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Abstract 

 

 A novel metallocarboxypeptidase (PfuCP) from the hyperthermophilic archaeon 

Pyrococcus furiosus was purified and characterized to investigate its dependence on 

metal ion cofactors and to evaluate its suitability as a biotechnological tool for protein 

sequencing at elevated temperatures. 

 The crystal structure reveals a dimer of primarily α-helical subunits that bears no 

resemblance to the α/β-hydrolase morphology of typical carboxypeptidases and which 

defines a new family of HEXXH metalloproteases (M32) based on primary sequence 

alignments.  A deep active site groove appears to function not only in size-selection of 

substrates but also in modulating the activity and substrate affinity through complicated 

allosteric effects involving ambient ligands which may play a role in regulatory 

metabolism. 

 Two forms of the enzyme were observed; one which retains stabilizing metal(s) 

that confer structural thermostability and a remarkable retention of activity to the dimer, 

and another demetallated form which has lost stability with regards to both dimeric 

integrity and activity.  Difficulties in expressing a properly folded recombinant 

necessitated refolding of the expressed clone from inclusion bodies and further suggest 

that in vivo the stabilizing metal(s) may participate in folding a metastable enzyme. 

 The apparent paradox of activation by only Co2+ and not Zn2+ is resolved into two 

issues, uncompetitive inhibition by the latter as seen in steady-state kinetic experiments, 

and intrinsic, electronic aspects of a catalytic Co2+.  Several explanations are proposed for 

the intrinsic rate enhancement of Co2+ over Zn2+ including the ability of Co2+ to modulate 
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the potential energy surface for both reactants and transition states by virtue of its greater 

mobility within the protein framework. 

The broad amino acid specificity and rapid digestion by PfuCP in peptide 

sequencing trials show promise, and high-temperature protein sequencing has now been 

demonstrated for the first time. 

 



 vii

Table of Contents 
 

 
Acknowledgements  …………………………………………………………………...iii 

Abstract ……………………………………………………………………………..… v 

List of Figures and Tables  ………………………………….……………………….  x 

Abbreviations  ………………………………………………………… …………….. xiii 

 

Chapter 1 

 Introduction……………………………………………………………..………  1 

Chapter 2 

 Purification, Cloning, Expression, and Refolding of Native and Recombinant 
PfuCP……………………………………………………………………………  11 

 
  Purification of Native Protein…………………………………………… 14 

  Cloning, Subcloning, and Expression in Insect and Bacterial Systems… 16 

 Refolding of Recombinant from Inclusion Bodies ……………………..  20 
 

 Biochemical Characterization and Metal Dependence ………………………...  25  

Substrate Specificity …...…………………………………………….…  25 

pH Dependence of Activity for Native PfuCP………...………………..  27 

  Temperature Dependence of Activity (Native and Recombinant)……...  28 

  Thermostability and Thermoinactivation ………………………………  29 

  Oligomeric State ………………………...…………………………...…  31 

  Metal Ion Specificity and Binding …………......………………………. 34 

    



 viii

Chapter 3 

 Crystal Structure and Sequence Analysis ……………………………………..  41 

 Structure of PfuCP …………………………………………………….  47 

 Sequence Analysis …………………………………………………….. 49 
 
 Structure of Neurolysin ……………………………………………...… 50 
 
 Sequence Alignment of PfuCP ………………………………………..  53 

Chapter 4 

 Steady-State Kinetics (Activity) and Simulations ….…………………………. 57 

 S Profiles ………………………………………………………………. 61 

 M Profiles …………………...………………………………………… 62 
  
 Monomer Model ……………………………………………………....  64 

 Dimer Model ………………………………………………...……...…  81 

 Zn2+ Inhibition ……………………………………………………...…  84   

 Steady-State Kinetics for the Recombinant (rPfuCP) …………………  92 

 Conclusions ……………………………………………………………. 94 
 
Chapter 5 

 Implications for Mechanism, Specificity, and Rate Theory …………………..  98 

 Anhydride Pathway  …………………………………...…………...….  100 

  Activated Carbonyl and Water Promoted Pathway …………………...  101 
 
  Reverse Protonation …………………….………………...…………...  103 
 
  Mechanism of PfuCP ………………………………………………….  109 
 
   
 Theories of Enzyme Catalysis ……………………………………...…  111 
 
 Implications for Co2+ and Zn2+ Activated Metallohydrolases ……….... 114 
  



 ix

 
  
Chapter 6 

Biotechnological Applications and C-terminal Protein Sequencing ………….  124 

Chapter 7 

 Conclusions and Future Directions ……………………………………………  132 

Appendix A (Cloning and Subcloning of PfuCP) ………………………………….…  137 

Appendix B (Refolding of rPfuCP from Inclusion Bodies) ………………..……….... 140 

Appendix C (Assorted Calculations) …………………………………………………  142 

Appendix D (EPR Methods) ………………………………………………………….  144 

Appendix E (Methods for Simulations of Steady-State Kinetics) …………………....  145 

References …………………………………………………………………………….  149



 x

List of Illustrations and Tables 

Tables 

Table 1 Metalloprotease families and subfamilies ……………………..  4 

Table 2 Representative proteases in disease …….……………………... 7 

Table 3 Proteins and enzymes with presumed native cobalt ………...… 35 

Table 4 Relative peptidase and esterase activities for different metal-
substituted isoforms …………………………………………… 37 

 
Table 5 Residual peptidase activity in the presence of different divalent 

metals ………………………………………………………….. 38 
 
Table 6 Kinetic parameters from simulations of activity dependence on 

substrate, ‘S’ profiles ………………………………………….. 68 
 
Table 7 Kinetic parameters from simulations of activity dependence on 

Co2+, ‘M’ profiles ……………………………………………… 71 
 
Table 8 Kinetic parameters from simulations of uncompetitive inhibition of 

PfuCP by Zn2+ …………………………………………………. 88  
 
Table 9 Kinetic parameters for Term 5 altered by Zn2+ ………………... 88 

Table 10 Peptides C-terminally sequenced by PfuCP …………………... 130 

 

Figures 

Figure 1 SDS-PAGE of native PfuCP purification and MALDI-TOF MS of 
purified enzyme ……………………………………………….. 15 

 
Figure 2  SDS-PAGE of induction trials to reduce inclusion body 
 formation ………………………………………………………. 18 
 
Figure 3  SDS-PAGE of induction trials to maximize expression of 
 RPfuCP ………………………………………………………..  19 
 
Figure 4 Solubilization of inclusion bodies (pellet) with 10 M urea …… 20 

Figure 5 Refolding of rPfuCP by gel filtration ………………………….  22 



 xi

Figure 6 Refolding of rPfuCP on-resin (Co2+ IMAC) …………………..  24 

Figure 7 C-terminal amino acid specificities of PfuCP …………………. 25 

Figure 8 pH dependence of native PfuCP ………………………………  27 

Figure 9 Temperature dependence of native and recombinant PfuCP ..… 28 

Figure 10 Thermal inactivation of PfuCP ………………………………... 30 

Figure 11 Far-UV circular dichroism of apoPfuCP ……………………… 30 

Figure 12 Oligomeric behavior of PfuCP in SDS-PAGE ………………... 31 

Figure 13 Early thermostability time course for PfuCP ………………….. 33 

Figure 14 Optical spectrum of CoPfuCP …………………………………. 39 

Figure 15 Generalized metalloprotease mechanism ……………………… 43 

Figure 16 Active site core of PfuCP ……………………………………… 44 

Figure 17 Dimer structure of PfuCP ……………………………………… 47 

Figure 18 Overall topology of PfuCP ……………………………………..48 

Figure 19 Overall topology and active site of neurolysin (Rattus 
  norvegicus) ……………………………………………………. 50 
 
Figure 20 Sequence alignment of the M32 ‘PfuCP’ family of 

metalloproteases ……………………………………………….. 53 
 
Figure 21 Activity profiles of PfuCP (concentration dependence on substrate 

and metal) ………………………………………………………60 
 
Figure 22 Basic Monomer Model of PfuCP steady-state kinetic behavior . 64 

Figure 23 Core populations of active species in activity profiles ………... 78 

Figure 24 Basic Dimer Model of PfuCP steady-state kinetic behavior ….. 81 

Figure 25 Steady-state kinetics of Zn2+ inhibition ……………………….. 86 

Figure 26 Steady-state kinetics of recombinant PfuCP …………………... 92 

Figure 27 Reverse Protonation Mechanism ……………………………… 103 



 xii

Figure 28 kcat/Km vs pH activity profile for thermolysin ………………… 104 

Figure 29 Phenolic inhibitors of thermolysin ……………………………. 105 

Figure 30 pH dependence of phenolic inhibitor strength ………………… 105 

Figure 31 Reverse Protonation mechanism for CPA …………………….. 106 

Figure 32 Cyanamide substrates for CPA ………………………………... 106 

Figure 33 Sulfoximine inhibitors for CPA ……………………………….. 107 

Figure 34 Generalized mechanism for PfuCP …………………………….109 

Figure 35 Polanyi formalism for activation barriers ……………………... 112 

Figure 36 Marcus formalism for activation barriers ……………………... 113 

Figure 37 Schematic of a broadened transition state surface (TSS) ……… 120 

Figure 38  C-terminal sequencing methodology for a hyperthermophilic 
 CP ……………………………………………………………… 129 
 

Figure 39 C-terminal sequencing of N-acetyl renin substrate by PfuCP … 131 



 xiii

Abbreviations and Glossary 

 

CP    Carboxypeptidase 

ICPMS   Inductively coupled plasma mass spectrometry 

IMAC Immobilized metal affinity chromatography 

PES Potential Energy Surface 

Pf Pyrococcus furiosus 

Standard Assay Conditions 0.1 M KMes pH 6.5, 2 mM substrate, 400 µM Co2+, 4 µL 
enzyme 

 
TSS Transition State (Hyper)Surface 

ZAX N-Carbobenzoxy-Alanyl-Xaa (X amino acid, N-blocked 
dipeptide) 


