fluorescence data ..........................................................................201 

 Figure 11.  Procaspase-3 (C163S, V266H) unfolding of the secondary structure in  

  9M urea detected by far-UV CD ................................................................................202   

 Figure 12.  Procaspase-3 (C163S, V266H) unfolding in 8M urea detected by  

  far-UV CD unfolding .................................................................................................203 

 Figure 13.  Procaspase-3 (C163S, V266H) unfolding of the tertiary structure 

  detected by fluorescence emission and fluorescence anisotropy ...............................204 

 Figure 14.  Proposed sequential unfolding mechanism ...................................................205   

 Figure 15.  Proposed overall folding mechanism for procapase-3 (C163S, V266S) .......206 

CHAPTER 7 

 Figure 1.  The initial model for caspase-3 (V266H) inactivity ........................................214 

 Figure 2.  The crystal structure of the caspase-3 (V266H) dimer interface .....................215   

 Figure 3.  Structural details of intramolecular allosteric inhibition .................................216   

 Figure 4.  Structural details of intermolecular allosteric inhibition.  ...............................217  

 Figure 5.  The crystal structure of  the caspase-3 (Y197C, V266H) dimer  

  interface......................................................................................................................218   

 Figure 6.  Overlay of histidine residues from the caspase-3 (V266H) initial model,  

  the caspase-3 (V266H) crystal structure and the caspase-3 (Y197C, V266H)  

  crystal structure ..........................................................................................................219 

APPENDIX A 

 Figure 1.  Comparison of procaspase-7 and caspase-3 active sites .................................233 



 xvii 

 Figure 2.  Procaspase-3 (C163S) optimal expression conditions in  

  BL21 DE3 lys S cells .................................................................................................234 

 Figure 3.  Procaspase-3(C163S) expression in the presence of either L-tryptophan  

  (L-Trp) or 5-19F-tryptophan (F-Trp) ..........................................................................235 

 Figure 4.  Extracted ion chromatogram for percent incorporation ..................................236 

 Figure 5.  Preliminary fluorine NMR studies on procaspase-3 (C163S) after  

  19F-tryptophan incorporation .....................................................................................237 

 Figure 6.  Comparison of native fluorine NMR peaks for procaspase-3 (C163S,  

  W214V), procaspase-3 (C163S, W206Y) and procaspase-3 (C163S) ......................238  

 Figure 7.  Denaturation profile of procaspase-3 (C163S) determined by  

  fluorine NMR .............................................................................................................239 

 Figure 8.  Denaturation profile of procaspase-3 (C163S, W214V) determined  

  by fluorine NMR ........................................................................................................240 

 Figure 9.  Denaturation profile of procaspase-3 (C163S, W206Y) determined  

  by fluorine NMR ........................................................................................................241 

 Figure 10.  pQE80L-procaspase-3 (C163S) optimal expression conditions in  

  W3110trpA33 auxotrophic cells ................................................................................242   



 105 

with excitation at 280nm or 295nm) in 9M urea-containing buffer pH 7.0 with 20mM 

phosphate buffer-containing urea between 0M and 8M in 0.5M increments.  The final 

protein concentration was 2 or 5 μM for fluorescence with excitation at 280nm or 295nm 

and differential quenching by acrlyamide, 2 or 10 μM for CD measured at 228nm and 2, 

5 or 10 μM for anisotropy with excitation at 280nm or 295nm.  A mixing ratio of 1:10 

was used in all experiments.  

The unfolding experiments were performed by mixing native protein (22 or 110 

μM for fluorescence with excitation at 280nm and CD measured at 228nm) in 20mM 

phosphate buffer pH 7.0 with 20mM phosphate buffer-containing urea between 0M and 

9M urea in 0.5M increments.  The final concentration of protein was 2 or 10 μM for 

fluorescence with excitation at 280nm and CD measured at 228nm.  A mixing ratio of 

1:10 was used in all experiments. 

C.2.  Emission Scanning 

 Emission scanning experiments were performed using a stopped-flow 

spectrofluorometer (SX18, Appied Photophysics) or a PiStar stopped-flow 

spectrophotometer (Applied Photophysics).  For fluorescence emission scanning, the 

emission photomultiplier tube was connected to a monochromator and the signal was 

measured at multiple wavelengths.  The slits for excitation were set to 2mm and for 

emission were set to 5mm.  For refolding experiments, 55μM unfolded procaspase-3 

(C163S, V266H) in 9M urea-containing phosphate buffer was mixed 1:10 with 20mM 

phosphate buffer pH 7.0.  The fluorescence burst phase signal was collected with 

excitation at either 280nm or 295nm at several emission wavelengths between 300nm and 
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D.1.  Column Parameters and Calibration  

The Superdex 200 10/300 GL sizing column has a size exclusion limit of 10-600 

kDa proteins.  The chemical stability of the column allows for the use of most buffers but 

in some cases is unstable under certain solution conditions.  For example, the column 

becomes unstable at concentrations of urea above 8M, NaOH above 1M and has a pH 

stability range of 3-12.  When performing SEC experiments, it is necessary to establish 

an elution profile of proteins with known molecular weights (standards) with which to 

compare the elution volume of the unknown sample.  The molecular weight of the 

unknown sample can be determined from the linear equation obtained by plotting the 

Elution Volume of standards versus the log (MW).  For example, the elution profiles of 

ferritin (440kDa), albumin (67kDa) and ovalbumin (43kDa) are shown in Figure 1, 

panels A-C, respectively.  A plot of their respective elution volumes versus log (MW) is 

shown in Figure 1, panel D.  The data were linearly fit to obtain equation 15. 

                                                   y = -4.019x + 21.45                                                      (15) 

Using equation 15, the molecular weight of an unknown sample (x) can be obtained from 

the volume in which it elutes from the column (y).   

D.2.  Sample preparation 

 SEC was used to determine the oligomeric properties of procaspase-3 (C163S, 

V266H) at various concentrations of urea, ranging from 0M to 8M, as well as at various 

pHs, ranging from 4.5 to 7.0.  All samples were prepared in a similar fashion. 1mg/ml of 

protein (2ml total volume) was dialyzed overnight against at least 10 column volumes 

(250ml) of the appropriate buffer.  For denaturation studies, procaspase-3 (C163S, 
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V266H) was dialyzed overnight against varying concentrations of urea-containing 

phosphate buffer (20mM, pH 7) or urea-containing citrate buffer (20mM, pH5).  For pH 

studies, both procaspase-3 (C163S) and procaspase-3 (C163S, V266H) were dialyzed 

overnight against 20mM phosphate buffer (pH 6.5-7.0) or 20mM citrate buffer (pH 4.5-

6.0) at various pHs. 1mM DTT was added to the samples and the buffer to prevent 

disulfide bond formation.  After overnight dialysis, the protein was centrifuged for 2 

minutes to pellet any debris that could interfere with the column. 

D.3.  Instrument Procedure and Data Analysis 

The general procedure for a SEC experiment is outlined here. 

1. Turn on the FPLC using the toggle switch on the front of the instrument.  Turn 

on the lamp at least 30 minutes prior to use. 

2.  Turn on the computer and open the UNICORN 5.1 software on the computer 

desktop.  Four windows will appear.  The UNICORN Manager window 

displays all existing methods.  The Method Editor window is used to make a 

new method or edit an existing method.  The System Control window is used 

to start, control and end the experiment.  The Evaluation window is used to 

view results, edit and save data. 

3. Filter and degas the buffer used in overnight dialysis.  The buffer must be 

degassed for at least 20 minutes to remove air bubbles. 

4. Put the plastic tubes labeled A and B into the buffer and check the lines to 

ensure no air bubbles are present. 
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5. Go to System Control window and click on FILE and select RUN.  A list of 

saved methods will appear.  Select GPC1SMACK for SEC experiments.  A 

new window will appear.  Check the box corresponding to SHOW DETAILS.  

The details of the run should be as follows: 

a. Column: Superdex_200_10/300 GL 

b. Flow Rate: 0.5 ml/min 

c. Column Pressure Limit: 1.5 MPa 

d. Average time UV: 10.0 

e. Column Eq: 10.0 CV 

f. Sample Injection: 8.0ml 

g. Length of elution: 1.5 

Note: The flow rate is set to 0.5ml/min but if the pressure limit is 

exceeded at any point during the experiment reduce the flow rate until the 

pressure is well under the limit.  This can be done in the System Control 

window under MANUAL.  Urea-containing buffers have a tendency to 

increase the pressure.   

Click on NEXT once the method details have been verified.  If the method 

details are incorrect, go to the Method Editor window, change the incorrect 

parameters and save.  Go back to the System Control window and repeat Step 

5.  A series of windows will appear (evaluation procedures, methods 

information, questions) that are not required so click NEXT for each.  A 
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Result Name window will appear last in the series to name the chromatogram.  

Enter the name and click on START 

6. Allow 6-10 CV of buffer flow through the column.  A flat baseline should be 

observed over at least 50ml before the sample is injected.  If a baseline is 

never established over 10CV of buffer, clean the column with either 8M urea 

or 1M NaOH.  Follow cleaning with 10CV of buffer.   

7. Put 2ml of protein solution into an FPLC syringe (long metal needle) and 3ml 

of dialysis buffer into a second FPLC syringe.  The buffer is used to remove 

any residual sample in the loop.  Remove any air bubbles from both syringes. 

8. Manually load buffer and protein into the column via Port #3.  First, put the 

syringe containing buffer into the port.  In the System Control window, click 

on MANUAL, click on PUMP, highlight FLOW RATE, make sure it is set to 

0.5 ml/min and click EXECUTE.  Highlight FLOW PATH, select LOAD and 

click EXECUTE.  Push buffer into loop.  Select INJECT on flow path screen 

and click EXECUTE.  Before removing buffer syringe, select LOAD on flow 

path screen and click EXECUTE.  Remove the buffer syringe and place 

protein syringe into Port #3.  Push the protein into the loop. Select INJECT on 

flow path screen and click EXECUTE.  Close the MANUAL window. 

9. Allow sufficient time for the proteins to elute and a baseline to be 

reestablished.  Click END in the System Control window. 

10. Turn off the lamp.  
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11. Chromatograms are saved to the Evaluation Window under RECENT RUNS.  

Double click on the name corresponding to the desired chromatogram.  

Perform the following steps for data analysis: 

a. Zoom in to the area of the chromatogram surrounding the protein 

peaks. 

b. Determine the injection volume (IV).  Time zero represents injection 

of the buffer not the protein.  A pink line through the x-axis represents 

the injection volume.  Record this number. Right click anywhere on 

the screen to UNDO ZOOM. 

c. Integrate the protein peaks to determine the elution volume (EV).  

Right click anywhere on the screen.  Select PEAK INTEGRATE and 

click OK.  Record the elution volume corresponding to the major 

protein peak. 

d. Subtract the IV from the EV.  Plug this number into equation 15 for 

(y) to determine the molecular weight. 

e. Save chromatogram to metafile.  Right click anywhere on the screen.  

Click on COPY TO METAFILE and SAVE. 

 

 

 



 117 

REFERENCES 

 
1. Walters, J.A., S.L. Milam, and A.C. Clark, Practical approaches to protein 

folding and assembly: spectroscopic strategies in thermodynamics and kinetics. 
Methods in Enzymology, 2009. 455: p. 1-39. 

 
2. Pace, C.N., Determination and analysis of urea and guanidine hydrochloride 

denaturation curves. Methods in Enzymology, 1986. 131: p. 266-280. 
 
3. Bose, K. and A.C. Clark, Dimeric procaspase-3 unfolds via a four-state 

equilibrium process. Biochemistry, 2001. 40: p. 14236-14242. 
 
4. Walters, J.A., Structure, folding, and assembly of (pro)caspase-3: the role of the 

dimer interface in active site formation, in Department of Molecular and 
Structural Biochemistry. 2009, North Carolina State University: Raleigh. p. 264. 

 
5. Milam, S.L., Kinetic folding studies of Apaf-1 CARD and procaspase-3, in 

Department of Molecular and Structural Biochemistry. 2008, North Carolina 
State University: Raleigh. p. 240. 

 
6. Santoro, M.M. and D.W. Bolen, Unfolding free energy changes determined by the 

linear extrapolation method.  Unfolding of phenylmethanesulfonyl alpha-
chymotrypsin using different denaturants. Biochemistry, 1988. 27: p. 8063-8068. 

 
7. Utiyama, H. and R.L. Baldwin, Kinetic mechanisms of protein folding. Methods 

in Enzymology, 1986. 131: p. 51-70. 
 
8. Bieri, O. and T. Kiefhaber, Elementary steps in protein folding. Biological 

Chemistry, 1999. 380: p. 923-929. 
 

 
 
 
 
 
 
 
 
 
 
 

 



 118 

FIGURES 

 
 
 
 
 
 
 
 

 

 
 
 
Figure1:  SEC molecular weight standard chromatograms and standard curve. Panel A: 
Ferritin chromatogram (EV = 10.33ml, MW = 440kDA). Panel B: Albumin 
chromatogram (EV = 13.83 ml, MW = 67kDa). Panel C: Ovalbumin chromatogram (EV 
= 14.76ml, MW  = 43kDa). Panel D: Plot of molecular weight standards EV (ferritin, 
albumin and ovalbumin) versus log MW.  Equation: y = -4.0919x + 21.45 
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ABSTRACT 

 Caspases are a family of cysteine proteases that are intimately involved in 

apoptosis and exist in the cell as inactive zymogens prior to activation.  Initiator 

procaspases are monomers that must dimerize for activation.  Executioner procaspases, 

such as procaspase-3, are dimers that must be processed for activation.  The composition 

of the dimer interface regions of the two subfamilies is very different.  Equilibrium 

unfolding studies were performed on procaspase-3 (C163S, V266H) in an effort to 

elucidate the importance of the dimer interface in the folding of procaspase-3.  The 

introduction of histidine to the dimer interface has a profound effect on the folding 

mechanism compared to procaspase-3 (C163S).  At pH 7, the equilibrium folding data 

demonstrate an apparent two state equilibrium folding model, with a cooperative 

transition from the native to the unfolded ensemble.  The folding process is not 

reversible, as shown by a concentration dependent hysteresis in the folding curves, so 

thermodynamic parameters could not be established.  At pH 5, the equilibrium folding 

data demonstrate a more cooperative folding transition over a smaller range of urea 

concentrations than observed at pH 7, but a hysteresis is still observed.   The presence of 

a hysteresis at pH 5 and pH 7 tells us that the unfolding pathway differs from the 

refolding pathway, but thermodynamic analyses cannot determine how they differ.  
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INTRODUCTION 

The composition of the dimer interface in caspases could be responsible for the 

oligomeric state of the zymogen (pro-form) in the cell prior to activation.  Procaspases 

that have a hydrophilic dimer interface, namely the initiators of apoptosis, tend to be 

stable monomers in the cell [1, 2].  Once the cell has been signaled to undergo apoptosis, 

initiator caspases dimerize and are able to perform their role in the cell death process.  

Upon dimerization, the initiator caspases have comparable levels of activity to the mature 

enzyme even before processing suggesting that dimerization is a mechanism to regulate 

activity [3].  Conversely, the procaspases that have more hydrophobic dimer interfaces, 

procaspase-3 and other executioner caspases, for example, are found in the cell as stable 

inactive dimers that must be processed for full activation.  Upon activation of the 

executioner caspases, the cell is committed to undergo apoptosis thereby starting the 

process of dismantling the cell.  The executioner caspases have very little activity in their 

pro-form compared to the levels observed in the processed mature form of the enzyme [2, 

4].  Processing requires cleavage of the intersubunit linker, which leads to a 

rearrangement of the active site loops, thereby promoting the fully active conformation of 

the enzyme.  Dimerization is required for proper active site formation because the active 

site loops are contributed from both monomers of the dimer.  Regardless of their 

oligomeric state prior to activation, caspases, in general, require dimerization to be 

functional. 

The differences in the oligomeric state of these two subfamilies of caspases prior 

to activation leads to many questions regarding how the composition of the dimer 
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interface affects the activity of pro-form of these enzymes.  It is important to understand 

why the pro-form of executioner caspases have very little activity even though they are 

already dimeric and only require processing for activity because disregulation of 

apoptosis has been implicated in several diseases.  These diseases range from 

neurodegenerative disorders, displaying too much cell death, to cancer, displaying too 

little cell death [5].  The signal cascade that is initiated at the onset of apoptosis is highly 

complex, but all processes converge on the activation of procaspase-3.  It would be 

advantageous to find a way to allosterically manipulate the activity levels of procaspase-3 

in cells that have dysfunctional apoptosis in order to circumvent the disregulation.  Since 

the dimer interfaces of the two subfamilies of caspases have significantly different 

properties, and initiator caspases do not require processing to have activity in their pro-

form, it seems that the interface region could be important in elucidating the differences 

in activation mechanism of these two caspase subfamilies.   

The focus of the current research is to investigate the importance of the dimer 

interface in the folding and assembly of procaspase-3.  To this end, we have introduced 

single amino acid mutations to the valine residue that occupies the center of the dimer 

interface, changing it to either a glutamate (V266E) or a histidine (V266H). (Figure 1)   

The V266H mutant is the primary focus of this research but the V266E mutant will be 

discussed briefly.  The rationale for incorporating glutamate in this position is that it is 

the amino acid found at the same position in initiator caspases-1, -4 and –5 (see sequence 

alignment, Chapter 1, Figure 2), which are monomeric proteins in their pro-form.  

Activity studies of uncleavable procaspase-3 (D3A, V266E) revealed a ~60 fold increase 
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in catalytic efficiency (kcat) compared to the uncleavable, wild-type construct, 

procaspase-3 (D3A) [6].  This finding is exciting because the single amino acid 

substitution in the dimer interface results in the pseudoactivation of the pro-form of the 

enzyme without the requisite cleavage of the intersubunit linker.  In fact, the activity 

levels of this mutant are only two fold lower than the values observed in mature caspase-

3 [6].  The affect of changing the valine at position 266 to histidine (V266H) has a 

drastically different outcome than that observed with glutamate. The V266H mutation in 

both mature caspase-3 and the uncleavable procaspase-3 (D3A) completely abolishes the 

activity of both enzymes [6].  A possible reason for the lack of activity was observed by 

trypsin digestion of the V266H mutant.  The results showed that the active site loop, L3, 

which houses the substrate binding groove, is hyperexposed compared to wild type [6].  

Interestingly, the dimer interface and the active site are ~20Å apart, but a mutation in the 

dimer interface prevents substrate turnover in the active site, suggesting that the 

composition of the dimer interface is important for function.    

Equilibrium folding studies of procaspase-3 (C163S) at pH 7.2 show that the 

wild-type protein is very stable, with a conformational free energy of 25.8 kcal mol-1.  

The stability of the dimer contributes ~18.8 kcal mol-1 to the overall stability of the 

protein [7].  The fits for the unfolding curves reveal a four-state equilibrium model where 

the native dimer isomerizes to a dimeric intermediate, the dimeric intermediate 

dissociates to a monomeric intermediate, and then unfolds.  The representative unfolding 

mechanism is N2 ↔ I2 ↔ 2I ↔ 2U. (Figure 2)  These data reveal that dimerization is a 

folding event, which occurs by the association of two partially folded monomeric species 
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[7].  Since dimerization is a folding event, it would be advantageous to compare the free 

energy values and the folding mechanism of procaspase-3 (C163S) to procaspase-3 

(C163S, V266H) to determine how much the composition of the dimer interface affects 

the overall folding and stability of protein.  The data presented here are the results from 

equilibrium unfolding of procaspase-3 (C163S, V266H).  The equilibrium folding 

experiments were performed in various concentrations of urea-containing phosphate 

buffer at pH 7 in an effort to determine the changes in secondary and tertiary structure 

that occur upon unfolding and refolding of procaspase-3 (C163S, V266H).  Spectroscopic 

probes, such as fluorescence and circular dichroism are utilized to measure the changes in 

structure.  Overall, the folding mechanism of procaspase-3 (C163S, V266H) is not 

completely understood from the equilibrium folding results.  The unfolding and refolding 

curves displayed a hysteresis, suggesting that some species during either unfolding or 

refolding is entering a kinetic trap in the energy landscape and not reaching the global 

minimum.  Since the folding is not reversible, equilibrium parameters such as 

conformational stability (ΔG°) and cooperativity indices (m values) could not be 

determined.  The unfolding mechanism appears to follow an apparent two state folding 

model suggesting that intermediates, if any, are not populated enough at equilibrium, but 

the mechanism can only be speculated due to the hysteresis.  Additionally, results are 

presented of equilibrium folding studies of procaspase-3 (C163S, V266H) at pH 5 to 

determine whether changing the charge state of histidine alters the folding mechanism.  

The data show that below 3M urea the protein precipitates at any of the tested protein 

concentrations and the hysteresis between the unfolding curve and refolding curve is still 
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observed.  The folding transition is cooperative, occurring over a smaller range of urea 

concentrations than seen at pH 7, and the data seem to agree with an apparent two state 

equilibrium folding model, though thermodynamic parameters could not be established.  

It should be noted that the equilibrium unfolding curves at pH 7 and pH 5 measured by 

fluorescence emission with excitation at 280nm and 295nm are coincident but the 

unfolding curve for CD measured at 228nm does not overlay with the fluorescence 

unfolding curves.  The non-coincidence in the unfolding curves does not support a two 

state model, though it appears from the data that only the unfolded and native ensembles 

are significantly populated.  Throughout the results section, the folding model will be 

referred to as an apparent two state model for this reason. 
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RESULTS 

It has been well established that at high concentrations of procaspase-3, such as 

those required for protein expression, there is a small amount of caspase-3 activation due 

to autocatalysis [8-10].  In order to prevent autolysis, we have replaced the catalytic 

cysteine with a serine residue (C163S).  The introduction of serine to this position 

prevents autolysis and does not significantly alter the structure [11].  Procaspase-3 

(C163S, V266H) contains two tryptophan residues (W206 and W214), and both reside in 

the active site of each folded monomer in the small subunit.  Additionally, there are ten 

tyrosine residues per monomer that are well distributed in the primary sequence.  

Therefore, it is convenient to use fluorescence spectroscopy to study the folding and 

unfolding of the tertiary structure at 280nm, for excitation of both tryptophan and 

tyrosine, and 295nm, for excitation of the tryptophan residues alone.  It is important to 

use both wavelengths because the tryptophan residues are only found in the active site, so 

selectively exciting tryptophans can tell us specifically about the global changes 

occurring in this region.  To determine what is happening to the secondary structure, far-

UV CD is employed with excitation at 228nm. 

A.  Denaturation of procaspase-3 (C163S, V266H) 

 Due to the nature of equilibrium folding, it is important to determine the 

incubation time of the protein to reach equilibrium as a single amino acid mutation can 

have a significant affect on these times.  Fluorescence emission scans for procaspase-3 

(C163S, V266H) are shown in Figure 3.  The curves represent native protein (red circles), 

protein in 4M urea (blue triangles), and unfolded protein in 9M urea after a 24-hour 
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incubation (green squares).  The native protein has a fluorescence maximum at 336nm 

when excited at 280nm (panel A) and 342nm when excited at 295nm (panel B). The red 

shift observed at 295nm indicates that the tryptophan residues are more solvent exposed 

in the native protein than the tyrosine residues, which is expected based on the position of 

the tryptophan residues in the solvent exposed active site.  The unfolded protein has a 

fluorescence maximum at 345nm when excited at 280nm and 295nm suggesting that the 

protein is largely unfolded in 9M urea.  At intermediate urea concentrations (4M in 

Figure 3) there is no observable shift in the emission maximum compared to the native 

protein at both 280nm and 295nm.  A blue shift is observed in the wild-type protein at 

intermediate concentrations of urea (3-5M) suggesting that an equilibrium folding 

intermediate is populated under these conditions [7].  

B.  Equilibrium unfolding of procaspase-3 (C163S, V266H) at pH 7 

Equilibrium unfolding measurements of procaspase-3 (C163S, V266H) were 

performed in phosphate buffer as a function of urea concentration (0-9M) at pH 7 after a 

24 hour incubation.  The results are shown in Figure 4.  In these experiments, changes in 

secondary structure were measured by circular dichroism at 228nm and changes in 

tertiary structure were measured by fluorescence emission at 340nm, following excitation 

at either 280nm or 295nm.  Fluorescence emission was monitored at 340nm, based on the 

emission scan results shown in Figure 3, because the largest change in signal between 

native and unfolded protein was observed in this region.  The data shown in Figure 4 are 

equilibrium unfolding curves for the four protein concentrations tested; 4uM (panel A), 

2uM (panel B), 1uM (panel C) and 0.5uM (panel D).  The error bars represent the 
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standard error obtained from averaging ten different experiments performed on separate 

days.  The unfolding curves from all three spectroscopic probes, at all concentrations, 

show a cooperative transition going from the native to the unfolded ensemble.    The 

unfolding curves for the protein excited at 280nm (Figure 4, red circles) and 295nm 

(Figure 4, blue triangles) are coincident and have a lower relative signal than the CD data 

(Figure 4, green squares).  These data differ significantly from the wild-type protein, 

which displays a cooperative transition from 1.5M to 3M urea, followed by a second 

cooperative transition from 5M to 7M urea.  The wild-type curves show similar trends in 

unfolding from the three spectroscopic signals, but the plateau region between 3M and 

5M is significantly higher than the other two when excited at 295nm [7].   

The data shown in Figure 4 demonstrate an apparent two-state unfolding 

mechanism.  The absence of a well-populated folding intermediate is consistent with the 

emission scan results in Figure 3, where the peak maximum for native protein and protein 

in 4M urea are the same.  The coincidence in the unfolding curves when the protein is 

excited at 280nm and 295nm supports a two-state unfolding model, because the changes 

occurring in the tertiary structure over the entire range of urea concentrations are global.  

The unfolding curve measured by CD at 228nm does not overlay with the unfolding 

curves measured by fluorescence, however. This suggests that a two-state folding model 

does not adequately explain the data because the secondary structure is not cooperatively 

unfolding over the same range of urea concentrations as the tertiary structure.   
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C.  Reversibility of procaspase-3 (C163S, V266H) folding at pH 7 

 In order to establish the thermodynamic parameters associated with protein 

folding, the refolding curve must overlay with the unfolding curve thereby demonstrating 

that the process is reversible.  To examine reversibility, procaspase-3 (C163S, V266H) 

was unfolded in 9M urea and incubated for 24 hours.  It was then diluted in urea- 

containing phosphate buffer (pH 7) to the appropriate protein concentration and urea 

concentration and incubated for a further 24 hours to reach equilibrium.  The results for 

refolding (blue triangles) are shown in Figure 5 for the four protein concentrations tested; 

4uM (panels A-C), 2uM (panels D-F), 1uM (panels G-I), and 0.5uM (panels J-L). The 

error bars are omitted from the unfolding curves for clarity, but are shown in Figure 4.  

The error bars for the refolding curves represent the standard error obtained from five 

different experiments conducted on separate days.  The lines through the data points do 

not represent fits but are added for clarity.  The data reveal that the unfolding and 

refolding curves are non-coincident when excited at 280nm (panels A, D, G, L) and 

295nm (panels B, E, H, K) for all protein concentrations but appear to be reversible when 

monitored by CD at 228nm (panels C, F, I, L).  A closer look at the distance between the 

refolding curve and unfolding curve in the fluorescence data reveals that as the protein 

concentration increases the degree of non-coincidence decreases.  An overlay of the 

refolding curves for 4uM (pink diamonds), 2uM (blue triangles), 1uM (open squares) and 

0.5uM (exes) procaspase-3 (C163S, V266H) are plotted with the 2uM unfolding curve 

excited at 280nm (red circles) and are shown in Figure 6.  Error bars are omitted for 

clarity but can be seen in Figures 4 and 5.       
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 Overall, these data, taken together with the equilibrium unfolding data, suggest an 

apparent two-state unfolding process in which only the native and unfolded state are well 

populated at equilibrium.   The pathway for refolding differs from the pathway for 

unfolding as shown by a concentration dependent hysteresis in the folding curves.   

D.  Protein concentration dependence of unfolding at pH 7  

 Since procaspase-3 is a homodimer, it is important to know where dimerization 

occurs in the folding pathway.  Dimerization is a protein concentration dependent step, 

where all other steps should be concentration independent, therefore studying multiple 

protein concentrations should determine where this event occurs.  We examined the 

effect of protein concentration on the equilibrium unfolding process to see if there was a 

shift in the midpoint of the folding transition.  The results are presented in Figure 7 for 

procaspase-3 (C163S, V266H) excited at 280nm (panel A), 295nm (panel B), and 228nm 

(panel C).  In all cases the data overlay within error, suggesting that dimerization cannot 

be observed using these spectroscopic techniques.  

 In an effort to determine where dimerization occurs in the cooperative transition 

observed in the equilibrium unfolding curves, we analyzed the oligomeric state of 

procaspase-3 (C163S, V266H) in various concentrations of urea containing phosphate 

buffer (0-8M) at pH 7 by size exclusion chromatography.  The resulting chromatograms 

are overlaid in Figure 8.  All samples were equilibrated for 24 hours in the appropriate 

concentration of urea prior to injection into the column.  The native protein (open circles) 

has the largest elution volume and the largest signal, presumably due to the absence of 

urea in the sample.  The elution volume becomes gradually less, in a step-wise fashion, as 
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the concentration of urea increases, with the unfolded protein (closed boxes) having the 

smallest elution volume.  Interestingly in the presence of urea, the native dimer elutes 

after the presumably unfolded monomer, showing that shape as well as size can have an 

impact on elution profiles.  Regardless, the data suggest that there is a fast rate of 

interconversion between the monomer and dimer at pH 7 because both the monomeric 

and dimeric species are co-eluting [12]. Based on these data, we are unable to determine 

at which point the dimer dissociates into two monomers.  In fact, it appears that the sizing 

column data follow the same trend observed in the equilibrium unfolding experiments, 

where there is a cooperative shift from native to unfolded ensembles as the concentration 

of urea increases. 

E. pH profiles of procaspase-3 (C163S, V266H) and procaspase-3 (C163S) by size      

exclusion chromatography  

 The equilibrium folding data of procaspase-3 (C163S, V266H) presented above at 

pH 7 shows non-coincidence between the unfolding and refolding curves, which make it 

impossible to calculate the thermodynamic parameters associated with folding.  Since the 

ionizable group on the imidazole ring of histidine has a pKa ≈6, it seems advantageous to 

look at the equilibrium folding of the procaspase-3 (C163S, V266H) mutant at a pH 

below that of the pKa to see if the folding profile changes, or becomes reversible, by the 

introduction of a charge in the dimer interface.  To determine the appropriate pH to 

perform these studies, we examined both procaspase-3 (C163S, V266H) and procaspase-

3 (C163S) using size exclusion chromatography at various pHs ranging from 4.5 to 7.  

The resulting chromatograms are shown in Figure 9 for procaspase-3 (C163S, V266H) 
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(panel A) and procaspase-3 (C163S) (panel B).  A graph showing the molecular weight, 

as determined by equation 1 derived from a standard curve of known molecular weights,  

                       Elution Volume = -4.0919 (log MW) + 21.45                             (1) 

versua pH is plotted in panel C.  The largest variation in molecular weight between the 

two proteins appears at pH 5, suggesting an increased stability of procaspase-3 (C163S, 

V266H) compared to wild type under these conditions.  Since pH 5 is below the pKa 

value for the ionizable group on the imidazole ring of histidine, and previous data show 

that procaspase-3 (C163S) is a dimer at pH 5, it seems well suited for equilibrium folding 

studies [13]. 

F.  Equilibrium unfolding of procaspase-3 (C163S, V266H) at pH 5 

   Equilibrium unfolding measurements of procaspase-3 (C163S, V266H) were 

performed in citrate buffer as a function of urea concentration (0-9M) at pH 5 after a 24 

hour incubation.  The results are shown in Figure 10.  In these experiments, changes in 

structure were measured by circular dichroism at 228nm and by fluorescence emission at 

340nm, following excitation at either 280nm or 295nm.  The data shown in Figure 10 are 

equilibrium unfolding curves for the three protein concentrations tested; 2uM (panels A 

and D), 1uM (panels B and E) and 0.5uM (panels C and F).  The error bars represent the 

standard error obtained from averaging ten different experiments performed on separate 

days.  CD data are omitted from the 0.5uM procaspase-3 (C163S, V266H) panel because 

the protein concentration was too low for accurate CD measurements at pH 5.  A 

complete data set for each protein concentration is shown in panels A-C.  The samples 

that were equilibrated with low concentrations of urea (0M-2.75M) precipitated during 
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the incubation process as seen by a sharp decrease in signal from native to 1M urea 

followed by an increase in signal to 3M urea.  Fluorescence spectroscopy is extremely 

sensitive to protein concentration, so these data points were omitted from further analysis.  

The resulting data points are shown in panels D-F.  The unfolding curves from 

fluorescence measurements at 280nm (Figure 10, red circles) and 295nm (Figure 10, blue 

triangles), at all concentrations, show little to no change in signal from ~3 to ~4M urea, 

followed by a cooperative decrease in signal from ~4 to ~6M urea.  The unfolding curves 

for 280nm and 295nm are coincident and have a higher relative signal than the CD data. 

The CD measurements at 228nm (Figure 10, green squares) show that the protein is 

largely unfolded from 6 to 9M urea.    The transition region of the unfolding curves 

measured by CD cannot be determined because it occurs in the range of 0M-3M urea.   

G.  Reversibility of procaspase-3(C163S, V266H) folding at pH 5 

To examine reversibility, procaspase-3(C163S, V266H) was unfolded in 9M urea 

and incubated for 24 hours.  The unfolded protein was then diluted in urea containing 

citrate buffer at pH 5 to the appropriate protein concentration and urea concentration and 

incubated for a further 24 hours to reach equilibrium.  The results for refolding are shown 

in Figures 11-13 for the three protein concentrations tested; 2uM (Figure 11), 1uM 

(Figure 12) and 0.5uM (Figure 13).  Panels A-C in each figure show the full data set for 

unfolding (red circles) and refolding (blue triangles), including the samples that 

precipitated during overnight incubation.  Panels D-F in each figure are truncated data 

sets, omitting the samples these samples.  The error bars are omitted from the unfolding 

curves for clarity in panels D-F.  The error bars for the refolding curves represent the 
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standard error obtained from seven different experiments conducted on separate days.  

The lines through the data points do not represent fits but are added for clarity.  The data 

for 2uM procaspase-3 (C163S, V266H) reveal that the unfolding and refolding curves are 

reversible when excited by fluorescence at 280nm and 295nm and when measured by CD 

at 228nm.   (Figure 11, 280nm, panel D; 295nm, panel E; 228nm, panel F)  Interestingly, 

as the protein concentration is lowered to 1uM and 0.5uM, the fluorescence data at 

280nm and 295nm show a concentration dependent hysteresis between the unfolding 

curve and the refolding curve (Figures 12, panel D (280nm) and panel E (295nm); Figure 

13, panel C (280nm) and panel D (295nm)).  The unfolding curve and refolding curve 

measured by CD are reversible at 1uM protein (Figure 12, panel F) but are omitted from 

the 0.5uM data set because the protein concentration was too for accurate CD 

measurement.  An overlay of the refolding curves for 2uM (blue triangles), 1uM (open 

squares) and 0.5uM (exes) procaspase-3 (C163S, V266H) are plotted with the 2uM 

unfolding curve excited at 280nm (red circles) and are shown in Figure 14.  Error bars are 

omitted for clarity but can be seen in Figures 11-13.     

    Overall, these data, taken together with the equilibrium unfolding data, suggest 

an apparent two-state unfolding process in which only the native and unfolded state are 

well populated at equilibrium.  The transition from the native to the unfolded ensemble is 

a more cooperative process at pH 5 than it is at pH 7.  The pathway for refolding differs 

from the pathway for unfolding as shown by a concentration dependent hysteresis in the 

folding curves.  Equilibrium folding parameters could not be established because the 
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folding curves do not show reversibility at all concentrations, though it appears that 

reversibility is observed at higher protein concentrations.    

H.  Protein concentration dependence of unfolding at pH 5 

 The affect of protein concentration on the unfolding curves of procaspase-3 

(C163S, V266H) at pH 5 is shown in Figure 15 for fluorescence emission when excited at 

280nm (panel A and D) and 295nm (panel B and E) and for CD measurements at 228nm 

(panel C and F).  Panels A-C have the full data sets and panels D-F are truncated, 

omitting the data points from 0M-3M urea, due to protein precipitation.  Panels D and E 

show that the curves for 2uM (red circles) and 1uM (blue triangles) protein are coincident 

when excited at 280nm and 295nm.  The curve representing 0.5uM protein (green 

squares) does not overlay with the others when excited at these wavelengths and has a 

lower relative signal than the others through the transition region.  A possible reason for 

this could be due to the precipitation in the samples from 0M-3M urea.  A sharp decrease 

in signal followed by an increase back to the native signal is observed over this range of 

urea (Figure 15, panels A and B). Therefore, we cannot conclude that the difference 

observed in this region is the concentration dependent step indicative of dimerization.  

Panel F is an overlay of the curves measured by CD at 228nm for 2uM (circles) and 1uM 

(squares) protein, which appear to be coincident.  The data collected for 0.5uM protein 

are omitted because the protein concentration is too low for accurate CD measurement.  

Overall, these data do not show protein concentration dependence, suggesting that the 

step at which dimerization occurs cannot be determined using these techniques.  
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In an effort to determine where dimerization occurs in the equilibrium unfolding 

curves at pH 5, we analyzed the oligomeric state of procaspase-3 (C163S, V266H) in 

various concentrations of urea-containing citrate buffer (0-8M) at pH 5 by size exclusion 

chromatography.  The resulting chromatograms are overlaid in Figure 16, panel A.  All 

samples were equilibrated for 24 hours in the appropriate concentration of urea at pH 5 

prior to injection into the column.  The size exclusion results are much different at pH 5 

than those observed at pH 7, because there are differentiated peaks representing the 

dimer, monomer and unfolded ensembles suggesting a lower rate of interconversion 

between these species at pH 5.  These data show that procaspase-3 (C163S, V266H) is 

dimeric from native-2M urea, monomeric from 3M-5M urea, a 50/50 mixture of 

monomeric and unfolded protein in 6M urea, and largely unfolded at 8M urea, with a 

small fraction (~8.5%) still monomeric.  The chromatograms representing the 1M and 

2M urea samples are plotted in Figure 16 (panel A), but their representative peaks cannot 

be seen due to the relative intensity of the other peaks.  The intensity of these samples is 

much lower due to the precipitation that occurs during sample incubation.  Panel B shows 

the chromatograms of the 1M (closed triangles) and 2M (open squares) samples plotted 

individually.  Clearly, based on the elution profile of the native protein (open circles, 

panel A), the protein remaining in solution in the precipitated samples is dimeric.  

Therefore, the highly cooperative unfolding transition observed in equilibrium studies at 

pH 5 is likely the unfolding of the monomer, suggesting that the dimer dissociates at low 

concentrations of urea, where precipitation occurs.  
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DISCUSSION 

 Protein folding studies, in general, aid in the understanding of how proteins 

function.  To fully understand the interactions that enable proteins to function 

productively, it is necessary to determine how they fold into a three-dimensional structure 

from a linear sequence of amino acids.  This requires the elucidation of folding 

mechanisms of simple single domain proteins and complex proteins, such as dimers and 

higher order oligomers, so that a general folding code can be established.  Elucidating the 

folding mechanism of proteins with single point mutations leads to a better understanding 

of the regions that are important or required for function. 

  It has been shown previously that at equilibrium procaspase-3 (C163S) unfolds 

through a fairly complex four state process, where the native dimer isomerizes to a 

dimeric intermediate, and the dimeric intermediate dissociates to a monomeric 

intermediate which then unfolds [7].  Based on this mechanism, dimerization of 

procaspase-3 (C163S) is a folding event which contributes ~70% of the overall stability 

of the protein.  Previous findings in our lab have shown that mutating a single amino acid 

in the dimer interface (V266H) completely abolishes activity of the mature form of the 

enzyme [6].   

We have examined the folding of this mutant in the context of the unprocessed 

pro-form, procaspase-3 (C163S, V266H) and determined that its folding mechanism 

deviates significantly from procaspase-3 (C163S). Procaspase-3 (C163S, V266H) unfolds 

through an apparent two state equilibrium folding model, though the unfolding curves 

from fluorescence measurements do not overlay with unfolding curves from CD 
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measurements.  The equilibrium unfolding curves at pH 7 show a cooperative transition 

from the native to the unfolded ensemble.  The urea1/2 values for the transition are 3.5M 

when excited at 280nm and 295nm, and 4.25M when measured by CD at 228nm.  

Therefore, the secondary structure remains intact over a larger range of urea 

concentrations than the tertiary structure.  The unfolding and refolding curves are 

reversible when measured by CD at 228nm at all protein concentrations.  Based on the 

framework model of folding, the initial step of folding is the formation of secondary 

structural elements [14].  It seems that the presence of the histidine in the dimer interface 

is not affecting the unfolding or refolding of these structural elements.  The inability to 

reversibly fold, instead, occurs at the tertiary level as observed in the unfolding and 

refolding curves when excited at 280nm and 295nm at pH 7.  The hysteresis occurs in a 

concentration dependent manner, as the distance between the folding curves is less as the 

protein concentration increases.  The unfolding curves overlay at all concentrations 

suggesting that protein concentration is not a factor during the unfolding process.  

However, the refolding curves get closer to the unfolding curve as the protein 

concentration increases, suggesting that proper folding of the tertiary structure and 

dimerization requires a higher concentration of protein.  The initiator caspases, whose 

dimer interfaces are more hydrophilic than executioner caspases, are thought to dimerize 

by an induced proximity model where oligomeric activation complexes mediate 

clustering of zymogens and increase the local concentration of procaspase monomers, 

which in turn facilitates dimerization [15, 16].  Procaspase-3 (C163S, V266H) could be 

more stable in its monomeric form than procaspase-3 (C163S) due to the mutation in the 
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interface, thereby requiring a larger local concentration of protein to promote 

dimerization during refolding, as observed in the maturation of initiator caspases.   The 

obvious pitfall to this observation is that a concentration dependent step is not observed 

during unfolding by the techniques used in this study, so it is unclear where dimerization 

occurs.  The results from size exclusion chromatography at pH 7 suggest that there is a 

rapid interconversion between native and unfolded ensembles over the entire range of 

urea concentrations.  Taking all of these data together, it appears that the unfolding of 

procaspase-3 (C163S, V266H) at pH 7 is a process where, at any given concentration of 

urea, both monomeric and dimeric species could be populated to a certain degree.  

Presumably, as the concentration of denaturant increases, the population of the dimeric 

ensemble decreases.  In contrast to procaspase-3 (C163S), intermediate species are not 

stable enough to be populated during the unfolding process, suggesting that the presence 

of the histidine in the dimer interface either eliminates or destabilizes these species.  

Overall, the folding mechanism is substantially different for procaspase-3 (C163S, 

V266H) than procaspase-3 (C163S).  The observations made here can only be qualitative 

because thermodynamic parameters, such as m-values and ΔG°, can only be established 

in systems that are reversible [17].   

    Equilibrium unfolding studies of procaspase-3 (C163S, V266H) at pH 5 were 

performed to determine the affect of changing the charge state of the histidine on the 

overall folding mechanism.  These data follow an apparent two-state equilibrium folding 

model, but the transition region has a higher degree of cooperativity than observed at pH 

7.    The urea1/2 values for the transition are 5M when excited at 280nm and 295nm, and 
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3M when measured by CD at 228nm.  Therefore, the tertiary structure remains intact over 

a larger range of urea concentrations than the secondary structure.  It is difficult to 

compare these values to the values observed at pH 7 because, based on the size exclusion 

chromatography data, the transition region at pH 5 is the cooperative unfolding of the 

monomer.  The dimer dissociates at concentrations below 3M urea, in the region where 

precipitation occurs in the samples.  The presence of precipitation in the samples below 

3M urea, suggests that the presence of the charged histidine is causing aggregation as the 

dimer dissociates.  The unfolding and refolding curves are reversible when measured by 

CD at 228nm at all protein concentrations, as observed at pH 7.  The folding curves at pH 

5 show reversibility when excited at 280nm and 295nm at 2uM protein, but as the 

concentration of protein decreases a hysteresis is observed between the unfolding and 

refolding pathways, which appear to be concentration dependent.  The amplitude of the 

refolding curve is much less in the transition region for the refolding curve than the 

unfolding curve, reaching ~15% and ~25% of the maximum signal given by the native 

dimeric protein for 0.5uM protein and 1uM protein respectively.  Therefore, the 

monomer never reaches the dimeric state but instead might be trapped in an off-pathway 

folding intermediate that is incapable of dimerization at lower concentrations of protein.  

 Clearly, the introduction of a histidine to the dimer interface of procaspase-3 has a 

significant impact on the equilibrium folding mechanism, regardless of the pH.  The 

scope of what is happening during folding as a consequence of mutation cannot be fully 

understood by equilibrium folding studies because the process is not reversible and 

thermodynamic parameters could not be established.  The lack of reversibility and the 
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absence of stable intermediates at equilibrium suggest that the system is under kinetic 

control.  In order to fully understand the differences in folding, kinetic studies should be 

performed as to fully elucidate the folding pathway of this mutant.   
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FIGURES 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 1:  Structure of caspase-3.  The box highlights the dimer interface region in 
between the two small subunits.  The residues listed under the structure are found in the 
dimer interface, highlighting the central valine at position 266.  The boxes to each side of 
the structure show the mutations made to V266. 
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Figure 2:  Equilibrium unfolding of procaspase-3 (C163S).  Taken from Bose et al, 
(2001) Biochemistry, 40, 14236-42.  Unfolding was measured by CD at 228nm (◊) and 
by fluorescence emission at 320nm with excitation at either 280nm (ο) or 295nm (�).  
For all experiments the protein concentration was 1μM.  Closed symbols (•) represent 
refolded protein to show reversibility.  Error bars show the standard error from four 
unfolding curves.  For clarity, error bars and refolding data are not shown for all three 
data sets.  The data were fit simultaneously using Igor Pro. 
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Figure 3:  Fluorescence emission spectra of procaspase-3 (C163S, V266H) at pH 7.0.  
Panel A: Excitation at 280nm.  Panel B: Excitation at 295nm.  Procaspase-3 (C163S, 
V266H) (2μM) was incubated for 24h, 25°C, in urea-containing phosphate buffer with 
following urea concentrations: 0M (ο), 4M (▲), 8M (�). 
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Figure 4:  Equilibrium unfolding of procaspase-3 (C163S, V266H) at pH 7.0.  Unfolding 
was measured by CD at 228nm (�) and by fluorescence emission at 340nm with 
excitation at either 280nm (ο) or 295nm (▲) for the following protein concentrations; 
4μM (Panel A), 2μM (Panel B), 1μM (Panel C) and 0.5μM (Panel D).  Error bars shown 
represent the standard deviation from ten experiments 
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Figure 5: Reversibility of equilibrium folding of procaspase-3 (C163S, V266H) at pH 
7.0.  Unfolding (ο) and refolding (▲) were measured by fluorescence emission at 340nm 
with excitation at either 280 nm (Panels A, D, G, and J) or 295nm (Panels B, E, H, and 
K) or by CD at 228nm (Panels C, F, I, and L) for the following protein concentrations: 
4μM (Panels A, B, and C), 2μM (Panels D, E and F), 1μM (Panels G, H and I) and 
0.5μM (Panels J, K and L).  Error bars are omitted from unfolding curves but are shown 
in Figure 4.  Error bars shown for the refolding curves represent the standard deviation 
from five experiments. The lines through the data are added for clarity and do not 
represent a fits.
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Figure 6: Overlay of refolding curves at pH 7.0 shows a concentration dependent 
hysteresis.  The unfolding curve for 2μM procaspase-3 (C163S, V266H) excited at 
280nm (ο) is plotted with the refolding curves for 4μM (♦), 2μM (▲), 1μM (�) and 
0.5μM (x) procaspase-3 (C163S, V266H) excited at 280nm
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Figure 7:  Concentration dependence of procaspase-3 (C163S, V266H) unfolding studies 
at pH 7.0.  Unfolding was measured by fluorescence emission at 340nm with excitation at 
either 280nm (Panel A) or 295nm (Panel B) or by CD at 228nm (Panel C) for the 
following protein concentrations; 4μM (ο), 2μM (▲), 1μM (�) and 0.5μM (x).  Error 
bars are omitted for clarity but are shown in Figure 4
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Figure 8:  Denaturation profile of procaspase-3 (C163S, V266H) by size exclusion 
chromatography at pH 7.0.  Overlaid chromatograms of procaspase-3 (C163S, V266H) in 
the following concentrations of urea-containing phosphate buffer at pH 7.0;  Native (ο), 
1M urea (▲),  2M urea (�), 3M urea (x), 4M urea (+), 5M urea (∆), 6M urea (•) and 8M 
urea (■)
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Figure 9:  pH profiles of procaspase-3 (C163S, V266H) and procaspase-3 (C163S) by 
size exclusion chromatography.  Overlaid chromatograms of procaspase-3 (C163S, 
V266H) (Panel A) and procaspase-3 (C163S) (Panel B) in 20mM phosphate buffer (pH 
6.5-7.0) or 20mM citrate buffer (pH 4.5-6.0) over the following pH range; 4.5 (ο), 5.0 
(▲), 5.5 (♦), 6.0 (x), 6.5 (+) and 7.0 (∆).  Panel C: A plot of molecular weight (kDa) 
versus pH for procaspase-3 (C163S, V266H) (•) or procaspase-3 (C163S) (▲).  The error 
bars represent standard deviation from two experiments.
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Figure 10: Equilibrium unfolding of procaspase-3 (C163S, V266H) at pH 5.0.  Unfolding 
was measured by CD at 228nm (�) and by fluorescence emission at 340nm with 
excitation at either 280nm (ο) or 295nm (▲) for the following protein concentrations; 
2μM (Panels A and D), 1μM (Panels B and E)and 0.5μM (Panels C and F).  Panels A, B 
and C show all data points.  Panels D, E and F are truncated to start at 3M urea because 
samples at lower concentrations of urea precipitated during equilibration.  The CD 
unfolding curve is omitted from 0.5μM plot because the protein concentration was too 
low for accurate measurement.  Error bars are shown in Panels D, E and F and represent 
the standard deviation from ten experiments. 
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Figure 11: Reversibility of equilibrium folding of 2μM procaspase-3 (C163S, V266H) at 
pH 5.0.  Unfolding (ο) and refolding (▲) were measured by fluorescence emission at 
340nm with excitation at either 280 nm (Panels A and D) or 295nm (Panels B and E) or 
by CD at 228nm (Panels C and F). Panels A, B and C show all data points.  Panels D, E 
and F are truncated to start at 3M urea because samples at lower concentrations of urea 
precipitated during equilibration. For all experiments the protein concentration was 2μM.    
Error bars shown for the unfolding and refolding curves represent the standard deviation 
from ten experiments and seven experiments, respectively.  The lines through the data are 
added for clarity and do not represent a fits. 
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Figure 12: Reversibility of equilibrium folding of 1μM procaspase-3 (C163S, V266H) at 
pH 5.0.  Unfolding (ο) and refolding (▲) were measured by fluorescence emission at 
340nm with excitation at either 280 nm (Panels A and D) or 295nm (Panels B and E) or 
by CD at 228nm (Panels C and F). Panels A, B and C show all data points.  Panels D, E 
and F are truncated to start at 3M urea because samples at lower concentrations of urea 
precipitated during equilibration. For all experiments the protein concentration was 1μM.    
Error bars shown for the unfolding and refolding curves represent the standard deviation 
from ten experiments and seven experiments, respectively.  The lines through the data are 
added for clarity and do not represent a fits. 
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Figure 13: Reversibility of equilibrium folding of 0.5μM procaspase-3 (C163S, V266H) 
at pH 5.0.  Unfolding (ο) and refolding (▲) were measured by fluorescence emission at 
340nm with excitation at either 280 nm (Panels A and D) or 295nm (Panels B and E) or 
by CD at 228nm (Panels C and F). Panels A, B and C show all data points.  Panels D, E 
and F are truncated to start at 3M urea because samples at lower concentrations of urea 
precipitated during equilibration. For all experiments the protein concentration was 
0.5μM.    Error bars shown for the unfolding and refolding curves represent the standard 
deviation from ten experiments and seven experiments, respectively.  The lines through 
the data are added for clarity and do not represent a fits. 
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Figure 14: Overlay of refolding curves at pH 5.0 shows a concentration dependent 
hysteresis.  The unfolding curve for 2μM procaspase-3 (C163S, V266H) excited at 
280nm (ο) is plotted with the refolding curves for 2μM (▲), 1μM (�) and 0.5μM (x) 
procaspase-3 (C163S, V266H) excited at 280nm.  
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Figure 15:  Concentration dependence of procaspase-3 (C163S, V266H) unfolding 
studies at pH 5.0.  Unfolding was measured by fluorescence emission at 340nm with 
excitation at either 280nm (Panels A and D) or 295nm (Panels B and E) or by CD at 
228nm (Panels C and F) for the following protein concentrations; 2μM (ο), 1μM (▲), 
and 0.5μM (�).  Panels A, B and C show all data points.  Panels D, E and F are truncated 
to start at 3M urea because samples at lower concentrations of urea precipitated during 
equilibration.   Error bars are omitted for clarity but are shown in Figure 10. 
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Figure 16: Denaturation profile of procaspase-3 (C163S, V266H) by size exclusion 
chromatography at pH 5.0.  Panels A and B:  Overlaid chromatograms of procaspase-3 
(C163S, V266H) in the following concentrations of urea-containing phosphate buffer at 
pH 7.0;  Native (ο), 1M urea (▲),  2M urea (�), 3M urea (x), 4M urea (+), 5M urea (∆), 
6M urea (•) and 8M urea (■).  M represents the monomer peak, U represents the unfolded 
peak and D represents the dimer peak.  Panel C:  Results from the denaturation profile of 
procaspase-3 (C163S, V266H) by size exclusion chromatography at pH 5.0 compared to 
equilibrium folding curves at pH 5.0. 
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ABSTRACT 

Caspases are a family of cysteine proteases that are intimately involved in 

apoptosis and exist in the cell as inactive zymogens prior to activation. Initiator 

procaspases are monomers that must dimerize for activation.  Executioner procaspases, 

such as procaspase-3, are dimers that must be processed for activation.  The composition 

of the dimer interface regions of the two subfamilies is very different.  We have 

examined the kinetic folding mechanism of procaspase-3 with a histidine mutation in the 

center of the dimer interface (V266H) to determine how the mutation affects the folding 

of the protein and to determine why the equilibrium folding studies display a hysteresis.  

Refolding kinetic studies of procaspase-3 (C163S, V266H) reveal a complex burst phase, 

followed by a series of monomeric intermediates.  At longer times, the protein folds into 

a species that becomes kinetically trapped and is prone to aggregation.  Unfolding kinetic 

studies of procaspase-3 (C163S, V266H) reveal a hyper-fluorescent native ensemble that 

unfolds to form highly structured monomeric intermediates that become kinetically 

trapped but eventually unfold.  Overall, these results demonstrate that the composition of 

the dimer interface is important for the proper folding of procaspase-3.    
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INTRODUCTION 

Equilibrium folding studies were performed on procaspase-3 (C163S, V266H) to 

determine the effects of a single amino acid mutation in the dimer interface on the folding 

model and overall stability of the protein.  The results of the studies revealed that folding 

was not reversible, shown by a hysteresis between the unfolding and refolding pathways, 

which suggests the folding mechanism is under kinetic control rather than 

thermodynamic control.  Thermodynamic control relies on the folding and unfolding 

reactions to be reversible and the native state to be at the global free energy minimum in 

the folding landscape [1].  The equilibrium folding studies performed on wild type 

procaspase-3 were reversible [2], suggesting that the presence of a mutation in the dimer 

interface affects the folding pathway by trapping an otherwise stable folding intermediate 

in a local free energy minimum, whose energy barrier is too large to overcome.  The 

kinetic partitioning that occurs as a result does not allow the unfolding and refolding 

reactions to equilibrate on the same time scale, thereby causing a hysteresis in the data 

[3].  Since equilibrium conditions cannot be established, determination of the effect of the 

histidine mutation in the dimer interface on the folding mechanism of procaspase-3 has to 

be done from the initiation of the folding reaction.  Kinetic folding studies evaluate 

product formation over time, by monitoring relative changes in spectroscopic signal 

following the initiation of the reaction.  By elucidating the folding mechanism of 

procaspase-3 (C163S, V266H) from the start of the reaction, it should be evident where 

the kinetic partitioning occurs in the folding mechanism compared to wild type. 
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Kinetic folding studies of dimeric proteins, like procaspase-3, can be very 

complex due to the association of two subunits.  Data analysis is complicated by the fact 

that dimerization is a second-order process.  Dimeric proteins can fold through many 

folding models that range from simple two-state processes to complicated sequential and 

parallel pathways with multiple intermediates [4].  For example, the folding of the 

H2A/H2B heterodimer is a simple three-state process where dimerization occurs in the 

burst phase [5].  The folding of SecA, a large dimeric protein, is more complicated but 

occurs very rapidly through parallel pathways with sequential intermediates [6].   

Kinetic folding studies of dimeric proteins have additional complexity because the 

intermediate species observed during folding can either be dimeric or monomeric.  

Therefore, the studies presented here are performed at multiple protein concentrations 

because the dimerization step is dependent on protein concentration and can be readily 

observed during data analysis.  Furthermore, species observed during refolding prior to 

dimerization can be characterized as monomeric intermediates while those occurring after 

the concentration dependent step can be characterized as dimeric intermediates.  

Intermediate species, in general, can either be productive and accelerate the rate (on-

pathway) or non-productive and decrease the rate (off-pathway) of forming the native 

state [7]. 

Kinetic folding experiments examine the change in spectroscopic signal over 

time, where each phase represents a change in the structure of the protein.  Stopped-flow 

instruments are most commonly used in kinetic experiments to rapidly mix the protein 

and denaturant together, but have a dead time of ~1-2 millisecond before spectroscopic 
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detection begins.  The burst phase is defined as the change in signal that occurs during 

the dead time of the instrument.  If a cooperative transition is observed in the plots of 

burst phase amplitudes versus urea, an intermediate is forming during the dead time of 

the instrument.  These data are generally best described by a two-state equilibrium model 

and can be compared directly to data obtained from equilibrium experiments.  Two-state 

transitions in the burst phase can indicate the presence of either a monomeric or a dimeric 

intermediate.  For example, the unfolded monomers of the H2A/H2B dimer fold to form 

a dimeric intermediate in the burst phase [5].  Conversely, a monomeric intermediate 

forms in the burst phase during folding of the trp aporepressor [8].  Multiple detection 

methods should be used to determine kinetic folding mechanisms because each gives rise 

to different information about the species formed during the folding process.  The use of 

probes that monitor changes in the secondary structure, circular dichroism, for example, 

should be complimented with probes that monitor changes in the tertiary structure, like 

fluorescence spectroscopy. If the data from two, or more, detection methods display 

coincidence, they are characterizing the structural rearrangements of the same 

intermediate ensemble.  For example, Mann and Matthews used far-UV CD and ANS 

fluorescence to determine the kinetic folding mechanism of the trp aporepressor.  The 

burst phase amplitudes from both detection methods displayed coincidence indicating 

that the intermediate formed in the burst phase is gaining both secondary structure and 

hydrophobic surface [8].  The burst phase amplitudes from multiple detection methods 

could, conversely, display non-coincident transitions.  In this case, the data indicate that 

at least two intermediates are forming in the burst phase. 
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In the following sections, a detailed description of the kinetic folding pathway of 

procaspase-3 (C163S, V266H) is given and compared to the kinetic folding pathway of 

procaspase-3 (C163S) (wild-type) to determine the implication of the V266H mutation on 

the overall folding mechanism.  Refolding kinetic studies of procaspase-3 (C163S, 

V266H) reveal a complex burst phase, followed by a series of monomeric intermediates.  

At longer times, the protein folds into a species that becomes kinetically trapped and is 

prone to aggregation.  Dimerization is not observed during refolding due to aggregation.  

Unfolding kinetic studies of procaspase-3 (C163S, V266H) reveal a hyper-fluorescent 

native ensemble that unfolds to form highly structured monomeric intermediate that 

becomes kinetically trapped but eventually unfolds.   
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RESULTS 

Single mixing refolding and unfolding studies were performed using a variety of 

techniques to determine the differences in the folding mechanism of procaspase-3 

(C163S, V266H) compared to procaspase-3 (C163S).  The kinetic folding mechanism of 

procaspase-3 (C163S) has been determined previously [9], so the same studies were used 

in the characterization of the folding pathway for procaspase-3 (C163S, V266H) to 

establish a direct comparison.  This chapter will focus on different time frames in the 

refolding and unfolding reactions utilizing the same techniques to determine the overall 

folding mechanism. These techniques are discussed briefly.  Fluorescence spectroscopy 

with excitation at 280nm examines the tertiary structure of the protein by exciting both 

tyrosine and tryptophan residues.  Procaspase-3 (C163S, V266H) has two tryptophan 

residues per monomer, which are located in the active site and ten tyrosine residues per 

monomer, which are distributed throughout the polypeptide chain.  Fluorescence 

spectroscopy with excitation at 295nm examines the formation of the active site by 

selectively exciting only tryptophan residues.  Far-UV circular dichroism (CD), measured 

at 228nm, examines the secondary structure of the protein.  Fluorescence anisotropy, with 

excitation at 280nm or 295nm, examines the rotation or tumbling of the protein.  More 

native-like ensembles will display a higher anisotropy value than unfolded or partially 

unfolded ensembles.  Differential quenching by acrylamide, with excitation at 295nm, 

provides additional information about the active site of the protein by observing the 

orientation of the tryptophan residues.  Finally, size exclusion chromatography (SEC) 
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provides information about the oligomeric state of the protein at given concentrations of 

urea. 

 Refolding studies were performed using the methods described above by 

denaturing procaspase-3 (C163S, V266H) in 9M urea-containing buffer for 24 hours and 

then mixing the resulting unfolded protein with various urea-containing phosphate buffer 

solutions at pH 7 to determine the intermediate species that predominate during refolding.  

Far-UV CD measurements at 228nm were performed to examine the first 1000 seconds 

of the refolding process.  Representative CD data are shown in Figure 1.  These data 

display four phases; burst, lag, intermediate and slow.  The same phases were observed 

for procaspase-3 (C163S) suggesting that the mutation does not effect the folding of the 

secondary structure in this time frame.  Multiple detection methods were used to 

determine what is concomitantly happening to the tertiary structure, and revealed the 

presence of multiple phases, suggesting the presence of multiple intermediate species in 

the folding pathway of procaspse-3 (C163S, V226H).  A closer look at each phase 

revealed a complex burst phase, followed by the formation of multiple monomeric 

intermediates, which is consistent with procaspase-3 (C163S) data.  However, the slow 

dimerization step observed for procaspase-3 (C163S) was not observed during refolding 

of procaspase-3 (C163S, V266H) because monomeric intermediate species entered a 

kinetic trap in the folding pathway that prevented further folding into the native dimeric 

ensemble.  The details of the refolding pathway are described below. 

 

 



 169 

A.  Multiple monomeric species are formed in the burst phase 

 The burst phase signal occurs in the dead time of the instrument, which is 

typically ~1-2 milliseconds when using stopped-flow methods.  The amplitudes of the 

burst phase are measured and plotted as a function of urea concentration and fit to the 

appropriate equilibrium folding model.  In these studies, the protein was unfolded in 9M 

urea-containing phosphate buffer at pH 7, followed by rapid dilution of the urea, which 

prompts refolding.  The burst phase signal was collected at multiple final urea 

concentrations, ranging from 0.82-9M, using multiple techniques including fluorescence 

emission with excitation at 280nm or 295nm, far-UV CD measured at 228nm, 

fluorescence anisotropy with excitation at 280nm and 295nm, and differential quenching 

by acrylamide with excitation at 295nm.  The burst phase amplitudes are plotted as a 

function of urea concentration and are shown in Figure 2A.  Each detection method is 

plotted individually for clarity in Figures 2B-E.  All detection methods display a 

cooperative folding transition, indicating that the species formed in the burst phase 

correspond to structural changes in the protein.  The error bars represent the standard 

deviation from two independent experiments at two protein concentrations (2uM and 

10uM).  These data are not protein concentration dependent, indicating that dimerization 

does not occur in the burst phase, so the species formed are monomeric.  It is clear that 

multiple species are being formed because the representative curves from multiple 

detection methods are non-coincident.  A two-state equilibrium model best describes the 

burst phase signals from all detection methods.  The conformational free energies, ΔG 

H2O, and m-values for fluorescence anisotropy and differential quenching can be found in 
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Table I.  These values cannot be obtained for far-UV CD and fluorescence at 280nm and 

295nm because their representative burst phase curves do not display a post-transition 

with which to obtain the values for the unfolded signal in the absence of urea (Yu) and the 

slope of that extrapolation (m) [10].  The ΔG H2O values for the folding transition from 

fluorescence anisotropy at 280nm and 295nm and differential quenching are 3.6, 5.4, and 

1.0 kcal mol-1, respectively.  The ΔG H2O value for differential quenching is much lower 

than the other two because its burst phase curve has no pre-transition with which to 

obtain the values of YN and m [10].  The ΔG H2O values for fluorescence anisotropy are 

similar with an average of ~4.5 kcal mol-1.  The overall stability of the burst phase 

species agrees well with that observed by procaspase-3 (C163S) (~4.3 kcal mol-1) 

suggesting that the same species are forming in both proteins regardless of the interface 

mutation.  Equilibrium folding studies of procaspase-3 (C163S) showed that folding of 

the monomer contributes ~8 kcal mol-1 to the total conformational stability of the protein 

[2].  Based on the burst phase data described above, approximately half of the stability of 

the monomer occurs in the first ~1-2 milliseconds of folding.  

 Fluorescence emission scanning experiments were performed to further 

investigate the refolding burst phase species.  The refolding burst phase signal was 

monitored by fluorescence emission at multiple wavelengths with excitation at 280nm 

(Figure 3A) or 295nm (Figure 3B).  The emission profiles for the native (red circles) and 

unfolded protein (green squares) at both 280 and 295nm agree well with the equilibrium 

folding emission scans that were collected on a steady-state instrument (Chapter 5, Figure 

3).  The peak maxima at 280nm for native and unfolded protein are 335nm and 342nm, 
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respectively.  The peak maxima at 295nm for native and unfolded protein are 342nm and 

347nm respectively.  These data display a red shift as the protein unfolds.  The emission 

profile of the refolding burst phase (blue circles) at both 280nm and 295nm did not differ 

in emission maxima from the native protein.  These data differ from the wild-type data, 

where the refolding maximum is blue shifted compared to native and unfolded species, 

indicating a burial of aromatic residues.  However, the amplitude of the emission curve 

for the refolding burst phase for the V266H mutant did decrease slightly when excited at 

280nm compared to native protein.  Since there is a large increase in signal between the 

native and unfolded emission scans and equilibrium emission scans showed that the 

protein in 4M urea had an intermediary signal amplitude, it can be concluded that the 

decrease in amplitude of the refolding burst phase corresponds to a burial of aromatic 

residues.  Since this decrease is only observed at 280nm and not 295nm, we can conclude 

further that the tyrosine residues are being buried in the refolding burst phase of the 

V266H mutant.  

 Overall, these data indicate that the V266H dimer interface mutation does not 

affect the formation of the same monomeric burst phase species observed in the wild-type 

folding mechanism.  

B.  Procaspase-3 (C163S, V266H) folds through multiple monomeric intermediates      

 The refolding far-UV CD data presented in Figure 1 show four phases occurring 

in the first 1000s of refolding; burst, lag, intermediate, and slow.  The lag, intermediate 

and slow phases will be described in this section.  The length of the lag time observed in 

the far-UV CD data from 0.82 to 9M urea was determined at two protein concentrations, 
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2uM (red circles) and 10uM (blue triangles), and are plotted in Figure 4A.  The lag time 

increased with increasing concentrations of urea at both protein concentrations.  There is 

no protein concentration dependence observed in these curves, indicating that the lag 

phase is not due to dimerization.  The lag phase data for the V266H mutant agrees well 

with the wild-type data.  In order to determine any conformational changes to the tertiary 

structure during the lag phase in the far-UV CD data, we examined the first 10 seconds of 

refolding by fluorescence with excitation at 280nm and 295nm as well as differential 

quenching by acrylamide.  Figures 4B-D show examples of the raw refolding data for 

fluorescence emission with excitation at 280nm (panel B) or 295nm (panel C) and 

differential quenching (panel D) in 2.2M urea.  The representative plots show multiple 

phases, which represent multiple species formed during the lag phase observed by far-UV 

CD.  Fluorescence data with excitation at 280nm and differential quenching data were 

best fit to three exponentials while fluorescence data with excitation at 295nm were best 

fit to two exponentials as shown by the residuals below each plot.  The apparent rates for 

the three phases are shown in Figure 5, panels A-C.  For all three detection methods, the 

apparent rates of the three phases are independent of the final urea concentration as 

evidenced by the absence of chevron-like rate trends.  The apparent rates for the three 

phases are ~50 sec-1, ~4 sec-1 and ~0.3 sec-1, which agrees well with the three rates 

obtained using the same detection methods, observed for procaspase-3 (C163S). (~50 sec-

1, ~3 sec-1 and 0.2 sec-1)  Overall, these data indicate that the mutation in the dimer 

interface of procaspase-3 does not alter the refolding mechanism in the first 10 seconds. 
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 The next phase in the first 1000s of refolding as measured by far-UV CD is the 

intermediate phase, which has a rate of 0.01 sec-1 at lower concentrations of urea.  This 

rate decreases with increasing concentrations of urea. (Figure 6D, closed squares)  A 

concomitant slower phase was observed in the refolding of the tertiary structure by 

fluorescence with excitation at 280nm (Figure 6A) and 295nm (Figure 6B), as well as by 

differential quenching (Figure 6C).  These data were collected for the first 100 seconds of 

refolding and are best fit to a two exponential equation as shown by the residuals below 

each plot.  The first phase in the 100 second data corresponds to the second phase in the 

10 second data, described above, indicating that they are monitoring the same structural 

change.  The rates for the intermediate phase versus final urea concentration are shown in 

Figure 6D.  The rate of this phase at low urea concentrations is ~0.02 sec-1, which agrees 

well with a rate of 0.015 sec-1 for the intermediate phase of refolding for procaspase-3 

(C163S).  The only observable difference between the two proteins in the first 100 

seconds of refolding is that when excited at 280nm the wild-type protein has no 

detectable phase.  The slower phase, therefore, is only observed when excited at 295nm, 

either by fluorescence emission or differential quenching, suggesting that the structural 

rearrangements occurring in the wild-type protein are only happening in the active site.  

The V266H mutant, conversely, has this slower phase when excited at 280nm and 

295nm, indicating that a more global structural change is occurring in this time frame. 

 The next phase in refolding, as measured by far-UV CD, is the slow phase during 

which the protein enters a kinetic trap. (Figure 7A)  For these experiments, unfolded 

protein was hand-mixed with buffer, and the data were collected on a steady-state 
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instrument.  Refolding was monitored for six hours (21,600 sec) with a slightly 

observable change in signal (~2mdeg) and was fit to a single exponential.  The apparent 

rate for this phase is 2.6 x 10-4 (data not shown). The slow phase of refolding for the wild 

type protein has a halftime of ~25 minutes and is independent of protein concentration.  

These results suggest that the refolding pathway of procaspase-3 (C163S, V266H) 

diverges from the otherwise identical pathway of wild-type procaspase-3 during the slow 

phase of refolding.   

 Hand-mixing differential quenching studies were performed to determine the 

structural changes to the active site during the slow phase of refolding.  In the wild-type 

protein, two additional phases were observed, which were not dependent upon protein 

concentration.  In the first phase, the fluorescence signal increased and had a halftime of 

8 minutes, indicating the tryptophan residues were entering a more hydrophobic 

environment.  The fluorescence signal decreased during the second phase, which had a 

halftime of 25 min, indicating the exposure of the active site to solvent.  The hand-mixing 

differential quenching studies of the V266H mutant also revealed two additional phases 

(Figure 7B).  In the first phase, the fluorescence signal increased and had a halftime of ~7 

minutes, which is consistent with the wild-type data, and indicates that the tryptophan 

residues in the active site are entering a more hydrophobic environment.  In the second 

phase, the fluorescence signal gradually continued to increase without ever decreasing 

toward the native signal.  This phase is very different from the wild type data and 

indicates that the tryptophan residues in the active site stay buried for at least an hour 

after the refolding reaction begins.   
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 Taken together, these data show that the changes in secondary and the tertiary 

structure associated with the slow phase of refolding result in the protein folding into a 

conformation whose free energy barrier is too large to overcome, thereby making it 

kinetically trapped. 

C.  Aggregation of  kinetically trapped monomeric intermediate species 

 During the slow phase of refolding, hand-mixing far-UV CD and differential 

quenching studies revealed very little change in signal over a time frame of hours. Size 

exclusion chromatography was used to determine the oligomeric state of procaspase-3 

(C163S, V266H) throughout the time frame used in the hand-mixing experiments.  In 

these studies, unfolded protein was mixed with buffer and aliquots were taken after 1 

hour (red circles), 5 hours (blue triangles), 10 hours (cyan squares) and 27h (black 

diamonds) and injected onto the sizing column.  The resulting chromatograms are 

overlaid in Figure 8.  Surprisingly, each chromatogram displayed two peaks with elution 

volumes of ~8.4ml and ~15.2ml.  The molecular weight of the species eluting at ~15.2ml 

is 33.7 kDa, as determined from a standard equation, indicating that this peak represents 

monomeric procaspase-3 (C163S, V266H) (MW=32.5 kDa).  The species eluting at 

8.4ml have a much higher molecular weight that could either represent multimeric 

aggregates or unfolded protein, whose shape could convolute the elution profile.  Non-

denaturing polyacrylamide gel electrophoresis was used to determine the composition of 

the species eluting at 8.4ml.  The resulting gels showed that the species were multimeric 

aggregates.   
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D.  Proposed folding model for procaspase-3 (C163S, V266H) 

 The simplest kinetic folding model to describe the single-mixing refolding data is 

shown in Figure 9.  In this sequential folding mechanism, the unfolded protein forms 

multiple monomeric species in the burst phase, followed by a series of monomeric 

intermediates.  At longer times, the protein folds into a species that becomes kinetically 

trapped and is prone to aggregation.  The formation of a dimerization competent 

intermediate is not observed during refolding due to aggregation, but it is assumed that 

dimerization does occur to a small population of protein, albeit slowly.  The rates for 

each phase as well as their respective detection method(s) can be found in Figure 9. 

E.  Unfolding data reveal two dimeric species 

 Single-mixing unfolding studies were performed using fluorescence emission 

with excitation at 280nm as the detection method.  In these studies, native protein was 

mixed 1:10 with various concentration of urea-containing phosphate buffer, ranging from 

0-9M, at pH 7.  Representative data are shown for fluorescence emission with excitation 

at 280nm in Figure 10A, which reveal a single burst phase.  The fluorescence signal of 

the burst phase increased with increasing concentrations of urea.  A plot of the burst 

phase amplitude versus final urea concentration displayed a cooperative burst phase 

transition in which a hyper-fluorescent species was formed in 1-2 milliseconds of mixing 

(Figure 10B).  The data were best described by a two-state equilibrium folding model, but 

could not be fit due to the absence of a post- transition, and indicate the presence of a 

dimeric ensemble that differs from the native protein.  Unfolding fluorescence emission 
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studies of the wild type protein, when excited at 280nm, revealed a similar burst phase 

trend and the presence of a hyper-fluorescent species.   

A major difference in the data of the two proteins is the amplitude of the signal 

corresponding to the unfolded control, which was equilibrated for 24 hours in 8.2M urea.  

The amplitude of the fluorescence signal for the unfolded control of the wild-type protein 

was less than the fluorescence signal for native protein.  Conversely, the fluorescence 

signal for the unfolded control of the V266H mutant was greater than fluorescence signal 

of the native protein.  Fluorescence emission scans with excitation at 280nm were 

performed to compare the peak maxima of the unfolded control, the native control and 

the protein at various intermediate concentrations of urea.  The resulting data are shown 

in Figure 10C.  The results indicate that the protein is not completely unfolded after a 24 

hour incubation in 8.2M urea (closed red circles), as seen by the absence of a significant 

red shift in the peak maximum of the unfolded control with respect to the native control 

(open red circles).  There appears to be a slight red shift (~1nm), compared to the native 

signal, however, the emission scan data shown in Figure 3A shows the unfolded protein 

is more red shifted (5nm) when incubated in 9M urea for 24 hours.  These data confirm 

that a hyper-fluorescent species is forming in the burst phase as observed in the single-

mixing fluorescence unfolding experiment but also suggests that a hyper-fluorescent 

ensemble is still observed after 24 hours. 
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F.  Procaspase-3 (C163S, V266H) dissociates to form highly structured monomeric 

intermediates 

  A single-mixing unfolding study was performed using far-UV CD, measured at 

228nm, as the detection method.  In this study, native protein was mixed 1:10 with 9M 

urea-containing phosphate buffer at pH 7.  Representative data are shown in Figure 11A 

for the first 1000 seconds of unfolding (red circles).  These data reveal that an ultra 

structured species is formed that has a signal two-fold higher than the native control (blue 

triangles).  The native protein unfolds to the ultra structured species through two 

transitions.  A lag phase is observed for the first ~50 seconds of unfolding, where the 

protein remains in its native form.  The first transition occurs over a short time frame 

after ~50 seconds of unfolding, and displays a small decrease in signal indicating the 

formation of a slightly more structured species than the native protein.  A second lag 

phase is observed from ~60-150 seconds of unfolding, where no structural changes occur.  

The second transition occurs from ~150 to 1000 seconds of unfolding and displays a 

large decrease in signal, representing a large increase in secondary structural content.   

During this phase of unfolding, the slightly higher ordered species formed during the first 

transition become ultra structured.  Seventy percent of the overall change in signal occurs 

in the second transition and has an apparent rate of 0.004 sec-1 as determined by a single 

exponential fit.  Wavelength scans were performed in the far-UV CD spectral region to 

verify these data.  In these studies, native protein was mixed 1:10 with 9M urea-

containing phosphate buffer and unfolded for 1000 seconds at multiple wavelengths.  The 

CD signal at 1000 seconds was plotted versus wavelength for the unfolding protein (red 
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circles), the native control (blue triangles) and unfolded control (cyan squares) and are 

shown in figure 11C.  The far-UV spectrum of the unfolding protein at 1000 seconds 

indicates that it is, indeed, more structured than the native protein, thus verifying the 

presence of an ultra structured ensemble.   

Size exclusion chromatography was used to determine the oligomeric state of the 

protein after 1000 seconds of unfolding.  The column is unstable at concentrations of urea 

above 8M. Therefore, single mixing far-UV CD unfolding studies were performed in 8M 

urea to ensure the protein had the same unfolding characteristics as those described 

above.  The results are shown in Figure 12A.  The data are consistent with those observed 

at 8.2M urea.  Therefore, in the SEC study, native protein was hand-mixed in 8M urea 

and injected onto the column after 1000 seconds.  The resulting chromatogram (red 

circles) is overlaid with the representative peaks for the native dimer (blue triangles) and 

unfolded monomer (cyan squares).  (Figure 11D)  The results indicate that, after 1000 

seconds of unfolding, the protein is monomeric.  This finding shows that the dimer 

dissociates at some point before 1000s of unfolding.  

We speculate that the first transition of unfolding at ~50 seconds represents the 

dissociation of the dimer, the lag period observed from ~50-150 seconds represents the 

resulting slightly higher structured monomeric intermediate, and the slow transition 

represents a large, gradual increase in secondary structural content that results in an ultra 

structured monomeric intermediate. 

 

 



 180 

G.  Monomeric procaspase-3 (C163S, V266H) unfolds slowly 

 Hand-mixing far-UV CD experiments were performed to determine how long it 

takes for the ultra structured monomeric intermediates to unfold.  For these experiments, 

native protein was hand mixed with 8.2M urea and data were collected at 228nm on a 

steady-state instrument over 72 hours.  The resulting plot of the raw data is shown in 

Figure 11B.  These data show that the monomeric intermediate unfolds very slowly 

through a cooperative transition over a 72 hour period, with a half time of 18h.  The 

apparent rate for this phase is 1.7 x 10-5 sec-1 as determined by a single exponential fit.  

Size exclusion chromatography was used to determine the oligomeric state of the 

protein throughout this time frame. Due to the stability limits of the column, hand-mixing 

far-UV CD unfolding studies were performed in 8M urea to ensure the protein had the 

same unfolding characteristics as those described above.  The results are shown in Figure 

12A. (blue squares)  The data are consistent with those observed at 8.2M urea, as 

evidenced by the slow cooperative transition.  It does appear, however, that unfolding is 

slightly slower in 8M urea, which has an apparent rate of 1.3 x 10-5 sec-1 as determined 

by a single exponential fit.  Therefore, in the SEC study, the native protein was hand- 

mixed with 8M urea and aliquots were taken at 4 hours, 8 hours, 25 hours, 50 hours and 

72 hours and injected onto the column.  The resulting chromatograms are overlaid in 

Figure 12B with representative peaks for the native dimer (red squares) and unfolded 

monomer (blue squares). (4h, purple diamonds; 8h, black exes; 25h, pink crosses; 50h 

cyan triangles; 72 hours, green circles)  The SEC data show that the protein remains 

monomeric throughout the entire slow cooperative transition. 
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Hand-mixing experiments were performed using both fluorescence spectroscopy 

and fluorescence anisotropy with excitation at 280nm to determine the tertiary structural 

changes that occur during unfolding of the monomer.  For these studies, native protein 

was hand-mixed with 8.2M urea and samples were measured every hour for 45 hours to 

prevent photobleaching.  The representative plots of fluorescence signal versus time are 

shown in Figure 13 (panels A and B).  Figure 13A shows the results for fluorescence 

anisotropy, which reveal a cooperative transition with a half time of 16 hours.  The 

apparent rate for this phase is 1.2 x 10-5 sec-1 as determined by a single exponential fit.  

Figure 13B shows the results for fluorescence spectroscopy with excitation at 280nm, 

which reveal a single cooperative transition with a half time of 16 hours.  The apparent 

rate for this phase is 7.7 x 10-6 sec-1 as determined by a single exponential fit.  The 

fluorescence emission data were also plotted as average emission wavelength versus time 

and are shown in Figure 13C.  These data show a single cooperative transition that is best 

described by a single exponential.  The apparent rate for this phase is 6.7 x 10-6 sec-1, 

which agrees well with the apparent rate observed by plotting the signal at a specific 

wavelength (340nm) versus time (Figure 13, panel B).  The plot of the average emission 

wavelength shows that the signal becomes red shifted over time, indicating that the 

aromatic residues are becoming more solvent exposed.  

Overall, these data indicate that the ultra structured monomeric intermediate 

unfolds very slowly.  The apparent rates for unfolding of the tertiary structure, as shown 

by fluorescence spectroscopy and fluorescence anisotropy, have an average of 8.8 x 10-6 

sec-1 and the apparent rate for unfolding of the secondary structure, as shown by far-UV 
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CD, is 1.7 x 10-5 sec-1.  The half times of unfolding are similar in all detection methods 

and occur in the range of 16-18 hours.  The kinetic unfolding pathway is very different 

than that observed by the wild-type protein.   

H.  Proposed folding model for procaspase-3 (C163S, V266H) 

 The simplest kinetic folding model to describe the single-mixing unfolding data is 

shown in Figure 14.  In this sequential folding mechanism, the native dimer (N2) forms a 

hyper-fluorescent dimeric species in the burst phase (N2
*), the dimer dissociates after 

~50s and forms an ultra structured monomeric intermediate (2I1
*), which slowly unfolds 

(2U).  The rates for each phase as well as their respective detection method(s) can be 

found in Figure 14.   
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DISCUSSION 

 The results in this chapter were used to determine the effects of a single amino 

acid mutation in the dimer interface of procaspase-3 on the overall folding mechanism.  

Single-mixing stopped-flow methods, hand mixing experiments and size exclusion 

chromatography were used to determine the overall folding mechanism of procaspase-3 

(C163S, V266H) shown in Figure 15, in which the refolding and unfolding pathways of 

this mutant are merged with the wild type folding mechanism.   

Stopped-flow fluorescence spectroscopy, far-UV CD, fluorescence anisotropy, 

and differential quenching by acrylamide, as well as hand mixing far-UV CD, hand 

mixing fluorescence spectroscopy and size exclusion chromatography were used to 

determine the kinetic folding mechanism of procaspase-3 (C163S, V266H).  These 

experiments revealed the formation of multiple monomeric species in the burst phase, 

followed by the formation of multiple monomeric intermediates.  The burst phase data 

agreed well with the data collected for the wild-type protein.  A slight difference was 

observed in the far-UV CD burst phase of the V266H mutant compared to wild type.  As 

the unfolded protein was diluted, an increase in secondary structure was observed, as 

expected.  However, from 4.5M-3M urea the signal increased 30% over the signal 

observed when unfolded protein was mixed with buffer in the absence of urea, and then 

decreased from 3M-0.82M urea.  This suggests that, in the burst phase, the secondary 

structural content increases significantly and then decreases as the concentration of urea 

increases.  The far-UV CD refolding burst phase amplitudes for the wild-type protein 

display a biphasic cooperative transition. 
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 The burst phase was followed by multiple phases that did not display 

concentration dependence.  Therefore, these phases are associated with conformational 

changes in monomeric form of the V266H mutant.  The far-UV CD data displayed a lag 

phase in this region, indicating that no changes occurred to the secondary structure in this 

time frame.  The amplitudes of the three phases observed by fluorescence when excited at 

280nm and 295nm and by differential quenching were very small, suggesting that only 

minor structural changes were associated with these transitions.  Therefore, the 

monomeric intermediates that were formed during these phases display conformational 

changes in the tertiary structure but not the secondary structure of the protein.  It is likely 

that these monomeric intermediates are off-pathway or misfolded species.  The sequential 

refolding mechanism shown in Figure 15 indicates that these species are on-pathway 

intermediates but it is likely, based on the aforementioned observations, that this is an 

inaccurate model that has been simplified to summarize the observed data. 

 The multiple monomeric intermediates that are discussed above culminate in a 

monomeric intermediate that becomes kinetically trapped and is prone to aggregation.  

The hand mixing far-UV CD and differential quenching data revealed a formation of an 

intermediate that becomes trapped in a local energy minimum whose energy barrier is too 

large to overcome over the course of the experiment.  CD data were collected for six 

hours after the initiation of the refolding reaction and show a very slight increase in 

secondary structural content over time.  The hand-mixing differential quenching data 

showed two phases.  Both phases displayed an increase in signal, indicating that the 

tryptophan residues in the active site become buried and remain buried over the course of 
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the experiment.  These data indicate that the protein is trapped in the conformation that is 

established in the first phase of the differential quenching experiment over a long period 

of time, which is unable to continue folding.  The slight increase in secondary structure 

observed in the CD data coupled with the slight increase in burial of the active site 

tryptophans in the second phase of the differential quenching studies could be due to 

minor structural rearrangements in the protein in an attempt to overcome the high energy 

barrier established by the local energy minimum.  Size exclusion chromatography 

confirmed that the kinetically trapped intermediate is monomeric, but also showed a peak 

corresponding to high molecular weight aggregates, as evidenced by non-denaturing gels.  

These data indicate that the monomeric intermediate is unstable in the trapped 

conformation. 

 Overall, the refolding data show that the V266H mutation has the most significant 

impact late in the refolding process and is affecting the formation of the dimerization 

competent ensemble, which is not surprising since the mutation is in the dimer interface.  

Though dimerization was not observed in these studies, it is likely that a small population 

of trapped intermediates is able to dimerize with extremely slow rates.  The introduction 

of a histidine residue to the dimer interface changes the properties of the interface region 

to be more like initiator caspases, which are more hydrophilic in nature.  Procaspase-8 

contains a proline residue in the same position, which is thought to hinder dimerization as 

a negative design element.  The histidine mutation could have the same affect on 

procaspase-3, thereby hindering dimerization [11]. 
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 The kinetic unfolding pathway of procaspase-3 (C163S, V266H) was completely 

different than the wild-type pathway and revealed a hyper-fluorescent native ensemble 

forming in the burst phase, followed by dimer dissociation during the first ~100 seconds 

of unfolding.  The dimer dissociates into higher structured monomeric intermediates, 

which become ultra structured and enter a kinetic trap.   

 Single-mixing far-UV CD unfolding data displayed multiple phases; lag, fast, lag 

and slow.  The first lag phase occurred over the first 50 seconds of unfolding where the 

native dimer remained associated.  Equilibrium unfolding studies of procaspase-3 

(C163S) showed that dimer formation contributed 70% of the total conformational 

stability of the protein [2].  These data coupled with the length of the lag phase suggest 

that the V266H dimer could be stable in the native conformation.  The fast phase 

occurred after ~50 seconds of unfolding, which displayed a slight decrease in signal 

representing an increase in secondary structure.  We speculate that the dimer is 

dissociating during this transition to form a monomeric intermediate whose secondary 

structure is slightly more structured than the native dimer.  The second lag phase was 

observed from ~50-150 seconds of unfolding, where no structural changes occur to the 

slightly higher structured monomeric intermediate.  The slow phase was observed from 

~150-1000 seconds of unfolding and shows a large decrease in signal, indicating a very 

large increase in the amount of secondary structure.  The monomeric intermediate that is 

formed in the first transition becomes even more structured.  Seventy percent of the 

overall change in signal observed during the first 1000 seconds of unfolding occurs in the 
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second transition.  SEC confirmed that the oligomeric state of the intermediate formed in 

the slow phase of unfolding is monomeric.   

Hand-mixing experiments were performed to determine the rate of unfolding of 

the ultra structured monomeric intermediate.  The data from far-UV CD, fluorescence 

spectroscopy and fluorescence anisotropy measured at 280nm, revealed that the 

monomeric intermediate unfolded very slowly.  It seems that the ultra structured 

monomeric intermediate formed at 1000 seconds of unfolding entered a kinetic trap 

because the half time for unfolding is 16-18 hours, depending on the detection method.   

Overall, the results presented in this chapter demonstrate that the composition of 

the dimer interface is important for the proper folding of procaspase-3.  Furthermore, 

these data indicate that the reason for the hysteresis in the equilibrium folding studies is 

that a monomeric intermediate in both the unfolding and refolding pathways become 

kinetically trapped.  The unfolding and refolding pathways are merged in Figure 15.   
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TABLES AND FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table I: Refolding burst phase signals fit to two-state equilibrium folding model 

  Anisotropy (280nm)  Anisotropy (295nm)     Quenching 

 Two State 
 ΔG (kcal mol-1) 

 m (kcal mol-1 M-1) 
 urea1/2 (M)  

 
     3.62 ± 0.18                5.42 ± 0.87               1.01 ± 0.9 
     0.79 ± 0.03                1.08 ± 0.16               0.43 ± 0.1  

            5.4                             4.8                            3.1 
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Figure 1:  Far-UV CD measured at 228nm refolding data.  The unfolded (�) and native 
protein signals are marked.  Unfolded protein (9M urea) was mixed 1:10 with 4.0M urea- 
containing phosphate buffer, for a final urea concentration of 4.45M (▲).  Unfolded 
protein (9M urea) was mixed 1:10 with 20mM phosphate buffer, for a final urea 
concentration of 0.82M (ο). 
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Figure 2:  Complex burst phase during refolding.  Panel A: The burst phase signal is 
plotted versus the final urea concentration for each detection method.  The differential 
quenching by acrylamide burst phase signal (◊) is shown in Panel B.  The fluorescence 
burst phase signal when excited at either 280nm (�) or 295nm (•) are shown in Panel C.  
The far-UV CD burst phase signal measured at 228nm (∆) is shown in Panel D.  The 
anisotropy burst phase signals with excitation at either 280nm (ο) or 295nm (■) are 
shown in Panel E.  The error bars represent the standard deviation from at least two 
experiments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 192 

 
 
 

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10

Si
gn

al
 N

or
m

al
iz

ed

Urea (M)

A

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10

Si
gn

al
 N

or
m

al
iz

ed

Urea (M)

B

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10

Si
gn

al
 N

or
m

al
iz

ed

Urea (M)

C

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10

Si
ng

la
 N

or
m

al
iz

ed

Urea (M)

E

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10

Si
ng

na
l N

or
m

al
iz

ed

Urea (M)

D

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10

Si
gn

al
 N

or
m

al
iz

ed

Urea (M)

A

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10

Si
gn

al
 N

or
m

al
iz

ed

Urea (M)

B

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10

Si
gn

al
 N

or
m

al
iz

ed

Urea (M)

C

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10

Si
ng

la
 N

or
m

al
iz

ed

Urea (M)

E

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10

Si
ng

na
l N

or
m

al
iz

ed

Urea (M)

D

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10

Si
gn

al
 N

or
m

al
iz

ed

Urea (M)

B

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10

Si
gn

al
 N

or
m

al
iz

ed

Urea (M)

C

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10

Si
ng

la
 N

or
m

al
iz

ed

Urea (M)

E

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10

Si
ng

na
l N

or
m

al
iz

ed

Urea (M)

D

 
 
 
 



 193 

 
 
 

1

2

3

4

5

6

7

8

300 320 340 360 380 400

Fl
uo

re
sc

en
ce

 E
m

is
si

on

Wavelength (nm)

A

0.5

1

1.5

2

2.5

3

3.5

4

4.5

320 330 340 350 360 370 380 390 400

Fl
uo

re
sc

en
ce

 E
m

is
si

on

Wavelength (nm)

B

1

2

3

4

5

6

7

8

300 320 340 360 380 400

Fl
uo

re
sc

en
ce

 E
m

is
si

on

Wavelength (nm)

A

0.5

1

1.5

2

2.5

3

3.5

4

4.5

320 330 340 350 360 370 380 390 400

Fl
uo

re
sc

en
ce

 E
m

is
si

on

Wavelength (nm)

B

 
 
 
 
Figure 3: Emission scanning of the burst phase species.  5μM unfolded (�) and native (ο) 
procaspase-3 (C163S, V266H).  Unfolded protein was mixed 1:10 with 20mM phosphate 
buffer pH 7.0.  The refolding burst phase signal (•) was collected at multiple emission 
wavelengths.  Panel A: Excitation at 280nm. Panel B:  Excitation at 295nm. 
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Figure 4:  CD lag phase.  Panel A:  Far-UV CD, measured at 228nm, lag phase versus 
final urea concentration for 2μM (▲) and 10μM (ο) procaspase-3 (C163S, V266H).  
Panels B, C and D:  Refolding procaspase-3 (C163S, V266H) in 2.18M urea-containing 
phosphate buffer detected by fluorescence with excitation at either 280nm (Panel B) or 
295nm (Panel C) or by differential quenching by acrylamide with excitation at 295nm 
(Panel D). The lines through the data represent either a two or three exponential fit.  The 
residuals for the appropriate exponential fit are shown below each plot. 
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Figure 5:  Rate of the final urea concentration for fluorescence emission following 
excitation at either 280nm (Panel A) or 295nm (Panel B) and by differential quenching 
by acrylamide with excitation at 295nm (Panel C).  Refolding rates 1(ο), 2 (▲) and 3 (�) 
are shown for the first 10 seconds of folding. 
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Figure 6: Intermediate phase of refolding.  Panels A, B and C:  100 seconds of refolding 
in 2.63M (fluorescence with excitation at either 280nm, Panel A, or 295nm, Panel B) or 
2.18M (differential quenching by acrylamide with excitation at 295nm, Panel D) urea-
containing phosphate buffer pfH 7.0.  The lines through the data represent a two 
exponential fit.  The residuals for a two exponential fit is shown below each plot.  Panel 
C:  Rate 4 for refolding as detected by fluorescence with excitation at either 280nm (ο) or 
295nm (�), by differential quenching by acrylamide with excitation at 295nm (♦) and by 
CD measured at 228nm (■).  The rates for the CD data are from the single exponential 
fits of the intermediate phase shown in Figure 1. 
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Figure 7:  Slow phase of refolding shows procaspase-3 (C163S, V266H) enters a kinetic 
trap.  Unfolded protein (9M urea) was manually mixed with 20mM phosphate buffer pH 
7.0.  The CD (Panel A) and differential quenching by acrylamide (Panel B) signals were 
collected on a steady-state instrument.  The native protein signal is marked. 
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Figure 8:  Oligomeric state of procaspase-3 (C163S, V266H) during the slow phase of 
refolding.  Unfolded protein was manually mixed with 20mM phosphate buffer pH 7.0 
and samples were injected into the column after 1h (ο), 5h (▲), 10h (�) and 27h (♦) to 
monitor the oligomeric state of procaspase-3 (C163S, V266H) during refolding.  A 
represents the aggregate peak and M represents the monomer peak. 
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Figure 9:  Proposed sequential refolding mechanism.  The unfolded protein folds though 
a series of monomeric intermediates (I1 to I7) and becomes trapped in a conformation that 
is prone to aggregation.  The apparent rate of formation of each species is listed above 
each arrow.  The detection methods are listed with the following abbreviations; SF = 
stopped-flow, CD= circular dichroism measured at 228nm, FL 280/ 295 = fluorescence 
with excitation at either 280nm or 295nm, Quench = differential quenching by 
acrylamide with excitation at 295nm, Ani = anisotropy with excitation at 280nm and 
295nm, HM = hand mixing studies and SEC = size exclusion chromatography. 
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Figure 10:  Unfolding fluorescence data. Panel A:  22μM native procaspase-3 (C163S, 
V266H) was mixed 1:10 with various urea concentrations for a final urea concentration 
of 0M (ο), 1.82M (�), 3.64M (▲), 5.45M (♦), 6.82M (+), 8.18M and 8.18M equilibrated 
for 24h (•).  Fluorescence emission with excitation at 280nm was collected for 1 second.  
Panel B: Fluorescence burst phase signal versus urea.  The line through the data is added 
for clarity and does not represent a fit.  Panel C: Emission scanning of the burst phase 
species at various concentrations of urea. 22μM native procaspase-3 (C163S, V266H) 
was mixed 1:10 with various urea concentrations for a final urea concentration of 0M (ο), 
1.82M (�), 3.64M (▲), 5.45M (♦), 6.82M (+), 8.18M and 8.18M equilibrated for 24h (•).  
Fluorescence emission with excitation at 280nm was collected for 1 second at multiple 
wavelengths. 
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Figure 11: Procaspase-3 (C163S, V266H) unfolding of the secondary structure in 9M 
urea detected by far-UV CD.  Panel A: The first 1000s of unfolding. 110μM native 
procaspase-3 (C163S, V266H) was mixed 1:10 with 9M urea-containing phosphate 
buffer (ο). The native (▲) and unfolded (�) signals are shown.  Panel B: 110μM native 
protein was manually mixed with 8.18M urea-containing phosphate buffer pH 7.0.  Far-
UV CD signal measured at 228nm for 72 hours of unfolding (ο).  The unfolded signal is 
marked.  Panel C:  Emission scanning of the CD signal at 1000s of unfolding for the 
native protein (▲), the protein after 24h equilibration in 8.18M urea (�) and the protein 
after 1000s of unfolding (ο) at various wavelengths in the far-UV spectral region.  Panel 
D:  Overlaid size exclusion chromatograms of the native dimer (▲), the unfolded 
monomer (�) and procaspase-3 (C163S, V266H) after 1000s of unfolding. 
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Figure 12: Procaspase-3 (C163S, V266H) unfolding in 8M urea detected by far-UV CD.  
Panel A:  110μM native procaspase-3 (C163S, V266H) was mixed 1:10 with urea for a 
final urea concentration of 8M (ο).  Native protein was manually mixed with 8M urea-
containing phosphate buffer pH 7.0.  The CD signal (�)  was collected on a steady-state 
instrument for 90h.  The unfolded protein signal is marked.  Panel B:  Oligomeric state of 
procaspase-3 (C163S, V266H) during the slow phase of unfolding.  Native protein was 
manually mixed with 8M urea-containing phosphate buffer pH 7.0 and samples were 
injected into the column after 1000s (▲), 4h (♦), 8h (x), 25h (+), 50h (∆) and 72h (•) to 
monitor the oligomeric state of procaspase-3 (C163S, V266H).  Chromatograms for the 
native dimer (ο) and unfolded monomer (�) are overlaid with the others.  
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Figure 13: Procaspase-3 (C163S, V266H) unfolding of the tertiary structure detected by 
fluorescence emission and fluorescence anisotropy.  Panel A and B:  110μM native 
procaspase-3 (C163S, V266H) was manually mixed with 8.18M urea.  Fluorescence 
anisotropy with excitation at 280nm (Panel A, ο) and fluorescence emission at 340nm 
with excitation at 280nm (Panel B, �) signals were collected every hour for 45h on a 
steady state instrument.  Panel C: Average emission wavelength of fluorescence emission 
data (collected at 280nm). 
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Figure 14:  Proposed sequential unfolding mechanism.  The native dimer forms a 
hyperfluorescent species in the burst phase (N2

*) that dissociates to form an ultra-stable 
monomeric intermediate (2I*) that slowly unfolds.  The apparent rate of formation of each 
species is shown above the arrow.  The detection methods are listed with the following 
abbreviations; SF = stopped-flow, CD= circular dichroism measured at 228nm, FL 280 = 
fluorescence with excitation at either 280nm An = anisotropy with excitation at 280nm 
and HM = hand mixing studies. 
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Figure 15: Proposed overall folding mechanism for procapase-3 (C163S, V266S). Figures 
9 and 14 are merged to give the overall folding mechanism of procaspase-3 (C163S, 
V266H).  Abbreviations on this figure are defined in the previous figures.
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CHAPTER 7 

 

Discussion 



 207 

The equilibrium folding and kinetic folding mechanisms of procaspase-3 (C163S, 

V266H) were discussed in the previous chapters and revealed that a mutation in the dimer 

interface of procaspase-3 has a significant impact during folding.  Kinetic folding studies 

revealed that the mutation is causing the protein to fold into an intermediate that becomes 

kinetically trapped just prior to the dimerization step.  Equilibrium folding studies 

showed a hysteresis between the unfolding and refolding curves that suggests the 

reactions occur through different intermediates or are reaching equilibrium in different 

time frame.   

Previous studies on procaspase-3 (C163S, V266H) showed that the mutation 

completely abolished the activity of the mature enzyme, suggesting that it affected the 

proper ordering of the active site loops [1].  Accurate packing of the residues in the dimer 

interface is required because residues in the active site interact with residues in the dimer 

interface during active site formation.  Upon intersubunit cleavage of wild type 

procaspase-3, Arg164 (R164), the residue adjacent to the catalytic cysteine, C163, inserts 

into the dimer interface, intercalates between Tyr197 (Y197) and Pro201 (P201) and 

forms a salt bridge with Glu124 (E124).  These interactions stabilize the active site loops 

so that the substrate binding groove can form, which positions the C163 in the correct 

orientation for nucleophilic attack of the substrate.  The replacement of the central valine 

residue with histidine introduces a large bulky residue in the dimer interface, which 

would likely displace Y197 and disrupt its interaction with R164, thereby affecting the 

formation of the active site over 20Å away [2].  Figure 1 shows our initial model to 

explain the lack of activity in the V266H mutant, highlighting the interactions discussed 
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above. Interestingly, procaspase-9 has a phenylalanine in the center of the dimer 

interface, which prohibits the formation of two active sites.  Instead, only one productive 

active site forms while the other remains unstructured, due to the space constraints of 

accommodating the phenylalanine residue [3, 4].  Our initial model shows that steric 

constraints between H266 and Y197 do not allow R164 to properly intercalate between 

P201 and Y197.  Recently, the crystal structure of caspase-3 (V266H) was solved [2]. 

Figure 2 shows the interface region of the actual crystal structure.  The most striking 

difference between our model and the structural data is the rotomer that the histidine 

residue adopts.  We originally believed that the two histidines, one contributed by each 

monomer, would orient with their ring faces perpendicular to each other.  Actually, 

however, the ring faces are in a parallel orientation, which enables the V266H mutant to 

accommodate such a large residue.  The parallel orientation of the histidine residues 

results in the movement of Y197, where the hydroxyl group is displaced ~0.8Å away 

from the interface compared to the wild-type structure.  The initial model predicted that 

Y197 would play a role in the inhibition created by the V266 mutation, but the structure 

also reveals a large concomitant movement Tyr195 (Y195).  The ~2.3Å movement of 

Y195 results in two different modes of inhibition that affect ordering of the active site.   

The first mechanism, intramonomer inhibition, affects the active site of the 

monomer in which the mutation occurs (Figure 3).  The second mechanism, 

intermonomer inhibition, destabilizes the active site of the opposing monomer (Figure 4).  

Each will be discussed briefly [2].   In intramonomer inhibition, the bulky nature of H266 

in the parallel rotomer results in a movement in Y197, which displaces Y195 as described 
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above.  Y195 then displaces Thr140 (T140), which destabilized helix 3 and the adjoining 

beta strand.  These movements propagate the perturbations through a series of amino 

acids which culminate in the disordering of active site loop L1.  On L1, the interaction 

between Thr62 and H121 is lost and Met61 adopts an alternate rotomer that occludes the 

S1 substrate binding site, explaining the loss of activity observed in the V266H mutant.  

This is most likely the reason for the large increase in the Km observed for the V266H 

mutant [1].   

In intermonomer inhibition, H266 displaces Y197, Y195 and T140 in the same 

fashion as described above. The movement of T140 then destabilizes helix 3, which 

disrupts a salt bridge between Lys137 and Glu190.  The distance between these residues 

in the V266H mutant is 8.2Å.  In wild-type caspase-3, this salt bridge orients E190 in 

such a way that the backbone atoms stabilize Asp169 on the active site loop L2’ on the 

opposing monomer [5].  By breaking this interaction, the entire loop bundle (L2, L2’ and 

L4) in the opposing monomer is destabilized which in turn destabilizes the active site 

structure.  For example, L4 is responsible for conferring the specificity of the S4 substrate 

binding site [6].  These modes of inhibition clearly show how the V266H mutation 

abolishes activity of the protein.   

A double mutant was prepared where Y197 was mutated to a cysteine, the residue 

found in the same position in capsase-1 (C331), in the context of V266H to determine 

whether the same global movements were observed if the histidine residue was allowed 

more room in the interface.  The structure of the interface region of this double mutant is 

shown in Figure 5.  The structure shows that the H266 adopts the rotomer that we 
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proposed in the original model, where the two histidines, one from each monomer, are 

perpendicular to each other.  A much smaller movement was observed for Y195 and the 

rest of the structure resembles wild-type caspase-3.  Activity studies of the V266H, 

Y197C double mutant showed that activity was rescued, but only slightly compared to 

the activity of the wild type protein.  However, the activity was restored to the level 

observed in the caspase-3 (Y197C) single mutant [2].   

The interesting observation in all of the aforementioned structural details is the 

orientation of the histidine.  The initial model of the V266H mutant was made using the 

rotomer that the histidine residues adopts 46% of the time, which orient the histidines in a 

perpendicular fashion with respect to each other.  The crystal structure reveals that the 

V266H mutant actually adopts the rotomer that is observed 6.6% of the time, which 

orient in a parallel fashion with respect to each other.  By allowing more room in the 

interface, as in the Y197C, V266H double mutant, the histidine adopts the most 

predominant rotomer as predicted in the initial model.  An overlay of the histidine 

residues from the initial V266H model, the actual V266H crystal structure and the 

Y197C, V266H double mutant structure are shown in Figure 6.  This observation 

suggests that the histidine residues must adopt a conformation that it would otherwise 

rarely adopt during folding, which is a viable explanation for the results of the 

equilibrium and kinetic folding studies.   

Equilibrium refolding studies of procaspase-3(C163S, V266H) show a 

concentration dependent hysteresis with respect to the unfolding curve.  There are two 

plausible reasons to suggest that refolding takes longer than unfolding.  First, the 
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procaspase-3 (C163S, V266H) monomer is more stable than the wild-type monomer 

because the histidine is not as hydrophobic as the valine.  Initiator caspases, whose 

interface regions are more hydrophilic, require an increased local concentration of 

monomers to dimerize [4, 7].  The hysteresis is likely to be concentration dependent 

because the added stability of the V226H monomer requires a higher local concentration 

of protein to promote dimerization.  Second, based on the V266H crystal structure, the 

histidine needs to adopt the parallel rotomer in order to fit into the dimer interface.  The 

hysteresis is concentration dependent because it is likely that the probability of adopting 

the parallel rotomer increases with increasing concentration of protein.  During kinetic 

refolding studies, procaspase-3 (C163S, V266H) has a similar folding mechanism as 

wild- type for the first 100 seconds at which time the pathways diverge.  At this point, the 

wild-type protein forms a dimerization competent intermediate while procaspase-3 

(C163S, V266H) forms a monomeric intermediate that becomes kinetically trapped and is 

prone to aggregation.  It is likely that this monomeric intermediate is trapped for long 

period of time because of the uncommon rotomer that the histidine must adopt in order to 

dimerize.  Partially folded intermediates are loosely packed enabling their hydrophobic 

core to become exposed to solvent, which promotes multimeric aggregate association 

over time [8]. Taken together, these data indicate that the introduction of histidine in the 

dimer interface of procaspase-3 (C163S, V266H) affects the folding mechanism because 

it must adopt a rotomer that is observed only 6.6% of the time.  The packing in the dimer 

interface is perturbed due to the steric constraints introduced by the histidine that promote 
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a network of interactions which inhibit activity by disrupting interactions that are 

required for proper active site formation. 

A greater understanding of how proteins fold leads to a greater understanding of 

how they function.  Elucidating folding mechanisms for proteins that are implicated to 

have a role in disease progression will aid in drug discovery.  Targeting caspases 

specifically in diseases that have dysfunctional apoptotic machinery like 

neurodegenerative disorders or cancer could be a powerful therapeutic strategy.  Finding 

regions of the protein that are required for function, by introducing single point 

mutations, can elucidate potential drug binding sites.  The results presented here reveal 

that the center of the dimer interface is an allosteric site in which procaspase-3 can be 

inhibited.  Therefore, this region could be a potential drug binding site for diseases that 

have too much cell death.  These diseases include, but are not limited to, Alzheimer's, 

Parkinson's and Huntington's diseases, stroke, and amyotrophic lateral sclerosis [9].  



 213 

REFERENCES 
 
1. Pop, C., et al., Mutations in the procaspase-3 dimer interface affect the activity of 

the zymogen. Biochemistry, 2003. 42: p. 12311-12320. 
 
2. Walters, J.A., Structure, folding, and assembly of (pro)caspase-3: the role of the 

dimer interface in active site formation, in Department of Molecular and 
Structural Biochemistry. 2009, North Carolina State University: Raleigh. p. 264. 

 
3. Renatus, M., et al., Dimer formation drives the activation of the cell death 

protease caspase 9. PNAS, 2001. 98: p. 14250-14255. 
 
4. Pop, C., et al., The apoptosome activated caspase-9 by dimerization. Molecular 

Cell, 2006. 22(2): p. 269-275. 
 
5. Feeney, B., et al., Role of loop bundle hydrogen bonds in the maturation and 

activity of (pro)caspase-3. Biochemistry, 2006. 45(44): p. 13249-13263. 
 
6. Feeney, B., et al., Ionic interactions near the loop L4 are important for 

maintaining the active-site environment and the dimer stability of (pro)caspase-3. 
Biochem. J., 2004. 384: p. 515-525. 

 
7. Muzio, M., et al., An induced proximity model for caspase-8 activation. Journal of 

Biological Chemistry, 1998. 273(5): p. 2926-2930. 
 
8. Stefani, M. and C.M. Dobson, Protein aggregation and aggregate toxicity: new 

insights into protein folding, misfolding diseases and biological evolution. Journal 
of Molecular Medicine, 2003. 81: p. 678-699. 

 
9. Mattson, M.P., Apoptosis in neurodegenerative disorders. Nat Rev Mol Cell Biol, 

2000. 1(2): p. 120-129. 



 214 

FIGURES 
 
 
 
 

Y197

Y197’

H266

H266’

R164

P201

Y197

Y197’

H266

H266’

Y197

Y197’

H266

H266’

R164

P201

 
 
 
 
 
Figure 1:  The initial model for caspase-3 (V266H) inactivity.  This model suggests that 
by replacing the valine in the dimer interface with histidine there is not enough room to 
accommodate such a bulky residue.  The proposed reason for the inactivity is steric 
constraints between H266 and Y197. 
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Figure 2:  The crystal structure of  the caspase-3 (V266H) dimer interface.  This structure 
shows that there are steric constraints in the interface in the presence of the histidine 
mutation.  The histidine causes Y197 to rotate away from the interface, which causes a 
large movement in Y195.  The rotomer that the histidine adopts is different than proposed 
by the initial model in that the rings are observed to be facing each other in the same 
plane. 
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Figure 3:  Structural details of intramolecular allosteric inhibition.  The green amino acids 
are from the wild-type structure and the gray residues are from the caspase-3 (V266H) 
structure.  The differences in the two structures are as follows; movement of Y197 is 
coupled with movement of Y195, which destabilizes helix 3 containing T140 and K137.  
The signal is propogated up the beta strand and culminates with a variety of changes to 
the active site residues.  The movement of P133 results in a shift of F128 causing a 
conformational change in M61.  The alternate rotomer of M61 occludes the S1 substrate 
biding site and points directly at the catalytic H121, resulting in its movement, 
presumably causing the inactivity in V266H mutants. 
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Figure 4:  Structural details of intermolecular allosteric inhibition.  This mechanism 
originates from the movement of Y197 and Y195 as seen in intramonomer inhibition 
mechanism. Helix 3 is destabilized which abolishes the salt bridge interaction between 
K137 and E190 (now 8.2Å apart).  The loss of this interaction destabilizes loop L2 by 
disrupting the stable interaction between the backbone of E190 and D169’ on the 
opposing monomer.  The destabilization of loop L2 affects the stability of the loop 
bundle presumably causing the inactivity in V266H mutant. 
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Figure 5: The crystal structure of  the caspase-3 (Y197C, V266H) dimer interface.  Y197 
has been replaced with cysteine to determine if a smaller residue alleviates the steric 
clash by making more room for the histidine residue.  The structure shows that the steric 
clash is eliminated and as a result the histidine residues adopt the rotomer that was 
proposed in the initial model, where the rings are in a perpendicular orientation with 
respect to each other.     
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Figure 6:  Overlay of histidine residues from the caspase-3 (V266H) initial model, the 
caspase-3 (V266H) crystal structure and the caspase-3 (Y197C, V266H) crystal structure.  
The histidine in the initial model (transparent, back) and the double mutant (solid, pink) 
adopt the rotomer observed 46% of the time, while the histidine in V266H protein 
(transparent, front) adopts the rotomer observed 6.6% of the time. 
 
 
 
 
 
 



 220 

 

 

 

 

 

 

 

 

 

 

 

APPENDICES  



 221 

APPENDIX A 

 

5-19F- Tryptophan Labeling of Procaspase-3 (C163S) and 19F-NMR Preliminary 
Studies 
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INTRODUCTION 

Procaspase-3 and other executioner caspases are found in the cell as inactive 

dimers that must be processed for activation.  In contrast, initiator caspases require 

dimerization for activation.  Very little is known about the activation mechanism of 

executioner procaspases because all of the structures solved to date have been on mature 

caspases with inhibitor bound.  Recently, however, the structure of procaspase-7 was 

solved [1] and was suggested to be an excellent model for all executioner caspases 

because their sequences are 55% identical.  A comparison of the structures of caspase-3 

and procaspase-7 revealed that the only difference between the two was the position of 

the loops that comprise the active site [2].  These findings suggest that upon intersubunit 

cleavage, executioner caspases form a fully functional active site by a rearrangement of 

the loops which stabilize the substrate binding groove and position the catalytic cysteine 

in the oxyanion hole.  Findings in our lab suggest that this is not a unified activation 

model for all executioner caspases.  Protease sensitivity, intrinsic fluorescence and 

fluorescence quenching experiments showed that the active site of procaspase-3 had 

similar properties to the active site of caspase-3.  The data suggest that loop L3, which 

forms the substrate binding groove, is already inserted into the active site before 

intersubunit cleavage.  Furthermore, intersubunit cleavage results in the formation of the 

loop bundle which stabilizes and opens up the active site [2].  Further elucidation of the 

environment of the active site in procaspase-3 is required to determine the appropriate 

activation mechanism.  
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Fluorine NMR folding studies were performed on procaspase-3 (C163S) in order 

to determine the environment of the tryptophan residues in the active site upon folding.  

The tryptophan residues, W206 and W214, are located 10Å apart in the active site and 

are solvent exposed based on the procaspase-7 structure (Figure 1, panel A).  The 

previous findings in our lab suggest that W206 and W214 are stacked on top of each 

other and more buried like those shown in the caspase-3 structure (Figure 1, panel B).  

The use of a 5-F19-tryptophan label (F-Trp) coupled with fluorine NMR will help 

determine which conformation the active site loops adopt in procaspase-3 during folding.  

Fluorine is an ideal probe because it has a small nucleus that is slightly larger than 

hydrogen, which will prevent large perturbations in structure upon incorporation.  

Fluorine is not normally found in proteins, so the chemical shift will be specifically due 

to the label [3].  Additionally, fluorine is very sensitive to its environment and to local 

shielding effects [4] making the fluorine peak well resolved in 1D NMR experiments.  

This sensitivity makes fluorine an ideal probe for protein folding studies.  A problem 

with using fluorine NMR is that the fluorine chemical shift observed cannot be directly 

related to its environment [3].  Therefore, site directed mutagenesis was used to 

specifically label each tryptophan to determine its environment upon folding.  Two 

tryptophan mutants were made, W206Y and W214V to compare their chemical shifts to 

the wild-type for appropriate peak assignment.   

Many problems were encountered throughout this project.  Optimal conditions for 

label incorporation were difficult to obtain.  Mass spectrometry was used to determine the 

amount of  F-Trp incorporated and showed 75% incorporation.  NMR studies using a 
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fluorine probe showed that the amount of incorporation was much lower due to a low 

signal to noise ratio.  This was evidenced further when NMR studies were performed 

using a fluorine cryoprobe and the signal to noise ratio did not dramatically increase.  A 

cryoprobe should make the signal to noise ratio 4-5 times greater than the use of a normal 

fluorine probe [3].  The following sections will discuss the preliminary data obtained for 

fluorine incorporation into procaspase-3 (C163S) as well as results from NMR 

experiments. 
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RESULTS 

The initial strategy to incorporate the label into procaspase-3 (C163S), a 

catalytically inactive mutant, was to use M9T minimal media during protein expression 

supplemented with F-Trp.  The use of a non-auxotrophic cell line (E.coli BL21 DE3 lys 

S) that normally has high levels of protein expression was compared to an auxotrophic 

cell line (E.coli W3110trpA33) that is unable to synthesize tryptophan.  The use of non-

auxotrophic cell lines requires high concentrations of tryptophan in the media to suppress 

endogenous synthesis.  High levels of F-Trp have been shown to be toxic to certain non-

auxotrophic cell lines [3].  Various concentrations of tryptophan were tested in the BL21 

DE3 lys S cell line to determine the optimal conditions to prevent toxicity. 

A.  Procaspase-3 (C163S) expression in BL21 DE3 lys S cells 

 BL21 DE3 lys S cells containing the procaspase-3 (C163S) gene were grown in 

luria broth (LB) at 37°C to an A600~1.2.  The growth time was 2.5 hours.  Varying 

amounts of IPTG, ranging from 0.4mM to 1mM, where added to induce protein 

expression and the temperature was reduced to either 20°C or 25°C, or was held constant 

at 37 °C.  0.2mM L-Trp was added to the media at induction to determine its effects on 

protein expression.  Samples were collected every hour for 8 hours and after overnight 

expression.  The optimal conditions for protein expression were found to be 0.6mM IPTG 

at 25°C.  0.2mM L-Trp had no observed effect on protein expression.  The SDS-PAGE 

gel representing these conditions is shown in Figure 2, panel A where the numbers above 

the gel represent hours post induction.  The column labeled “pre” corresponds to pre-

induction and represents the basal level of protein expression in the absence of IPTG.  It 
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appears that optimal expression occurs between 6 and 8 hours post induction but does not 

decrease significantly in the overnight sample. 

 The above conditions were optimal for expression in LB, however, minimal 

media is required to incorporate the F-Trp label. BL21 DE3 lys S cells containing 

procaspase-3 (C163S) were grown in M9T minimal media at 37°C to an A600~1.2.  The 

growth time was 5 hours, which is double what it took in to reach an A600~1.2 in LB.  

Varying amounts of IPTG, ranging from 0.4mM to 1mM, where added to induce protein 

expression and the temperature was reduced to either 20°C or 25°C, or was held constant 

at 37 °C.  0.2mM L-Trp was added to the media at induction to determine its effects on 

protein expression.  Samples were collected every hour for 8 hours and after overnight 

expression.  The optimal conditions for protein expression in M9T minimal media were 

0.6mM IPTG at 25°C.  0.2mM L-Trp had no observed effect on protein expression.  The 

SDS-PAGE gel representing these conditions is shown in Figure 2, panel B where the 

numbers above the gel represent hours post induction.  The column labeled “pre” 

corresponds to pre-induction and represents the basal level of protein expression in the 

absence of IPTG.  It appears that optimal expression occurs between 5 and 7 hours post 

induction. 

 . BL21 DE3 lys S cells grew faster in LB than M9T, but minimal media is 

required for protein expression to incorporate the F-Trp label.  Therefore, growing the 

cells in LB and transferring them to M9T minimal media for protein expression seemed 

to be a good strategy for F-Trp incorporation. BL21 DE3 lys S cells containing 

procaspase-3 (C163S) were grown in LB at 37°C to an A600~1.2.   Cells were centrifuged 
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and washed in M9T minimal media to eliminate any traces of tryptophan and were 

transferred into M9T minimal media for protein expression.  The optimal conditions for 

protein expression did not change by changing the media after growth and the level of 

expression remained the same.  The SDS-PAGE gel representing these conditions is 

shown in Figure 2, panel C where the numbers above the gel represent hours post 

induction.  It appears that optimal expression occurs in the overnight sample. 

B.  Procaspase-3 (C163S) expression in W3110trpA33 cells 

 The optimization conditions explained above were performed on auxotrophic 

W3110trpA33 cells containing the procaspase-3 (C163S) gene.  Protein expression was 

not observed at any concentration of IPTG at any temperature.  The cells were able to 

grow in LB but never achieved an A600 over 0.7 in M9T minimal media.  The gene for 

procaspase-3 (C163S) was cloned into a pET21B plasmid, a T7 expression vector.  

W3110trpA33 cells lack T7 RNA Polymerase, which explains why protein expression 

was not observed under any conditions.  λDE3 lysogenization was performed on 

W3110trpA33 cells by site-specific integration of λDE3 prophage into the host 

chromosome.  This enabled W3110trpA33 cells to express genes cloned in T7 expression 

vectors.  The new cell line, called Trp DE3, was grown in both LB and M9T minimal 

media as described above.  Protein expression was not observed at any concentration of 

IPTG at any temperature.  Therefore, F-Trp labeling of procaspase-3 (C163S) was 

performed in BL21 DE3 lys S cells grown in LB and transferred to M9T minimal media 

for overnight (20h) protein expression (0.6mM IPTG, 0.2mM F-Trp, 25°C).   
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C.  Protein Purification, percent incorporation, and preliminary NMR studies  

 Procaspase-3 (C163S) was expressed in the presence of either L-Trp or F-Trp to 

determine whether the protein yield decreased in the presence of fluorine.  Samples were 

taken pre-induction and 20 hours post-induction under both conditions.  The SDS-PAGE 

gel comparing the expression levels in the presence of L-Trp or F-Trp is shown in Figure 

3.  Expression of procaspase-3 (C163S) in the presence of F-Trp did not decrease the 

amount of protein observed compared to expression in the presence of L-Trp.  F-Trp-

procaspase-3 (C163S) was purified using the general purification protocol provided in the 

Material and Methods chapter, to yield ~25mg/L.  In-gel trypsin digestion followed by 

reverse phase chromatography coupled to electrospray ionization (ESI) mass 

spectrometry showed that 75% of the protein was labeled with F-Trp.  The extracted ion 

chromatogram is shown in Figure 4.   

 A native procaspase-3 (C163S) sample was made for NMR studies which 

contained 1mM protein in 20mM phosphate buffer pH 7.2, 10% D2O and 0.25mM 

deuterated EDTA.  The native protein sample was analyzed on the NMR for several 

hours to acquire resolution high enough to show observable peaks, suggesting that the 

amount of F-Trp incorporated was much less than determined by mass spectrometry.  The 

native spectrum for procaspase-3 (C163S) is shown in Figure 5, panel A, and reveals that 

both tryptophan residues have similar resonances that appear under the same peak.  An 

unfolded procaspase-3 (C163S) sample was made which contained 1mM protein in 8M 

urea-containing phosphate buffer pH 7.2, 10% D2O and 0.25mM deuterated EDTA.  The 

unfolded protein sample was analyzed on the NMR for several days to acquire resolution 
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high enough to observe peaks.  The unfolded spectrum for procaspase-3 (C163S) is 

shown in Figure 5, panel B, and reveals that the peak is barely observable over the noise.  

Figure 5, panel C, shows the reference peak for 5-F19-tryptophan. 

 These data tell us very little about the environment of the tryptophan residues in 

the active site because both tryptophan resonances appear under the same peak.  

Additionally, the signal to noise ratio was low when using a regular fluorine probe.  A 

fluorine cryoprobe was used to enhance the peak resolution.  Procaspase-3 (C163S) 

tryptophan mutants were used to determine the resonances of the individual tryptophan 

residues. 

D.  NMR studies using the fluorine cyroprobe in Dr. Carl Frieden’s lab at 

Washington University, St. Louis 

 Urea titrations were performed by fluorine NMR experiments on procaspase-3 

(C163S), procaspase-3 (C163S, W206Y) and procaspase-3 (C163S, W214V) to 

determine the environment of the tryptophan residues upon folding.  The samples 

contained 250μM protein in various concentrations of urea-containing phosphate buffer 

pH 7.2, 10% D2O and 100mM 4-F-phenylalanine (internal standard, -40.24 ppm).  512 

successive scans were taken on each sample to increase the signal to noise ratio.  The 

peaks should have a higher resolution than previously observed because a fluorine 

cryoprobe is used in these experiments.  A comparison of the native spectra from the 

three proteins is shown in Figure 6, where panel A is the native peak corresponding to 

W206, panel B is the native peak corresponding to W214 and panel C is the native peak 

of procaspase-3 (C163S) containing both tryptophan residues.  The peaks for W206 and 



 230 

W214 have slightly different chemical shifts, but are similar enough to occupy the single 

peak observed in the procaspase-3 (C163S) spectrum.  NMR spectra for the procaspase-3 

(C163S) urea titration are shown in Figure 7.  A broad peak is observed at -49ppm whose 

area gradually decreases from 1M to 3M urea.  The peak completely disappears from 4M 

to 5M urea and then reappears from 6M to 8M urea as a narrow single peak.  NMR 

spectra for the procaspase-3 (C163S, W214V) urea titration are shown in Figure 8.  These 

data correspond to the resonance for W206.  The spectra show a narrow peak at -49.5 

ppm that occupies roughly half of the area of the procaspase-3 (C163S) peak and 

gradually decreases from 1M to 3M urea.  The peak completely disappears from 4M to 

5M urea and then reappears from 6M to 8M as a narrow single peak.  NMR spectra for 

the procaspase-3 (C163S, W206Y) urea titration are shown in Figure 9.  These data 

correspond to the resonance for W214.  The spectra show a narrow peak at -48.5 ppm 

that occupies roughly half of procaspase-3 (C163S) peak but has a smaller area than the 

peaks observed in the other two proteins.  The peak gradually decreases from native to 

2M urea and completely disappears at 3M to never reappear.  

The observed signal to noise ratio in the urea titration spectra was higher when 

using the cryoprobe, however, the noise was still significant when compared to the peak 

height.  The small peak height is representative of a low percent incorporation of the 

label. It should be noted that it has been shown that labeling proteins with 19F-labeled 

amino acids in non-auxotrophic cell lines results in a decreased percent incorporation of 

the label [5].   
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E.  pQE80L-procaspase-3 (C163S) expression in W3110trpA33 cells   

 The procaspase-3 gene was inserted into the pQE80L plasmid and transformed 

into auxotrophic W3110trpA33 cells.  Previous expression studies on adenosine 

deaminase (pQE80L plasmid) in W3110trpA33 cells showed good protein expression 

with 90% F-Trp incorporation [3].  Expression studies were performed on pQE80L-

procaspase-3 (C163S) in W3110trpA33 cells to determine optimal expression conditions. 

W3110trpA33 cells containing pQE80L-procaspase-3 (C163S) were grown in LB at 

37°C to an A600~1.2.   Cells were centrifuged and washed in Muchmore minimal media 

to eliminate any traces of tryptophan and were transferred into Muchmore minimal media 

for protein expression [6].  Varying amounts of IPTG, ranging from 0.4mM to 1mM, 

where added to induce protein expression and the temperature was reduced to either 20°C 

or 25°C, or was held constant at 37 °C.  1mM L-Trp was added to the media at induction 

to determine its effects on protein expression.  Samples were collected every hour for 6 

hours and after overnight expression.  The optimal conditions for protein expression in 

Muchmore minimal media were 0.6mM IPTG at 20°C. 1mM L-Trp had no observed 

effect on protein expression.    The SDS-PAGE gel representing these conditions is 

shown in Figure 10 where the numbers above the gel represent hours post induction.  It 

appears that optimal expression occurs in the overnight sample.  The amount of label 

incorporation and NMR studies still need to be performed using these expression 

conditions. 
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FIGURES 
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Figure 1:  Comparison of procaspase-7 and caspase-3 active sites. Panel A: Procaspase-7 
crystal structure highlighting the active site region.  Panel B: Mature caspase-3 inhibitor 
bound structure.  For Panels A and B, L1 (residues 52-64), L2 (residues 163-175), L2’ 
(residues 176-192), L3 (residues 198-213) and L4 (residues 246-263) represent the five 
active site loops.  The two tryptophan residues (W206 and W214) and the two catalytic 
residues (H121 and C163) are highlighted for clarity. 
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Figure 2: Procaspase-3 (C163S) optimal expression conditions in BL21 DE3 lys S cells.  
Panel A: Expression profile of procaspase-3 (C163S) grown in LB at 37°C and induced 
with 0.6mM IPTG at 25°C for overnight expression.  Media was supplemented with 
0.2mM L-Trp at induction.  The numbers above the gel are hours post induction. M is the 
molecular weight marker and pre is the sample taken before IPTG addition.  Optimal 
expression time is observed at 6-8 hours or O/N (20h) post induction.  Panel B: 
Expression profile of procaspase-3 (C163S) grown in M9T minimal media at 37°C and 
induced with 0.6mM IPTG at 25°C for overnight expression.  Media was supplemented 
with 0.2mM L-Trp at induction.  Optimal expression time is observed at 5-6 hours post 
induction.  Panel C: Expression profile of procaspase-3 (C163S) grown in LB at 37°C 
and transferred to M9T minimal media for protein expression. Cells were induced with 
0.6mM IPTG at 25°C for overnight expression.  Media was supplemented with 0.2mM 
L-Trp at induction.  Optimal expression time is observed in overnight expression (20h 
post induction). 
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Figure 3:  Procaspase-3(C163S) expression in the presence of either L-tryptophan (L-
Trp) or 5-19F-tryptophan (F-Trp).  Fluorine does not seem to have an effect on levels of 
protein expression.  The numbers above the gel represent when the sample was taken 
during expression. 
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Figure 4:  Extracted ion chromatogram to determine the percent incorporation of the 5-
19F-tryptophan label as determined by in-gel digestion followed by reverse phase 
chromatography coupled with ESI mass spectrometry.  The area under the curve (red 
lines) is used to determine the percent incorporation. 
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Figure 5:  Preliminary fluorine NMR studies on procaspase-3 (C163S) after 19F-
tryptophan incorporation. Panel A:  Native procaspase-3 (C163S) NMR spectrum.  Panel 
B:  Unfolded procaspase-3 (C163S) NMR spectrum.  Panel C:  NMR spectrum of 19F-
tryptophan reference sample. 
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Figure 6:  Comparison of native fluorine NMR peaks for procaspase-3 (C163S, W214V), 
procaspase-3 (C163S, W206Y) and procaspase-3 (C163S).  Panel A:  Native fluorine 
NMR peaks for procaspase-3 (C163S, W214V).  Panel B: Native fluorine NMR peaks for 
procaspase-3 (C163S, W206Y).  Panel C: Native fluorine NMR peaks for procaspase-3 
(C163S). 
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Figure 7:  Denaturation profile of procaspase-3 (C163S) determined by fluorine NMR.  
250μM procaspase-3 (C163S) was mixed with the indicated concentrations of urea-
containing phosphate buffer pH 7.2, 10% D2O and an internal reference (-40ppm).  512 
scans were taken per sample using a fluorine cryoprobe.       
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Figure 8:  Denaturation profile of procaspase-3 (C163S, W214V) determined by fluorine 
NMR.  250μM procaspase-3 (C163S, W214V) was mixed with the indicated 
concentrations of urea-containing phosphate buffer pH 7.2, 10% D2O and an internal 
reference (-40ppm).  512 scans were taken per sample using a fluorine cryoprobe.       
 
 
 
 
 
 
 
 
 



 241 

 
 
 
 
 
 
 
 
 

[Urea]

8M
7M

6M

5M

4M
3M
2M
1M

Native

[Urea]

8M
7M

6M

5M

4M
3M
2M
1M

Native
 

 
 
 
Figure 9:  Denaturation profile of procaspase-3 (C163S, W206Y) determined by fluorine 
NMR.  250μM procaspase-3 (C163S, W206Y) was mixed with the indicated 
concentrations of urea-containing phosphate buffer pH 7.2, 10% D2O and an internal 
reference (-40ppm).  512 scans were taken per sample using a fluorine cryoprobe. 
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Figure 10: pQE80L-procaspase-3 (C163S) optimal expression conditions in 
W3110trpA33 auxotrophic cells.  Expression profile of pQE80L-procaspase-3 (C163S) 
grown in LB at 37°C and transferred to M9T minimal media for protein expression. Cells 
were induced with 0.6mM IPTG at 20°C for overnight expression.  Media was 
supplemented with 1mM L-Trp at induction. The numbers above the gel are hours post 
induction. M is the molecular weight marker and pre is the sample taken before IPTG 
addition.    Optimal expression time is observed in overnight expression (20h post 
induction). 
 


