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Abstract 

Osmoregulation is an essential process in bacteria and higher organisms regulated 

by the mechanosensitive ion channels.  The mechanosensitive channel of large 

conductance (MscL) is an integral membrane protein that responds to pressure in an 

effort to prevent cell lysis during osmotic shock.  Conversion of MscL from a membrane- 

bound form to a water soluble form was attempted by three methods: computational 

design, random mutagenesis and chemical modification.  The water soluble form of 

MscL was achieved with cysteine modification method.  The stability, pH dependence, 

and C-terminal helix of MscL were also investigated. 

 The structure of the ‘cab’ β-class carbonic anhydrase (Cab) has been determined 

to 2.1 Å resolution.  Cab exists as a dimer with a fold similar to ‘plant’ β-class carbonic 

anhydrases.  The active site zinc is coordinated by Cys32, His87, and Cys90, with the 

tetrahedral coordination completed by a water molecule.  The difference between ‘plant’ 

and ‘cab’ β-class carbonic anhydrases is in the organization of the hydrophobic pocket.  

The structure reveals a Hepes molecule near the active site, suggesting a proton transfer 

pathway to the solvent.   

The structure of the nitrogenase iron protein in the all- ferrous [4Fe-4S]0 form has 

been determined to 2.2 Å resolution.  The structure demonstrates that major 

conformational changes are not necessary to accommodate cluster reduction to the [4Fe-

4S]0 state.  A survey of [4Fe-4S] clusters coordinated by four cysteine ligands reveals 

that the [4Fe-4S] cluster of the iron protein has the largest accessible surface area, 

suggesting that solvent exposure may be relevant to the capability of existing in three 

oxidation states. 
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The role of surface salt bridges in protein stabilization has been investigated.  The 

NMR structure of a rubredoxin variant (PFRD-XC4) and the thermodynamic analysis of 

two surface salt bridges is presented here.  The analysis shows that the surface side chain 

to side chain salt bridge between does not stabilize PFRD-XC4.  The main chain to side 

chain salt bridge, however, stabilizes PFRD-XC4 by 1.5 kcal mol-1.  The entropic cost of 

making a surface salt bridge involving the protein’s backbone is reduced, since the 

backbone has already been immobilized upon protein folding.   



     viii 

Table of Contents 
 
 Page 
 
Acknowledgements .............................................................................................................iii 
Abstract ...............................................................................................................................vi 
Table of Contents..............................................................................................................viii 
List of Figures ....................................................................................................................xii 
List of Tables ....................................................................................................................xiv 
Abbreviations ....................................................................................................................xvi 
 

Section I  Mechanosensitive Ion channels      
 
Chapter 1       Mechanosensitive Ion Channels ...............................................................1 

 
Mechanosensation........................................................................................2 
Eukaryotic mechanosensitive channels........................................................2 

Sodium channels ..............................................................................2  
Calcium permeable channels...........................................................4  
Potassium channels..........................................................................5  

Bacterial mechanosensitive channels...........................................................5 
MscL ............................................................................................................6 

N-terminus........................................................................................7 
TM1 helix .........................................................................................8 
Extra-cellular loop .........................................................................10 
TM2 helix .......................................................................................11 
Cytoplasmic domain.......................................................................12 

MscS...........................................................................................................13 
Channel discovery..........................................................................13 
Sequences of MscS .........................................................................14 
Archaeal MscS-like proteins ..........................................................16 

MscM .........................................................................................................16 
References ..................................................................................................18 

  
 
 
 
Chapter 2       Conversion of Mechanosensitive Channel of Large Conductance to 

Water Soluble Form.................................................................................20 
 

Introduction................................................................................................21 
Higher resolution structure of Tb_MscL .......................................25 
Open state of MscL ........................................................................25 
MscL complexed with channel blockers.........................................27 
Protein design ................................................................................29 



     ix 

Cysteine modification.....................................................................30 
Random mutagenesis......................................................................31 

Results ........................................................................................................33 
Survey of soluble proteins ..............................................................33 
Computational design ....................................................................34 

Expression and fractionation.............................................34 
Refolding ............................................................................36 
MBP fusion.........................................................................38 

Random mutagenesis......................................................................39 
Expression of fusion proteins.............................................39 
Fluorescence of fusion proteins .........................................40 

Cysteine modification.....................................................................40 
MscL aggregation ..............................................................43 

Discussion..................................................................................................45 
Materials and methods ...............................................................................48 

Computational modeling................................................................48 
Protein expression..............................................................50 
Refolding ............................................................................50 

Cysteine modification.....................................................................51 
Random mutagenesis......................................................................53 

Plasmid...............................................................................53 
Fluorescence ......................................................................53 
Random oligonucleotide design .........................................53 

Acknowledgements ....................................................................................54 
References ..................................................................................................55 

 
Chapter 3      Characterization and stability of MscL..................................................57 
   

Cytoplasmic helix ......................................................................................58 
MscL stability ............................................................................................62 
Higher resolution structure of Tb_MscL ...................................................66 

Termination mutants......................................................................66 
COMP fusion..................................................................................67 

Materials and methods ...............................................................................70 
Tb_MscL purification.....................................................................70 
pH profiling....................................................................................72 
Circular dichroism .........................................................................72 
C-terminal truncations...................................................................72 
COMPcc fusion ..............................................................................73 

Acknowledgements ....................................................................................73 
References ..................................................................................................74 

 
 
 
 
 



     x 

Section II Metalloproteins  
 
Chapter 4 Crystal Structure of the ’cab’ Type Beta Class Carbonic Anhydrase 

from the Archaeon Methanobacterium thermoautotrophicum ............75 
  

Abstract ......................................................................................................77 
Introduction................................................................................................78 
Experimental Procedures ...........................................................................81 

Crystallization ................................................................................81 
Data collection and processing .....................................................81 
Phase determination ......................................................................81 

Refinement..................................................................................................83 
Results and Discussion ..............................................................................84 

Structural organization of Cab ......................................................84 
Cab oligomerization.......................................................................86 
Comparison of ‘cab’ and P.s. and P.p. structures.........................88 
Active site.......................................................................................88 
Comparison of P.s. β-CA and Cab active sites..............................90 
Comparison of P.p. β-CA and Cab active sites .............................92 
Mechanism .....................................................................................92 

Acknowledgements ....................................................................................95 
References ..................................................................................................96 

 
Chapter 5 Crystal  Structure of the All-ferrous [4Fe-4S]0 Form  of the  
 Nitrogenase Iron Protein from Azotobacter  vinelandii ........................98 
   

Abstract ....................................................................................................100 
Introduction..............................................................................................101 
Methods....................................................................................................102 

Protein purification and reduction to the [4Fe-4S]0 state...........102 
Crystallization ..............................................................................103 
Data collection and structure determination ...............................104 

Results and Discussion ............................................................................107 
Comparison to the other Fe protein structures............................107 
Cluster geometry..........................................................................108 
Cluster volumes............................................................................111 
Accessible surface ........................................................................113 
N-H-S hydrogen bonds.................................................................113 

Conclusions ..............................................................................................114 
Acknowledgements ..................................................................................115 
References ................................................................................................116 

 
 



     xi 

 
 
Section III Protein Design 
 
Chapter 6       Rubredoxin Variant Folds without Iron..............................................118 
   

Abstract ....................................................................................................120 
Introduction..............................................................................................121 
Experimental Procedures .........................................................................122 

Computational modeling..............................................................122 
Mutagenesis and protein purification ..........................................123 
CD analysis..................................................................................123 
NMR studies .................................................................................124 

Results and Discussion ............................................................................125 
Conclusion ...............................................................................................127 
Acknowledgements ..................................................................................128 
References ................................................................................................129 

 
Chapter 7 NMR Structure of Rubredoxin Variant and Contribution of Surface 

Salt Bridges to Protein Stability ...........................................................132 
 

Abstract ....................................................................................................134 
Introduction..............................................................................................135 
Materials and methods .............................................................................136 

Mutagenesis and protein purification ..........................................136 
NMR structure determination ......................................................136 
CD analysis..................................................................................138 

Results and Discussion ............................................................................139 
Structure determination of PFRD-XC4 .......................................139 
Stability studies of PFRD-XC4 mutants.......................................141 

Conclusions ..............................................................................................146 
Acknowledgements ..................................................................................147 
References ................................................................................................148 

 
Chapter 8 Structure of a Protein G helix Variant Suggests the Importance of 

Helix Propensity and Helix Dipole Interactions in Protein Design. ..150 
 

Abstract ....................................................................................................152 
Introduction..............................................................................................153 
Results and discussion .............................................................................154 
Materials and methods .............................................................................156 

Computational design ..................................................................156 
Expression and CD analysis ........................................................157 
Crystallization, data collection and refinement ...........................158 

Acknowledgements ..................................................................................159 
References ................................................................................................160 



     xii 

List of Figures 
 
Chapter 1: 
 
1.1 Topology of eukaryotic and bacterial mechanosensitive channels 
1.2 Structure of mechanosensitive channel of large conductance 
1.3 Sequence alignment of MscL genes 
1.4 Sequence alignment of MscS genes 
 
Chapter 2: 
 
2.1 Crystal packing of MscL and KcsA 
2.2 Model of the open state of MscL 
2.3 Approaches to creating water soluble form of MscL channel 
2.4 Correlation of protein solubility and GFP fusion fluorescence 
2.5 Histogram of protein surface hydrophobicity for soluble and  

membrane proteins 
2.6 Ribbon diagram of MscL with residues selected for design 
2.7 Flowchart of experimental screening of designed proteins 
2.8 Circular dichroism spectra of MscL and refolded variants 
2.9 Ribbon diagram of MscL with residues selected for cysteine  

modification 
2.10 MscL_Cys4 gel filtration traces 
 
Chapter 3: 
 
3.1 Ribbon diagram of the structure of MscL and of the cytoplasmic helix 
3.2 Possible models for cytoplasmic bundle at physiological pH 
3.3 Wavelength scans of MscL at pH 2-12 
3.4 Wavelength scans of C-terminal peptides 
3.5 Wavelength scans of five MscL homologs 
3.6 Temperature melts of five MscL homologs 
3.7 Temperature melts of Tb_MscL and Eco_MscL at different pH 
3.8 COMPcc structure 
3.9 Model of MscL_COMPcc fusion  
 
Chapter 4: 
 
4.1 Alignment of β-CA sequences        
4.2 Ribbon diagram of Cab         
4.3 Stereo view of the crystal packing of Cab       
4.4   Stereo diagram showing the superimposition of a backbone trace    

of Cab, P. s. β-CA , and P. p. β-CA        
4.5 Stereo view of the zinc environment in Cab       
4.6 Stereo diagram showing the superposition of the active site of Cab   
 



     xiii 

 
Chapter 5: 
 
5.1 Ribbons diagram of the all- ferrous A. vinelandii Fe protein dimer    
5.2 Variation in the volumes of the Fe and sulfur tetrahedron in  

[4Fe-4S] clusters 
5.3 Stereodiagram of the [4Fe-4S] cluster environment in the  

All- ferrous Av2 and 3NIP structures. 
5.4 Histogram of the number of NH-S hydrogen bonds to the cluster  

observed in structures of [4Fe-4S] cluster containing proteins 
 
Chapter 6: 
 
6.1     Ribbon diagram of wild-type mesophilic Desulfovibrio 

 vulgaris rubredoxin  
6.2      Circular dichroism measurements of wild-type Pyroccocus  

furiosus rubredoxin (PFRD) and the PFRD-XC4 variant 
6.3      NMR assignments summary and NOE connectivities of  

PFRD-XC4 
 
Chapter 7: 
 
7.1   Stereoview of the PFRD-XC4 structure ensemble and  

comparison to the PFRD X-ray structure. 
7.2   Ribbon diagram of wild type Pyroccocus furiosus  

rubredoxin 
7.3   Chemical denaturation curves for PFRD-XC4 
 
Chapter 8: 
 
8.1   Stereoview of the superposition of the Gβ1 and Gβ1m2  

X-ray structures 



     xiv 

 

List of Tables 

Chapter 2: 
 
2.1 Amino acid sequences selected for the designs     
2.2 Experimental results for designed proteins       
2.3 Cysteine modification results      
 
Chapter 4: 
 
4.1 Data Collection Statistics 
4.2 Refinement Statistics 
 
Chapter 5: 
 
5.1 Data collection and phasing statistics   
5.2 Fe-Fe and S-S distances in the [4Fe-4S] cluster  

of different Fe-protein structures  
5.3 Average values for geometrical parameters for protein  

bound [4Fe-4S] clusters 
 
Chapter 6: 
 
6.1 1H NMR Chemical Shifts for PFRD-XC4  
 
Chapter 7: 
 
7.1 NMR structure statistics 
7.2 Contributions of salt bridges at 1 °C  
7.3 Thermal and chemical denaturation data 
 
Chapter 8: 
 
8.1 Refinement and Model Statistics 
 



     xv 

 
Abbreviations 

1CP2,  1.90 Å resolution structure of C. pasteurianum Fe protein 

1NIP,  2.9 Å resolution structure of A. vinelandii Fe protein; 
1pPEG_MscL_Cys4, MscL_Cys4 mutant modified with single pPEG 

2pPEG_MscL_Cys4, MscL_Cys4 mutant modified with double pPEG 
3NIP,  2.2 Å resolution structure of A. vinelandii Fe protein 
ADH,  alcohol dehydrogenase 

ASIC,  Acid-sensing ion channels 
Av1,  A. vinelandii MoFe protein 

Av2,  A. vinelandii Fe protein 
BME,  beta mercaptoethanol 

Bs_MscL,  Bacillus subtilis MscL 

BSA,  bovine serum albumin 

BtuCD,  Escherichia coli vitamin B12 ABC transporter 
CA,  carbonic anhydrase 

Cab,   
Methanobacterium thermoautotrophicum b-class carbonic 
anhydrase 

CAII,  human alpha carbonic anhydrase II 

CD,  circular dichroism 
CDR,  Cysteine rich domain 
COMP,  cartilage oligomeric matrix protein 

COMPcc,  N-terminal heptad repeat of cartilage oligomeric matrix protein 
Cp2,  C. pasteurianum Fe protein 

Cyt c,  Cytochrome c 

D1,  
Tb_MscL (E34,K38,Q69,R72,E73,E77,K80,Q81,K84,E87, 
K88,K91,R94) 

D1_GFP,  D1 fusion with green fluorescent protein 
D1_T100,  D1 design protein truncated at position 100 

D1_T119,  D1 design protein truncated at position 119 
D2,  Tb_MscL (Q69,R73,E77,N80,K84,E87,K88,K91) 
D2_GFP,  D2 fusion with green fluorescent protein 

D2_T100,  D2 design protein truncated at position 100 
D2_T119,  D2 design protein truncated at position 119 

D3,  
Tb_MscL (Q34,Q38,Q69,N72,E73,E77,N80,Q81,K84,E87, 
S88,R91,N94)  



     xvi 

D3_GFP,  D3 fusion with green fluorescent protein 
D3_T100,  D3 design protein truncated at position 100 

D3_T119,  D3 design protein truncated at position 119 
DDM,  n-Dodecyl-beta-D-maltopyranoside 

∆Gu,  free energy of unfolding 
DM,  n-Decyl-beta-D-maltopyranoside 
DTNB,  dithiobisnitrobenzoic acid 
EANAL,  energy analysis 

Eco_MscL,  Escherichia coli MscL 
EDTA,  Ethylenediaminetetra-acetic acid 

EGF,  epidermal growth factor 

Er_MscL,  Erwinia carotovora MscL 

EXAFS,  extended X-ray absorption fine structure spectroscopy  

Fab,  
Immunoglobulin fragment (light chain and the VH  and CH1  
 of the heavy chain) 

FOS12,  N-Dodecylphosphocholine 

GdmCl,  guanidinium chloride 
GFP,  green fluorescent protein 
Hepes,  N-[2-Hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid] 

Hinf_MscL,  Haemophilus influenzae MscL 

HP1,  C-terminal helix peptide (sequence: EVEQPGDTQVVLLTEIR) 

HTS,  high throughput screening 
IPTG,  Isopropyl-beta-D-thiogalactoside 

K2P,  Two-pore domain potassium channels 
KcsA,  K+ channel from Streptomyces lividans  

M.W.,  molecular weight 
MAD,  multiwavelength anomalous dispersion 

MBP,  Maltose binding protein 

MBP_D1,  Maltose binding protein fused to D1 design 

MBP_D1,  Maltose bind ing protein fusion to D1 

MBP_D2,  Maltose binding protein fused to D2 design 
MBP_D2,  Maltose bind ing protein fusion to D2 

MBP_D3,  Maltose binding protein fused to D3 design 
MBP_D3,  Maltose bind ing protein fusion to D3 



     xvii 

MBP_Tb_MscL,  Maltose bind ing protein fusion to Tb_MscL 
MPD,  2-Methyl-2,4-pentanediol 

MscL ,  Mechanosensitive channel of large conductance 
MscL_COMPcc,  Tb_MscL fusion with COMPcc 
Mscl_Cys4,  MscL variant with L73C, F80C, F84C, and F88C mutations 

MscM,  Mechanosensitive channel of mini conductance 
MscMJ,  Archael mechanosensitive channel 

MscMJLR,  Archael mechanosensitive channel 
MscS ,  Mechanosensitive channel of small conductance 

m-value,  slope of ∆Gu versus denaturant concentration 

NCS,  non-crystallographic symmetry 
NMR,  nuclear magnetic resonance 
NOE,  nuclear Overhauser enhancement 

OD,  optical density 
ORBIT,  optimization of rotamers by iterative techniques 

P.p. b-CA,  Porphyridium purpureum b class carbonic anhydrase  

P.s. b-CA,   Pisum sativum b class carbonic anhydrase 

PCR,  polymerase chain reaction 
PDB,  Protein databank 

PFRD,  Pyroccocus furiosus rubredoxin 
PFRD-XC4,  rubredoxin variant with C5L, C8T, C38A, and C41T mutations 
PMSF,  Phenylmethylsulfonyl fluoride 

pPEG,  precision polyethylene glycol 
RESCLASS,  residue classification 

rmsd,  root mean square deviation 
rpm,  rotations per minute 
SAM,  sterile alpha motif 

SDS,  sodium dodecyl sulfate 
T100,  Tb_MscL truncation mutant at position 100 

T119,  Tb_MscL truncation mutant at position 119 
TB,  terrific broth 
Tb_MscL,  Mycobacterium tuberculosis MscL 

Tb_MscL_GFP,  Tb_MscL fusion with green fluorescent protein 

Tm,  midpoint of thermal unfolding transition 



     xviii 

TM1,  First transmembrane helix in Tb_MscL 
TM2,  Second transmembrane helix in Tb_MscL 

TRP,  Transient receptor potential 
VR-OAC,  Osmotically activated channel related to the vanilloid receptor 

WT,  wild type 
 



Chapter 1:  Mechanosensitive Ion Channels  1 
 

 

 

 

 

 

 

 

Section I 

Chapter 1: 

 

Mechanosensitive Ion Channels 
 

Pavel Strop, Randal B. Bass, Douglas C. Rees 
 

 



Chapter 1:  Mechanosensitive Ion Channels  2 
 

 

Mechanosensation  

 “Imagine a bacterial cell being suddenly transported from the colon of an animal 

to a pool of water.  This situation rapidly becomes life threatening” (1).  Osmoregulation  

is essential in bacteria and higher organisms and is one of many important processes 

regulated by mechanosensitive ion channels.  Mechanosensitive ion channels are integral 

membrane proteins that not only regulate osmotic pressure, but are also involved in 

cellular processes such as touch, hearing, cardiovascular tone, detection of gravity, 

pressure sensation, tissue deformation, swelling, injury, and pain perception (2).  

Mechanosensitive channels have been discovered in all fundamental branches of the 

phylogenetic tree, Eubacteria, Eukarya, and Archaea (3).   

 

Eukaryotic mechanosensitive channels 

Although several classes of eukaryotic mechanosensitive channels have recently 

been identified, the characterization of these channels is just starting to emerge.  

Currently known eukaryotic channels that display mechanosensitivity can be divided into 

three main categories: sodium channels, calcium permeable channels, and potassium 

channels (4). 

Sodium channels:  The DEG/ENaC superfamily of sodium channels participates 

in diverse biological processes (5).  DEG/ENaC channels are made up of two membrane-

spanning helices, and several extracellular, cysteine-rich domains (CDRs) (Figure 1).  

DEG/ENaC channels have both the N- and C- termini on the cytoplasmic side, and most 

likely form tetramers (5-8).  Some members of the DEG/ENaC family (MEC-4, MEC-10, 

DEG-1, UNC-8, and UNC-105) were proposed to be mechanotransducing channels that 
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mediate touch in neurons and in C. elegans (4).  The mechanosensitive sodium ion 

channels are thought to be attached to the extracellular matrix by the MEC-5 and MEC-9 

proteins, and to the cytoplasmic microtubule network by the MEC-2 protein (5-8).  The 

DEG/ENaC sodium channel family also includes acid-sensing ion channels (ASIC 

family) that respond to low pH under chronic inflammatory conditions and tissue 

damage.  ASIC channels are thought to be important in pain perception.  Localized 

Figure 1.  Predicted topology for eukaryotic and bacterial mechanosensitive channels .  The TRPV 
channels contain several ankyrin domains at the N-terminus (A), and one pore forming loop (P).  K2P 
channels have two pore forming loops and a self interacting domain (SID) through which they form 
dimers.  DEG/ENaC sodium channels have a single pore forming loop and three cysteine rich domains 
(CRDs).  The MscL topology and the predicted topology for MscS are also shown for comparison.     
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expression of ASIC2 in mechanosensory terminals suggested a role of ASIC2 in touch 

(9).   

Calcium permeable channels:  The TRP (transient receptor potential) channels are 

nonselective cationic channels that allow calcium ions into the cell.  They are widely 

distributed in mammals, although, their exact functions are mostly unknown (10, 11).  

The TRPV (also known as OTRP) subclass of TRP channels contains two known 

mechanosensitive channels VR-OAC and OSM-9 (4, 11).  VR-OAC is an osmotically 

activated channel related to the vanilloid receptor, and is gated by exposure to 

hypotonicity.  VR-OAC current increases during cell swelling, and decreases during cell 

shrinkage  (12).  The OSM-9 channel functions in response to osmotic and nose-touch 

stimuli in C. elegans (13).  The TRPV family of channels has a similar topology as the 

Shaker-related voltage-gated K+ channels (14), with six transmembrane helices, a pore 

forming loop between the fifth and sixth transmembrane helices, and the N- and C-

termini at the cytoplasmic side of the membrane (Figure 1).  The TRPV channels contain 

several ankyrin domains at the N-terminus (10).  

Drosophila NOMPC channels have significant sequence similarity in the 

transmembrane region with the TRP channels, and contain 29 ankyrin repeats at the N-

terminus (15).  Loss-of-function mutants of NOMPC eliminate mechanoreceptor 

responses in Drosophila.  NOMPC was found to be selectively expressed in 

mechanosensory organs of Drosophila (4, 15). 

The calcium-permeable, stretch-activated nonselective cation channel Mid1 from 

yeast was shown to be sensitive to mechanical stress with approximately 30 pS 

conductance (2).  The Mid1 channel is activated in yeast during mating, when the cell 
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wall is undergoing remodeling, and possibly causes stretch in the membrane.  Mid1 has 

no overall sequence similarity to other known ion channels (2, 4).  

 Potassium channels:  The two-pore-domain potassium channel family (K2P) 

constitutes a relatively new family of outward rectifying K+ channels (14, 16).  Two of its 

members (TREK-1 and TRAAK) are highly flickering stretch activated K+ channels, with 

conductances of 100 pS and 45 pS, respectively (17, 18).   K2P channels contain four 

possible transmembrane helices, an extracellular self interacting domain, and two pore-

forming domains (Figure 1).  Both the N- and C- termini reside on the cytoplasmic side 

(4, 16).  The C-terminus of TREK-1 is thought to be necessary for mechanosensitivity 

(17, 19).  A charge cluster located at the C-terminus, similar to that of bacterial 

mechanosensitive channel of large conductance (MscL), appears important in 

mechanosensitivity of both TREK-1 and MscL (4, 19).  K2P channels associate through 

extracellular self interacting domains (SID) and form disulfide bridged homodimers (16).  

TREK-1 and TRAAK channels are activated by cell swelling, shearing, and suction.  

TREK-1, like ASIC2 sodium channel, is also opened by internal acidification (17, 18).    

 

Bacterial mechanosensitive channels 

Mechanosensitive channel are ubiquitous in bacteria and have been proposed to 

play an important role  in managing the transition from high to low osmotic environment.  

The response to osmotic stress is best characterized in Escherichia coli (20).  During 

downshock, when bacteria are shifted from a high osmolarity to a low osmolarity, water 

enters the cell and causes a large increase in turgor.  Bacteria utilize ion channels 

embedded in their plasma membranes, such as MscL, to respond to large changes in 
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osmolarity.  These channels open under the most stressful conditions and jettison water 

and solutes from the cytoplasm in an effort to prevent cell lysis during hypo-osmotic 

shock (21).  Small solutes such as monovalent ions and water, as well as large molecules 

like thioredoxin (12kD), can pass through these nonselective pores (22).  Based on their 

different conductances, three mechanosensitive channels have been identified in E. coli 

(3, 20, 23);  mechanosensitive channel of large conductance (MscL), small conductance 

(MscS), and mini conductance (MscM).  These channels are located in the inner 

membrane of bacteria (24, 25).  Mutants lacking both MscL and MscS are severely 

compromised during osmotic downshock (20).  Bacterial mechanosensitive channels 

might be the simplest mechanosensors, and can serve as good models for more 

complicated eukaryotic mechanosensitive channels (Figure 1).   

 

MscL 

By far the most extensively studied bacterial mechanosensitive channel is the 

mechanosensitive channel of large conductance.  Electrophysiological measurements 

suggest that a large pore, similar in size to that found on the extracellular face of the 

channel (30 Å), would be needed in order to account for the very large conductance (3.5 

nS) observed in the open state.  The structure of MscL from Mycobacterium tuberculosis 

(Tb_MscL) provided the first structural insight into mechanosensitive channels (26).  

Tb_MscL forms a homopentameric structure organized into two domains, the 

transmembrane domain and the cytoplasmic domain.  The transmembrane domain is 

made up of ten helices (two per subunit) connected by an extracellular loop, while the 

cytoplasmic domain consists of five helices that form a left-handed pentameric bundle.  
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The Tb_MscL monomer consists of 151 amino acids and can be further subdivided into 

five segments: N-terminus, the first transmembrane helix (TM1), an extracellular loop, 

the second transmembrane helix (TM2), and a cytoplasmic domain (Figure 2A).  Each of 

the segments is discussed in more detail below.  The pore is aligned along the fivefold 

symmetry axis and is formed by the first transmembrane helix (TM1) and an extracellular 

loop from each subunit.  The channel has overall dimensions of approximately 

85 x 50 x 50 Å and both the N- and C- termini reside on the cytoplasmic side of the 

membrane.  The residue numbering used here (Figure 3) is that of Tb_MscL, or 

Tb_MscL equivalent for experiments that were performed on MscL from E. coli 

(Eco_MscL).   

N-terminus: Despite the fact that the first ten residues are not ordered in the 

crystal structure, the high sequence conservation of the N-terminus together with 

mutagenesis studies suggests the importance of the N-terminus in channel gating.  

Deletion of the first two residues (∆1-2) or addition of residues at the N-terminus makes 

little difference in channel function, however, the deletion of the first nine residues (∆1-

9) is not tolerated (27, 28).  More recent N-terminus proteolysis experiments showed that 

limited N-terminal degradations result in functional channels with increased sensitivity to 

pressure (29).  Disulphide crosslinking studies have demonstrated that by crosslinking the 

N-terminus to the C-terminal end of the TM2 helix (residues 1 and 91), the channel rarely 

reaches the fully closed state, and flickers mostly between open state and an 

intermediately open substate (30).  Based on these results, an open state model of MscL 

was generated, where the disordered N-terminus is proposed to form an additional helix 

bundle that forms a secondary channel gate (30, 31).   



Chapter 1:  Mechanosensitive Ion Channels  8 
 

 

TM1 Helix:  The first transmembrane helix (residues 15-43) crosses the 

membrane from the cytoplasm to the periplasm, and together with the other four TM1 

helices forms the inside of the pore.  The interior of the channel on the periplasmic side is 

mostly hydrophilic and is formed by the residues Thr25, Thr28, Thr32, Thr35, Lys33 and 

Asp36 (Figure 2C).  The TM1 helix packs against the adjacent TM helix with right- 

Figure 2.  A) Structure of the mechanosensitive channel of large conductance.  B)  The extracellular 
loops are highly flexible and contain many glycine residues shown as ball-and-sticks.  C)  The 
periplasmic side of the channel is lined with hydrophilic mostly threonine residues.  D)  The crystal 
structure of MscL is believed to be in the closed state.  The constriction of the channel is made up of 
residues Ile 14 and Val 21, shown in CPK representation.  E)  Structure of the cytoplasmic helix.  The 
view was rotated 90° towards the reader.  The cytoplasmic helix contains a cluster of charged residues 
which at physiological pH would be expected to repel each other when brought together in the 
pentameric bundle.         
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handed crossing angles of -43°, and makes little contact with the lipid bilayer.  The TM1 

helix is tilted approximately 35° with respect to the membrane normal (32), with the 

channel constriction occurring near the cytoplasmic side of the membrane.  The structure 

of Tb_MscL is believed to be in the closed or nearly closed state, since the channel 

constriction formed by hydrophobic residues I14 and V21 is about 2 Å in diameter 

(Figure 2D).  The equivalent residues of the Eco_MscL also form the constriction site 

based on numerous mutagenesis studies (33-36).  Substitution of all hydrophobic residues 

at position 20 resulted in fully functional channels (33), however, substitution of polar 

residues resulted in spontaneous gating, even with no tension applied.  In experiments 

where cysteine residues were substituted for channel constricting residues, reversible 

modification of hydrophilicity was possible under patch clamp (34).  Chemical 

modifications were consistent with mutagenesis studies, resulting in functional channels 

when hydrophobic modifying agents were used, and resulting in spontaneous gating 

when hydrophilic modifying agents were used.   

 Recently, Perozo et al. (37) performed site-directed spin labeling analysis of 

Eco_MscL by EPR spectroscopy under physiological conditions.  In these experiments, 

cysteine mutants were generated for residues in transmembrane helices TM1 and TM2 

and modified with methanethiosulfonate spin label.  High accessibility of the spin label to 

molecular oxygen is indicative of membrane exposure, exposure of the spin label to 

NiEdda is indicative of exposure to aqueous environment, and spectral line shape gives 

information about spin mobility.  The results of this study correlate well with the 

Tb_MscL structure.  Severely restricted accessibility to NiEdda is observed for residues 

19-26, which in the crystal structure form the channel constriction, while strong 
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periodicity in label mobility is seen for residues 19-38 which indicates a helical structure.  

The periodicity of NiEdda and O2 accessibilities are 180° out of phase, suggesting that 

one face of the helix is water accessible, while the opposite face of the helix is in a 

hydrophobic environment.  This is in good agreement with the crystal structure, where 

one face of the TM1 helix forms the water accessible pore and the opposite face is packed 

against TM2 helix and resides in a hydrophobic environment.   

Extracellular loop:  The connection between the TM1 helix and the TM2 helix is 

mediated by the extracellular loop formed by residues 44-68.  The extracellular loop dips 

into the channel and lines the extracellular part of the pore.  The diameter of the pore is 

about 20 Å at the extracellular side and narrows down to about 2 Å at the constriction site 

near the cytoplasmic side of the membrane.  The high glycine content of the extracellular 

loop (Gly47, Gly55, Gly60, Gly62, Gly63, and Gly64) is likely to contribute to the 

Figure 3. ClustalX sequence alignment of MscL sequences from Mycobacterium tuberculosis, 
Escherichia coli, Bacillus subtilis, Haemophilus influenzae, and Erwinia carotovora.   Charge cluster 
region located at the C-terminus of MscL, important in mechanosensitivity of both MscL and TREK -1 
channels, is shown in yellow.  Pore constriction is shown in red.  Locations of transmembrane helices, 
and the cytoplasmic helix are  shown a the top of the sequence alignment.  
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flexibility in this region seen in the crystal structure (Figure 2B).  Mutagenesis studies 

have shown that mutations in the extracellular loop lead to a gain of function phenotype 

(38), and proteolytic cleavage experiments have demonstrated that proteolysis of the 

extracellular loops results in easier opening of the channel (29).  The low sequence 

conservation of the extracellular loop region would appear, however, to be somewhat in 

disagreement with the functional importance implied by mutagenesis studies.   

TM2 Helix:   The second transmembrane helix (residues 69-89) traverses the lipid 

bilayer back to the cytoplasmic side on the outside of the TM1 helix bundle, and is 

responsible for most of the contact with the lipid bilayer.  The lipid exposed surface of 

MscL is composed of approximately 35% TM1 and 65% TM2.  The face of TM2 that 

comes in contact with the lipid bilayer is lined with many hydrophobic residues (Leu69, 

Leu72, Leu73, Ile77, Phe79, Phe80, Leu81, Phe84, and Phe88) and is more hydrophobic 

than an average  protein core (32, 39, 40).  The TM2 helix, like the TM1 helix, is tilted 

about 35° with respect to the membrane normal; however, unlike the TM1 helices, the 

TM2 helices from different subunits are separated by ~20 Å and do not make contact 

with each other. 

 Site directed spin labeling studies of the TM2 helix (37) revealed that it is slightly 

less motiona lly restricted relative to TM1 helix.  This is to be expected since TM2 is 

exposed to the fluid lipid bilayer.  As in the TM1 helix, periodicity of oxygen 

accessibility is in agreement with the crystal structure, where one side of the TM2 faces 

the lipid bilayer.  NiEdda accessibility decreases as the TM2 helix enters the membrane, 

and sharply increases at residue 100 where it presumably exits the membrane.  The spin 

labeling data deviates from the crystal structure at the C-terminus of the TM2 helix where 
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the local environment derived from EPR studies does not match the environment derived 

from the crystal structure.  These differences can either be explained by the presence of 

partially ordered electron density near the C-terminus of the TM2 helix (corresponding to 

ordered detergent molecules or part of the disordered polypeptide chain), by structural 

differences between E. coli and M. tuberculosis homologs, or by differences arising from 

the use of bilayers and detergent to solubilize Eco_MscL and Tb_MscL, respectively.   

Spin labeling studies of the open state channel will provide important structural 

information on the environment of the TM1 and the TM2 helices in the open state. 

Cytoplasmic domain:  After the TM2 helix crosses back to the cytoplasm, a 

second loop connects the TM2 helix to the cytoplasmic helix.  Cytoplasmic helices from 

all five subunits (residues 102-115) associate together to form a left-handed helix bundle.  

Mutagenesis and proteolysis data have shown that the C-terminus can be removed up to 

residue 104 without any change in gating properties of MscL (22, 27, 28).  A cluster of 

charged residues (R98, K99, K100, E102, and E104) is present in the loop connecting 

TM2 to the cytoplasmic helix (Figure 2E and 3) and has been shown to be important for 

channel gating (4, 19, 23, 41).  The overall negative charge of the C-terminal domain, and 

the relatively low pH (3.7) used for crystal growth have lead to the hypothesis that the 

cytoplasmic helix bundle is not present at physiological pH; however, there is no 

experimental evidence for the dissociation of the helix bundle at high pH.  The rest of the 

C-terminus (residues 116-151) does not show any ordered structure in the crystals and 

correspond to the least conserved region of the protein.   
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MscS 

Channel discovery 

  Both the MscL and MscS channels were functionally identified in 1987, but it 

was not until 1999 that the yggB gene was associated with MscS activity in membrane 

patches of E. coli (20, 42).  As shown by a series of yggB knockout strains of E. coli, the 

yggB gene was required for MscS channel activity.  While deletion of either the mscL or 

yggB gene appeared to be without a phenotype, mutants lacking both genes become 

hypersensitive to osmotic downshock.  This finding suggested that each of the channels is 

able to compensate for the other in responding to osmotic stress.  KefA, a protein found 

by homology to contain a MscS domain, also displays MscS-like activity, but was found 

to be dispensable.  Deletion of the kefA gene in concert with either the mscS gene, or the 

mscL gene was not found to have any phenotype.  Although it appears that kefA is not 

required in response to hypo-osmotic shock, it contains a domain highly homologous to 

yggB and does encode a channel of similar conductance to MscS (~1.0 nS).  

E. coli MscS was extensively analyzed by electrophysiological techniques (41).  

The channel was shown to have a conductance of approximately 1 nS, roughly one third 

that of MscL (3.5 nS).  The pressure threshold for opening the channel is approximately 

60% that of MscL.  MscL was found to open in the same patch as MscS at a negative 

pressure of around 100-200 mmHg for giant spheroplasts or 50-100 mmHg for 

proteoliposomes.  Based on the observed conductance, a pore diameter of approximately 

18 Å is estimated for the open state of MscS. 

Unlike the MscL channel, MscS exhibits a voltage-dependent gating.  Upon 

reaching its pressure threshold, there is an e- fold increase in open probability per 15 mV 
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of membrane depolarization (positive voltage) (42).  At moderate voltages (±20 mV), 

MscS has slow kinetics, dwelling in an open or closed state for up to seconds (41).  MscS 

is mostly nonselective with a slight anion selectivity (relative permeability of Cl- / K+=3 

(43)).   

 

Sequence of MscS 

 Once the yggB gene of E. coli was identified as encoding the MscS channel, it 

was possible to search for homologs in other organisms.  MscS genes were found to be 

larger than those found for MscL.  While homologs of MscL range from around 130 to 

150 amino acids, MscS homologs are typically twice that size (E. coli 286aa, B. subtilis 

371aa, C. tep 302aa, M. jannaschii, P. furiosus 256aa (Figure 4). 

MscS is expected to be a homomultimer, although, the exact oligomeric state of 

MscS remains unknown.  An experiment by Sukharev et al. (44) suggested that the 

functional MscS channel is considerably larger than the pentameric MscL channel.  By 

separating E. coli MscS and MscL channels on a size exclusion column and subsequently 

analyzing the resulting fractions by patch clamp, they were able to show that MscS and 

MscL activity can be separated.  MscS eluted from the column first, indicating that the 

functional channel is larger than MscL.  Based on the size exclusion chromatography, 

fully assembled MscS channel was estimated to have a molecular weight of 200-400 kDa 

(44).  The analogous estimate of the mass of functional MscL protein was 70 kDa, which 

was later confirmed to be the molecular weight of the pentamer (75 kDa).  
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Hydropathy plots of E. coli MscS indicate that the N-terminal half of the protein 

is highly hydrophobic.  Transmembrane helix predictions programs, such as TMHMM, 

(45-47) and DAS (48), predict either three or four transmembrane helices (the same 

programs correctly predicted two transmembrane helices for the M. tuberculosis MscL).  

Thus, E. coli MscS likely contains three or four transmembrane helices at the N-terminus 

(Figure 4), followed by a large (160 amino acids) soluble domain.  Predictions for the 

larger MscS proteins from B. subtilis and M. jannaschii suggest two extra transmembrane 

helices in addition to the helices predicted for E. coli MscS.     

 

 

 

Figure 4. ClustalX sequence alignment of MscS sequences from Escherichia coli, Salmonella 
typhimurium, Edwardsiella ictaluri, Pyroccocus furiosus, Pseudomonas pseudomallei, 
Methanococcus jannaschii, and Bacillus subtilis.  Location of putative transmembrane helices 
predicted by DAS and TMHMM is shown a the top of the sequence alignment.     
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Archaeal MscS-like proteins   

 Once the mscL gene was positively identified, it was possible to search the 

genomic databases and find homologous channels in a wide array of prokaryotes.  Using 

a similar search criteria as for mscL gene, far more homologs  of MscS were identified.  

These results suggest that MscS may be more widely distributed in prokaryotes than 

MscL.  Unlike MscL, MscS homologs appear to be prevalent in Archaea as well as the 

lower eukaryote S. pombe.  Recently Kloda et al. (49, 50) have identified and 

characterized two archaeal mechanosensitive channels that appear to be similar to 

bacterial MscS and MscL.  Using the first transmembrane helix of MscL, they identified 

a homologous channel in the archaea Methanococcus jannaschii, termed MscMJ.  Using 

this channel as a search criterion, they found a second mechanosensitive channel 

MscMJLR.  Although the original search was performed using TM1 of MscL, both 

channels are homologous to MscS.  MscMJ was found to have a conductance of 

approximately 0.3 nS, and was activated over a negative pressure range of 25-80 mmHg.   

In contrast, MscMJLR was found to have a much larger conductance of 2.0 nS, more 

similar to MscL, but opened at a much lower and narrower negative pressure range of 

around 25 mmHg.  This indicates that MscMJ and MscMJLR are not strict homologs of 

MscL and MscS, but instead exhibit mixed channel characteristics.    

 

MscM 

A third mechanosensitive channel of mini conductance (MscM) was functionally 

identified in E. coli, although the encoding gene has not been reported yet.  This channel 

has a conductance less than half that of MscS (0.1-0.4 nS).  The channel exhibits slow 
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opening/closing kinetics relative to those of MscS, and much slower than MscL (51).  

Relative to MscL and MscS, MscM has pronounced cation selectivity. 
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Introduction 

Structural characterization of membrane proteins has been extremely slow when 

compared to their water-soluble counterparts.  The total number of “high-resolution” 

membrane protein structures in Protein Data Bank (PDB) is around 50, while the total 

number of water-soluble protein structures is near 10,000 (2, 3).  Membrane proteins are 

predicted to compose almost ~30% of the total number of proteins in the human genome, 

which is higher than the 0.5% seen in PDB (4).  Low expression, poor stability in the 

absence of lipid bilayer, the presence of detergents, and difficulty in forming well-

ordered crystals are some of the problems that account for the slow progress (5-7).  

Respiratory membrane proteins and ß-barrel outer membrane proteins compose a large 

portion of the solved membrane proteins to date.  Structural characterization of 

respiratory membrane proteins has been more successful due to their high natural 

abundance and presence of cofactors which assist in characterization and phasing.  In the 

case of the mechanosensitive channel of large conductance from Mycobacterium 

tuberculosis (Tb_MscL), approximately 24,000 crystallization conditions were screened 

before crystals diffracting to sufficient resolution were obtained (8). 

Structural principles of membrane proteins and water-soluble proteins are 

surprisingly similar given the different environments they reside in.  Except for the main 

difference in surface residue polarity (7, 9), structural differences between membrane 

proteins and water-soluble proteins include differences in preferred helix-helix 

interactions and helix-helix packing (10-14).  Constrictions imposed by the lipid bilayer 

and the requirement to span the membrane might be responsible for the increased number 

of parallel helix orientations in membrane proteins (15).  Helix-helix arrangements with a 
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nearly parallel helix axes are more favored in membrane proteins, contributing to higher 

helix packing density (10, 14).  Interhelical packing in membrane proteins is higher than 

in soluble proteins and might compensate for the lack of hydrophobic effect driving force 

in helix-helix association (1, 10, 11, 14, 16).  Tighter packing in membrane proteins is 

due to the smaller side chains present at the helix interfaces relative to side chains found 

at helix interfaces of water-soluble proteins (10, 11, 14). 

Left-handed packing arrangements and anti-parallel helix arrangements are more 

abundant in membrane proteins then expected from random distribution (1).  The 

distribution of helix packing angles in membrane proteins is different than for soluble 

proteins (on average +20º for membrane proteins and  -35º for soluble proteins) (12).  

The geometry of side chain packing is, however, similar for left-handed helix-helix pairs 

embedded in membranes and coiled-coils of soluble proteins (16-18).  Transmembrane 

helices were observed to pack against neighbors in the sequence more often than seen in 

soluble proteins  (12).  Insertion of a helical membrane protein into the lipid bilayer has 

been reported to proceed in pairs of helices (hairpins), which may be responsible for the 

observed increase in packing against a neighbor in the sequence.       

The hydrophobic effect in the membrane spanning region contributes to the 

formation of secondary structure, but unlike water-soluble proteins, this is not the driving 

force for the assembly of tertiary and quaternary structure (16, 19).  The assembly of 

transmembrane helices is believed to be driven by van der Waals packing interactions 

and by interhelical polar interactions (16, 20).  In soluble proteins, polar interactions in 

the core can help folding specificity (21).  In membrane proteins, polar interactions can 

play important roles in helix association; however, due to the hydrophobic environment 
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of the lipid bilayer and the differences in folding mechanisms of membrane proteins, 

polar interactions between transmembrane helices can also cause nonspecific interactions 

and misfolding (20).  Unsatisfied interactions of polar side chains in the membrane have 

unfavorable interactions with lipid bilayer and can increase the probability of formation 

of unintended hydrogen bonds and helix-helix interactions (20).     

 The average hydrophobicity of the interior residues in integral membrane proteins 

is lower then the average hydrophobicity of the exterior residues; however, the average 

hydrophobicity of interior residues in membrane proteins and soluble proteins is the same  

(7, 22).  In contrast to the “inside-out” hypothesis (23), which suggests that membrane 

proteins contain polar cores and hydrophobic surfaces, the hydrophobicity of the protein 

cores in membrane proteins is the same as in water-soluble proteins (7, 22).  The 

accessible surface area and volume of buried residues in the reaction center is similar to 

those of water-soluble proteins of the same size (7, 9).  Protein surfaces are similar to 

their native environments, polar for water-soluble proteins and hydrophobic for 

membrane proteins (22).   

 If the same structural principles apply to both soluble and membrane proteins, it 

might be possible to convert a membrane protein into a water-soluble protein by 

changing hydrophobic surface residues that interact with the lipid bilayer to hydrophilic 

residues seen on surfaces of water-soluble proteins.  To date, no integral membrane 

protein has been successfully converted to a water-soluble form.  Some progress was 

made with phospholamban (24, 25), where a soluble form of the proper oligomeric state 

was obtained. Phospholamban, however, is a pore-forming transmembrane peptide, and 
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the water-soluble form was a molten globule.  Efforts in converting bacteriorhodopsin 

have also been unsuccessful (25).   

The limited number of known membrane protein folds might be one reason why 

solubilization of membrane proteins has been a difficult task to achieve.  β-barrel folds 

are not suitable for surface redesign because to change the lipid exposed surface, nearly 

every other residue would need to be mutated, and so the chance of recovering the native-

like fold must be very low.  On the other hand, many β-barrel outer membrane proteins 

have been successfully refolded, and it has been postulated that the β-barrel might fold in 

the periplasm just before insertion to the outer membrane (26-28).  Unlike β-barrel folds, 

fewer residues usually participate in the formation of the lipid interface in α-helical 

membrane proteins.  The total number of residues that would need to be altered for α-

helical membrane protein, such as bacteriorhodopsin is, however, still relatively large.  

One possible solution to this problem is to choose a symmetrical molecule such as MscL 

(homopentamer) (8) or KcsA (K+ channel from Streptomyces lividans which forms a 

homotetramer) (29).  Due to the rotational symmetry of these molecules, relatively few 

residues have to be changed per monomer.  For example, in the case of MscL, the second 

transmembrane helix accounts for 65% of the total lipid exposed surface.  Changing ten 

residues per monomer (fifty residues in the entire MscL channel) could be enough to 

approach the hydrophobicity of a water-soluble protein.  These properties make MscL 

one of the simplest model systems with known crystal structure.  The disadvantage of 

choosing multimeric protein is that many subunits have to come together during folding.  
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Conversion of a membrane protein to a water-soluble protein by redesigning only 

the surface residues would demonstrate that membrane proteins differ from soluble 

proteins only by the presence of hydrophobic residues on the surface to interact with the 

hydrophobic lipid bilayer.  A water-soluble version of the MscL would also be useful in 

overcoming problems associated with structural and thermodynamic analysis of 

membrane proteins and could conceivably yield a higher-resolution MscL structure, a 

structure in the open state, or a structure in complex with channel blockers.      

Higher-resolution structure of Tb_MscL:  Crystal contacts are generally mediated 

through the interactions of hydrophilic residues.  Since the membrane spanning domains 

are highly hydrophobic, crystal contacts are mostly limited to water-soluble regions.  In 

the case of KcsA (29) and MscL (8) channels, the hydrophilic surfaces are very small 

relative to the membrane spanning regions, which results in limited crystal packing.  

Membrane proteins have detergent present in the crystals, and together with high solvent 

content, can limit the diffraction resolution (Figure 1A).  An increased fraction of 

hydrophilic surface available for crystal packing has been achieved by co-crystallization 

of cytochrome-c oxidase and KcsA with antibodies (30-32).  In the case of the KcsA 

crystal structure, Fab fragments form all of the crystal contacts (Figure 1B) and the 

resolution increased from 3.2 Å to 2.0 Å (29, 32).  Obtaining specific antibodies that 

form a well-ordered crystal lattice is unfortunately time consuming and still remains a 

great challenge, especially for membrane proteins.  A water-soluble variant is expected to 

crystallize more readily than native MscL, and might diffract to higher-resolution.   

Open state of MscL:  MscL functions in response to osmotic stress by changing 

between closed and open states, thus acting as a safety valve.  Time-resolved patch clamp 
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recordings from Eco_MscL have provided evidence that in the opening process, MscL 

passes through several intermediate substates before reaching the fully open state (33, 

34).  Proposed models of the open channel are shown in Figure 2 (35, 36).  The crystal 

structure of MscL (8) is believed to be in the closed or nearly closed sate, since the 

channel constriction is only about 2 Å wide.  Determination of the open state structure 

together with the known structure in the closed state would provide an insight into the 

motions involved in the opening of the channel, channel gating, mechanism of tension 

sensing as well as how membranes exert force on proteins.  Efforts are in progress to 

determine the structure of the open state of MscL.  Disulphide scanning experiments (R. 

B. Bass, personal communication) suggest that it might be possible to covalently trap 

MscL channel in the open state.  Recently, disulphide crosslinking experiments have 

yielded a channel that rarely reaches the fully closed state and that exists mostly between 

fully open and an intermediate states (35, 36).   

Figure 1.  A)  Packing diagram of Tb_MscL channels in the crystal.  The crystal contacts are 
mediated only by the water exposed regions of the protein and by Na3Au(S2O3)2, which is shown as 
yellow spheres.  Adapted from Chang et al. Science (1998), 282, 2220-2226.  B)  Crystal packing 
arrangement in the crystals of KcsA with monoclonal antibody.  All of the crystal contacts are 
mediated by the antibody, resulting in better packing and higher-resolution diffraction.  Figure 1B 
was adapted from Zhou et al. Nature (2001), 414, 43-48.   
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Charged residue substitutions at the channel constriction site (residues 14 and 21) 

were also found to cause opening of the channe l as studied by patch clamp (37-40).  

Expression of constitutively open channels is difficult, since the open form of MscL 

would produce large holes in the lipid bilayer.  Large quantities of open MscL necessary 

for crystallization experiments would not be tolerated.  If a water-soluble form of MscL 

could be engineered, it would be expressed in the cytoplasm of the host organism, and  

would eliminate the problem of creating large pores in cell membranes which are likely 

toxic to the host. 

MscL complexed with channel blockers:  No structure of a channel complexed 

with a channel blocker has been reported to date, mainly due to the difficulty in obtaining 

Figure 2.  Ribbon diagrams of model of Tb_MscL in the closed, two intermediate, and an open state 
conformation.  Both side view and top view are shown.  The channel opening is believed to go through 
several substates before reaching the fully open state.  Adapted from Sukharev et al.  Biophysical J. 
(2001), 81, 917-936.   
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high resolution crystals of membrane channels.  Routine crystallizations yielding well 

diffracting crystals make structures of inhibitor complexes more plausible.  With water-

soluble form of MscL, structures of MscL with various channel blocking reagents can 

potentially be explored.   

 

In previous unsuccessful attempts to convert a membrane protein to a soluble 

form, both the position and the identity of altered residues were chosen either by eye, or 

by “homology” modeling a similar three-dimensional structure of a water-soluble  protein 

(24, 25, 41).  It might be necessary to approach this difficult problem more rigorously.  

Here we report three possible strategies for solubilization of membrane proteins (Figure 

3):   (i)  Change of the membrane protein surface from mostly hydrophobic to more 

hydrophilic.  This approach assumes that the folding pathway of the designed proteins 

will be similar to that of soluble proteins.  We have tried computational protein design 

and random mutagenesis to determine the positions and identities of residues that require 

replacement (Figure 3A and 3B).  (ii)  Attachment of a large soluble protein to either the 

N- or C- terminus of the insoluble membrane protein.  Proteins such as the maltose 

binding protein (MBP) can be used for the solubilization and increased expression of 

proteins (Figure 3C).  (iii)  Chemical modification of  introduced cysteine residues.  To 

circumvent the fundamentally different driving forces for folding of soluble proteins and 

membrane proteins, MscL with cysteine residues introduced on the surface was expressed 

and solubilized in detergent as wild type MscL protein.  The chemically reactive groups 

were then modified to yield a hydrophilic surface without the need for folding or 

refolding (Figure 3D).  The three approaches have different strengths and weaknesses, 

and are discussed below.   



Chapter 2:  Conversion of MscL to a Water-soluble Form  29 
 

 

Protein design 

Protein design algorithms have recently become successful in predicting 

sequences that fold into a given structure with similar or increased stability when 

compared to wild type structures (42-47).  The same approach that has been used in 

designing surfaces of water-soluble proteins might be used to rationally redesign the 

Figure 3.  Approaches to creating a water-soluble form of MscL channel.  A)  Native MscL resides in 
the lipid bilayer.  B)  Hydrophobic surface side chains are replaced with more hydrophilic side chains, 
resulting in a surface that is similar to that of water-soluble proteins.  The position and identity of the 
mutations were selected by a computational algorithm.  C)  Attachment of large soluble proteins, such 
as maltose binding protein (MBP), might solubilize the fusion protein.  A model of  MBP_MscL is 
shown in ribbon representation.  In reality, the five MBP proteins do not associate, and MBP is fused at 
the N-terminus of MscL.  The relative sizes of five MBPs and MscL are correct.  D)  Cysteine residues 
are introduced at the surface of MscL.  The surface of MscL is chemically modified with polyethylene 
glycol at the introduced cysteines.  Modifications at only one monomer are shown for clarity.     
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membrane exposed surface of MscL (with parameters used for water-soluble proteins), 

thus converting a membrane protein to a water-soluble protein.  A non-computational 

approach has yielded partially soluble bacteriorhodopsin; however, a complete 

solubilization of an integral membrane protein has not yet been achieved (41).  

Computational techniques have the advantage of being able to explore very large 

sequence space, which is experimentally intractable.  Disadvantages of this approach 

include the prerequisite of having a known structure of good quality, and a sensitive 

potential function that distinguishes between good and bad sequences.   

 

Cysteine modification 

Chemical modification of cysteine residues has been used in protein biochemistry 

for many different purposes, such as probe attachments, solubilization of keratins, 

cysteine quantification, phasing in crystallography, and even reversible opening of the 

MscL channel (37, 48-51).  Replacement of highly hydrophobic residues of MscL that 

face the lipid bilayer with cysteines and their subsequent modification with hydrophilic 

groups should yield less hydrophobic protein surface.  Cysteine scanning experiments on 

MscL (R. B. Bass, personal communication) have provided evidence that cysteine 

substitutions are tolerated at most positions in the sequence without reducing the 

expression levels.  Both the computational design and random mutagenesis methods 

require folding and oligomerization in the cytoplasm in the absence of the lipid bilayer.  

The main advantage of the cysteine modification approach is that the starting point for 

chemical modification is a well- folded pentameric protein.  MscL with introduced 

cysteine residues, like the native MscL protein, is expressed and inserted into the 
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membrane where it forms pentamers, and can be extracted in this native state into 

detergent.  After chemical modification, the detergent can be removed, yielding water-

soluble folded protein.  One potential disadvantage of this technique is the possibility of 

unspecific crosslinking between the engineered cysteines.  Obtaining monodisperse 

material, such as required for crystallizations, also limits all cysteine residues to the same 

modifying groups, however, many different modifying agents (iodoacetamide, iodoacetic 

acid, bromosuccinic acid) are available and can be tried in parallel.   

 

Random mutagenesis   

High throughput screening (HTS) of combinatorial libraries has become an 

important tool in chemistry and biology in the last decade.  Phage display, chemical 

libraries, and DNA libraries are being used to find targets of desired properties.  Drug 

discovery, study of protein-protein interactions, protein-DNA interactions, and directed 

evolution are some of the main areas where combinatorial libraries are being used.  HTS 

has two basic prerequisites: large libraries of compounds, proteins, or DNA sequences 

have to be created which generally contain mostly inactive molecules, but with a few that 

might have the desired activity.  Large libraries have to be screened for desired activity 

using an appropriate screening assay that is developed to identify positive hits.   

Directed random mutagenesis of MscL at selected positions in the second 

transmembrane helix, together with a screening assay designed to select water-soluble  

variants could yield the desired water-soluble MscL protein.  Since there is no known 

functional assay for a soluble form of MscL,  we have decided to use solubility assays, 

based on the fluorescence of green fluorescence protein (GFP) developed by Waldo et al 
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(52).   In this assay, DNA containing the randomized protein of interest is fused to the 

DNA coding for GFP.  The intensity of the GFP fusion protein fluorescence signal is 

correlated with the amount of soluble fusion protein (Figure 4).  A library of clones is 

transformed into bacterial host, plated, and protein expression is induced.  The 

fluorescence of individual bacterial colonies is then measured.  High fluorescence clones, 

coding for soluble GFP fusion proteins, can be then selected. 

 

The three methods used for solubilization of MscL (protein design, random 

mutagenesis, and cysteine modification) tackle the problem by very different methods 

and help to maximize the possibility of success in obtaining a water-soluble form of 

MscL.  Obtaining the structures of MscL in the open state, and in complex with channel 

blocking reagents, is difficult due to the toxicity of the open state to the host organism as 

well as to the difficulty of obtaining well-diffracting crystals.  A water-soluble form of 

MscL would have many interesting applications including the structure of MscL at 

higher-resolution, structure of MscL in the open state, structure of MscL in complex with 

Figure 4.  Solubility of proteins 
expressed in E. coli is correlated 
with fluorescence of the GFP 
fusion protein.  Twenty expressed 
proteins with different solubilities 
and fluorescence are shown. Wild 
type GFP fluorescence is also 
shown for comparison.  Adapted 
from Waldo et al. Nature Biotech. 
(1999), 691-695.      
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channel blockers, and would serve as a good model system in studying the 

thermodynamic differences between membrane proteins and water-soluble proteins. 

 

Results 

Survey of soluble proteins  

In order to design a water-soluble form of a membrane protein, it is necessary to 

estimate how much the surface of a membrane protein must be changed to become water-

soluble.  Molecular surfaces for a set of 30 single-domain water-soluble proteins were 

calculated with ORBIT (pdb codes 154l, 1a3d, 1a45, 1ab1, 1adl, 1af7, 1agi, 1agy, 1ah4, 

1aii, 1ajz, 1aky, 1bhp, 1bzm, 1enh, 1fel, 1iuz, 1jlm, 1mai, 1mzm, 1omd, 1rcy, 1rec, 1uke, 

1who, 1wod, 2chf, 2hcs, 2phy, and 3cbp).  The ratio of hydrophobic to hydrophilic 

surface was analyzed with program EANAL on per atom basis, for the water-soluble set.  

Hydrophobicity of the surface was also calculated for thirteen membrane proteins (1) in 

the 30 Å thick transmembrane region (pdb codes 1aij, 2prc, 1msl, 1bl8, 1brx, 1occ, 1bgy, 

1fum, 1kzu, 1el2, 1f88, 1eul, and 1fx8).  The results are shown in Figure 5.  On average, 

the surface of water-soluble protein is 50% hydrophobic, while the transmembrane 

surfaces were found to be 86% hydrophobic.  In this subset of soluble proteins, values as 

high as 60% were observed for rusticyanin and cutinase demonstrating that proteins with 

surface hydrophobicity as high as 60% can be water-soluble and do not require detergents 

for solubilization.  The surface of crambin is 68% hydrophobic and requires polar organic 

solvent, such as ethanol, for solubility in water (53).  The membrane spanning region of 

Tb_MscL is nearly 85% hydrophobic and 15 % hydrophilic.  The three calculated designs 

(D1, D2, and D3) are 64%, 60%, and 58% hydrophobic respectively, in the membrane-
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spanning region and 60%, 63% and 60% hydrophobic respectively when the entire 

surface is used.   

 

Computational design 

Design:  Details of the computational design are described in the Materials and 

Methods section.  The selected residues for design are shown in Figure 6, and the 

resulting sequences are shown in Table 1.  

Expression and Fractionation:  The expression of designed proteins was tested by 

western blots using an anti-His tag antibody.  Designs D1 and D3 showed poor 

expression levels at 37 °C, however, reasonable expression was observed in Terrific 

Broth media (54) with an 8 hour induction at room temperature.  Design D2 did not show 

any expression under the tested conditions.   

In an effort to obtain higher expression and better refolding yields, truncated 

Figure 5.  Histogram of protein 
surface hydrophobicity calculated for 
soluble proteins (red) and membrane 
proteins (blue).  Wild type Tb_MscL 
is shown in orange, while the three 
designs are shown in green.  The 
membrane protein hydrophobicity 
was calculated in a 30 Å thick 
transmembrane slab (1).  The average 
surface for soluble proteins is 50% 
hydrophobic, and in membrane 
proteins is 88% hydrophobic.  The 
redesigned proteins have 58%, 60%, 
and 64% hydrophobic surfaces , 
respectively, which is within the 
range observed for water-soluble  
proteins.  The outlier for water-
soluble proteins (68% hydrophobic 
surface) is crambin.  Crambin requires 
addition of  ethanol for solubilization.   
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versions of the designs were also expressed, in addition to the three designs.  The 

truncations were chosen based on limited proteolysis of wild type Tb_MscL with trypsin 

and chymotrypsin (X. Ambroggio, personal communication).  Two truncations at 

positions 100 and 119 were incorporated into the three designs and expressed.  These 

truncations correspond to a transmembrane fragment truncated before the cytoplasmic 

helix (residue 100) and after the cytoplasmic helix (residue 119).  The truncation at 

position 119 generally expressed better than the full- length designs, except for D2_T119 

where still no expression was observed.  Truncation at position 100 did not significantly 

alter expression levels.  None of the expressed designed proteins were found in the 

soluble fraction after fractionation by ultracentrifugation.  All expressed proteins were 

mostly expressed as inclusion bodies; however, a small fraction of the designed proteins 

was also found in the membrane.  The experimental screening procedure for designed 

proteins is shown in Figure 7.   

Figure 6.  Ribbons diagram of the transmembrane region of MscL, with residues chosen for design.  
The residues were chosen by a combination of visual identification and the program RESCLASS.  
Residues above and below the region of interest are omitted for clarity.  A)  Side view of MscL with 
residues shown only on monomer A.  B)  Top view of MscL with selected residues from all five 
monomers shown in ball-and-stick representation.   
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Refolding:  Due to the lack of a functional assay for soluble mechanosensitive 

channel, refolding conditions were screened by circular dichroism (Figure 8A).  In the 

refolding experiments, ionic strength (0-1M NaCl), pH (4-9), denaturant (Urea/GdmCl) 

and type of dilution (fast/slow) were systematically varied.  Designs D2, D2_T100, and 

D2_T119 did not express and thus refolding could not be attempted.  Designs D1 and D3, 

as well as the D1 and D3 termination mutants (D1_T100, D1_T119, D3_T100, and 

D3_T119), all precipitated upon refolding into a low pH buffer (pH 4-6).  Refolding of 

designs D1 and D3 showed no visible aggregation above pH 6.0 independent of salt 

concentrations, and displayed a significant increase in helical content in their circular 

dichroism spectra.  A circular dichroism wavelength scan of wild type Tb_MscL in 

0.05% DDM is shown in Figure 8A.  Minima at 208 nm and 222 nm (typical for helical 

proteins) are roughly of the same magnitude in wild type Tb_MscL.  Wavelength scans 

for ten different refolding conditions of D1 are shown in Figure 8B.  The protein 

concentration was the same in all of the samples.  The wavelength scans show an increase 

in helicity at pH 8.0 or above, although, the ratio of the 208 and 222 minima is different 

than the one observed for wild type Tb_MscL.  Based on the circular dichroism spectra, 

 34  38  69  72  73  77  80  81  84  87  88  91  94 
 
WT PHE ILE LEU LEU LEU ILE PHE LEU PHE TYR PHE VAL TYR 
 
D1 GLU LYS GLN ARG GLU GLU LYS GLN LYS GLU LYS LYS ARG 
D2         GLN     ARG GLU ASN     LYS GLU LYS LYS     
D3 GLN GLN GLN ASN GLU GLU ASN GLN LYS GLU SER ARG ASN 
 
Table 1.  The amino acid sequences for WT Tb_MscL, and designs D1, D2, and D3 calculated 
 by ORBIT.   
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the designed proteins form some helical structures upon refolding, however, most likely 

they do not fully refold to the native state of wild type MscL.   

Refolded proteins that showed an increase in helicity upon refolding were further 

analyzed by size exclusion chromatography and dynamic light scattering to determine the 

oligomeric and aggregation state.  An analytical Superdex200 (Pharmacia) was calibrated 

with dextran, β-amylase, ADH, BSA, CAII, and cytochrome c and refolded variants were 

passed over the sizing column in the refolding buffer.  All samples were observed to be 

aggregated and eluted at the void volume of the column (Table 2).   

20,000g 500,000g soluble 

Inclusion 
 bodies 

Membranes 
Soluble 
fraction 

Solubilize 
in denaturant 

Extract with 
detergent Ni purify 

Ni 
purify 

Ni purify 

Refold 

Screen by 
circular  

dichroism  

Sizing column 
no detergent 

  

Sizing column 
with / without 

detergent 

Sizing column 
no detergent 

Expression and 
cell lysis 

Figure 7.  Experimental screening of designed proteins.  Designed proteins are separated by 
centrifugation into inclusion bodies, membrane and soluble fractions, purified by nickel affinity 
chromatography and screened by circular dichroism and by gel filtration.   



Chapter 2:  Conversion of MscL to a Water-soluble Form  38 
 

Membrane fractions were extracted with 1% DDM and the extracted designs D1 

and D3 were purified by nickel affinity chromatography in presence of 0.05% DDM.  D1 

and D2 solubilized in DDM were found to be aggregated, as observed by analytical 

sizing chromatography.   

 MBP fusion:  Maltose binding protein has been used as a fusion protein to 

improve expression level and solubility of recombinant ly expressed proteins which 

otherwise form inclusion bodies or show poor expression (55-57).  We have made 

MBP_MscL N-terminal fusion proteins with the wild type MscL, as well as with the D1, 

D2, and D3 designs to circumvent  the solubility and expression level problems of the 

three designs (Figure 3C).  MBP_Tb_MscL was also made as a control. Designs 

MBP_D1 and MBP_D3 showed slightly increased expression level over D1, and D3 

proteins, and after fractionation were found mostly in the soluble fraction.  A small 

amount was still found in the inclusion bodies, but most was present in the soluble 

Figure 8.  Circular dichroism measurements of Tb_MscL.  A)  Wavelength scans of WT Tb_MscL at 
4 °C, 99 °C, and the buffer baseline scan.  B)  Wavelength scans of the D1 design refolded from urea 
by dialysis into pH 5.0, 7.0 and 8.0 with 0.25M and 1.0M NaCl.  The increase in helicity for D1 
variant refolded at pH 8.0 is shown in blue and turquoise.     
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fraction.  No protein was found in the membrane fraction, even for the MBP_Tb_MscL.  

MBP_D2 design showed no expression, just as observed without the MBP fusion protein.  

MBP_D1 and MBP_D3 fusion proteins can be purified on an amylose resin and are 

soluble in the absence of detergent.  Unfortunately, the proper oligomeric state of MscL, 

a pentamer, was not observed.  MBP_D1 and MBP_D3 form aggregates of 

approximately 2,000,000 Da molecular weight as determined by size exclusion 

chromatography and light scattering.  Fusion of MBP to designs D1 and D3 helps the 

solubility of the D1 and D3 designs, and both fusions are water-soluble without 

detergent.  These fusions, however, do not form monodisperse pentamers, but instead 

form large soluble aggregates. 

 

Random mutagenesis 

Expression of fusion proteins:  The expression of fusion proteins was first tested 

in small cultures by western blots using an anti-His tag antibody.  Fusions D1_GFP and 

D3_GFP showed poor expression levels at 37 °C.  Reasonable expression levels were 

Table 2.  Summary of experimental results.   
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observed, however, in Terrific Broth media (54) with an 8 hour induction at 30 °C or at 

room temperature.  D2_GFP fusion protein did not show any expression under the tested 

conditions.  In addition to the three design fusions, wild type fusion Tb_MscL_GFP was 

also expressed as a control.   

Fluorescence of fusion proteins:  Surprisingly, Tb_MscL_GFP fusion showed no 

fluorescence at 37 °C, and very low fluorescence at 30 °C or at room temperature when 

expressed in shaking cultures.  MscL fusions D1_GFP and D3_GFP unexpectedly 

showed higher fluorescence than the Tb_MscL_GFP fusion.  Since the D1 and D3 

proteins are insoluble and aggregated in the absence of GFP fusion, no fluorescence was 

expected.  Higher expression levels than wild type, together with help in solubilization by 

GFP fusion, are probably the cause of the increased fluorescence over wild type.  

Solubilization of D1 and D3 was also seen in the MBP fusions.  No fluorescent colonies 

were detected at 37 °C, 30 °C or 25 °C for any MscL_GFP fusion proteins, when the cells 

were grown on plates.  The experimental setup did not allow for measurement of 

detectable fluorescence signal in bacterial colonies, due to the low expression level seen 

with these constructs.  The GFP protein solubility assay was developed and tested only 

on water-soluble proteins (52) and the low expression level of membrane proteins make it 

impractical for soluble MscL screening.   

 

Cysteine modification 

 Cysteine residues were introduced at positions 73, 80, 84 and 88, resulting in a 

four-fold mutant MscL_Cys4.  Four cysteines per monomer (20 per pentamer) were 

chosen as a starting point for chemical modifications (Figure 9).  MscL_Cys4 shows 
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similar expression leve ls as wild type MscL and behaves in the same way as wild type 

MscL during purification.  MscL_Cys4 shows a similar CD spectra to Tb_MscL, and has 

the same retention time on size exclusion column in the presence of detergent.  Removal 

of detergent resulted in protein aggregation, as seen for the wild type MscL protein.  

Based on these experiments, MscL_Cys4 is assumed to form a native-like, pentameric 

structure.    

 MscL_Cys4 was first modified with the fluorescent probe 

iodoacetamidofluorescein to test whether the selected cysteines are accessible to 

modification.  The modified protein was run on SDS-PAGE gel, and the fluorescence 

was imaged prior to Coomasie staining.  MscL_Cys4 can be readily modified by 

iodoacetamidofluorescein, with no further increase in fluorescence after 30 minutes at 

room temperature.   

Modification with iodoacetamide, iodoacetic acid, bromosuccinic acid and 

Figure 9.  Ribbons diagram of the transmembrane region of MscL, with residues chosen for 
replacement with cysteines for subsequent modification.  The residues were chosen by a combination 
of visual identification and the program RESCLASS.  Residues above and below the region of interest 
are omitted for clarity.  A)  Side view of MscL with residues shown only on monomer A.  B)  Top 
view of MscL with selected residues from all five monomers shown in ball-and-stick representation.   
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iodosuccinimide (Table 3), in the presence of detergent, resulted in proteins that showed 

the same retention time on a sizing column as wild type MscL.  Removal of detergent 

from modified proteins, however, caused the protein to aggregate and elute in the void 

volume of the column.  Ellman’s reagent (DTNB) was used to test for the presence of 

free unmodified cysteines, and showed that approximately 25% of cysteines were 

modified.  The reaction efficiency was increased when MscL_Cys4 was modified on a 

Ni-column, resulting in approximately 50% modifications with iodoacetic acid.    

Maleimide-activated precise polyethylene glycol (pPEG; Gryphon Sciences) was 

reacted with MscL_Cys4 on Ni-resin under similar conditions (pH 7.0) as iodoacetic 

I
O

NH2

I
O

OH

Br CH

COO-

CH2

COO-

I CH

CONH2

CH2

CONH2

HO

H
N O

O
O

H
N O

O

O

N
OO

Iodoacetamide

Iodoacetic acid

Bromosuccinic acid

Iodosuccinimide

pPEG

HO

H
N O

O
O

H
N O

O

O

N
OO

2
2pPEG

50%

50%

50%

50%

100%

100%

Aggregated

Aggregated

Aggregated

Aggregated

Aggregated

Partly soluble

Compound Structure Modification
efficiency

State without
detergent

Table 3.  MscL_Cys4 modification reagents.  The reaction efficiencies of MscL_Cys4 with 
iodoacetamide, iodoacetic acid, bromosuccinic acid and iodosuccinimide were approximately 50% as 
determined by a DTNB assay.  Reaction efficiencies of pPEG reagents were 100% as determined by 
mass spectrometry.  MscL_Cys4 modified with iodoacetamide aggregated upon removal of detergent.  
Nearly 50% of the protein modified with 2pPEG did not aggregate and remained in the soluble 
fraction as determined by size exclusion chromatography.   
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acid.  Based on mass spectrometry results, all of the cysteine residues were modified with 

pPEG (M.W. of MscL_Cys4 monomer is 18,516 Da, and M.W. of 1pPEG modified 

monomer is 20,422 Da, corresponding to four pPEG units per monomer).  Two different 

lengths of pPEG (1pPEG and 2pPEG) were used to modify MscL_Cys4 (table 3).   

1pPEG modified MscL contains single pPEG unit at four different sites in each 

monomer, while 2pPEG modified MscL contains two pPEG units at four sites in each 

monomer.  Both 1pPEG and 2pPEG reaction proceeded to completion, resulting in 

modification of all cysteines.   

Analytical gel filtration chromatography showed that one week after modification, 

single pPEG modified MscL (1pPEG_MscL_Cys4) was mostly aggregated both in the 

presence and absence of detergent.  2pPEG_MscL_Cys4 was tested two days after the 

modification reaction.  2pPEG_MscL_Cys4 did not show aggregation in the presence of 

detergent, and after detergent removal showed only partial aggregation.  Nearly 50% of 

the protein modified with 2pPEG did not aggregate and remained in the soluble fraction 

as determined by size exclusion chromatography (Figure 10).    

These results suggest that single pPEG modification at four cysteine positions is 

not enough to solubilize MscL; however, double pPEG modifications are at the 

borderline of being able to solubilize MscL in aqueous solution in the absence of 

detergent.  Further experiments exploring the time dependence of aggregation, stabilizing 

conditions that prevent aggregation, and characterization of the soluble 

2pPEG_MscL_Cys4, will be necessary.       

MscL aggregation:  Tb_MscL shows a double peak on a gel filtration column.  

The first peak (peak1) corresponds to approximately 400 kDa and the second peak to 
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approximately 175 kDa (Figure 10).  The second peak (peak2) is believed to be either 

MscL pentamer with detergent micelle, or a dimer of pentamers.  The rod-like shape of 

MscL and the presence of detergent make it difficult to distinguish between these 

possibilities.  The larger molecular weight of peak1 is not a fully aggregated state, but 

instead is some well defined higher association state of MscL.  Peak1 appears over time, 

even if the starting material is purely peak2 initially.  Low pH (3.5), high pH (10.0), 

Fos12 detergent and high concentration of glycerol (20%) are some of the factors that 

reduce association.   Both peak1 and peak2 produce crystals under the same 

crystallization conditions; however, peak2 forms crystals more easily (R.H. Spencer, 

personal communication).  Replacement of the entire C-terminal domain of MscL has no 

effect on this association, and both peaks are still observed.  Modification of the 

Figure 10.  Analytical gel filtration chromatography traces for Mscl_Cys4 and pPEG modified 
MscL_Cys4 (Superdex200 column (Pharmacia)).  Molecular weight standards are shown in cyan (β-
amylase (200kDa), ADH (150kDa), BSA (66kDA), CAII (29kDa), and cytochrome c (12kDa).  
MscL_Cys4 is shown in yellow, 1pPEG with DDM in red, 1pPEG without DDM in blue, 2pPEG with 
DDM in black, and 2pPEG without DDM in green.  Tb_MscL shows a double peak, corresponding to 
approximately 400 kDa (peak1) and to 175 kDa (peak2).          
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transmembrane region with pPEG has also little effect.  These observations suggest that 

the periplasmic loop regions are likely responsible for the observed association.  This is 

consistent with the fact that the periplasmic loops form one of the two major crystal 

packing interfaces in the Tb_MscL crystals.  Search for conditions that prevent higher 

order association is in progress.     

 

Discussion 

The folding of α-helical integral membrane proteins has been postulated to follow 

a two-step process, involving (i) formation of individual stable α-helices and (ii) their 

association to tertiary and quaternary structures (4, 15, 16, 20).  If this model is correct, 

then one possible problem with the designed water-soluble  MscL variant can be the 

folding and association of the pentamer in aqueous environment.  According to the 

postulated folding pathway, wild type MscL first forms well- folded monomers in the 

membrane, which then associate to form the functional channel.  Since this process 

happens in the membrane, the driving force of assembly is not the hydrophobic effect, but 

most likely van der Waals interactions.  Assembly of the pentamer might be difficult to 

accomplish in an aqueous environment since individual MscL monomers contain small 

hydrophobic cores and outside the membrane environment may not be stabilized enough 

to fold by themselves.  In order to fold the water-soluble  MscL variant in an aqueous 

environment, five monomers might have to come together at the same time and fold 

together.  Calculations with the program QSURF estimate that during monomer folding, 

approximately 7800 Å2 of hydrophobic area is buried, and approximately 17500 Å2 is 

buried upon pentamer formation.  Due to the difficulty in associating five monomers at 
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the same time, the cause of the observed nonspecific aggregation is likely the lack of 

hydrophobic environment of the lipid bilayer.   

All three approaches discussed in this study are based on the three-dimensional 

structure of MscL, so that the position and geometry of the residues interacting with the 

lipid bilayer can be identified.  The structure used in the computational design must be of 

a good quality and have a well-defined backbone.  The computational design algorithm 

does not consider backbone movement and only identifies the amino acid identity and 

rotamer conformation at the selected positions.  If a protein structure can exist in more 

than one well-defined state, and the two states are very different, there is an inherent 

flexibility built into this system which might be problematic for protein design that only 

considers one state.   

GFP solubility screening assay has been tested on both monomeric and 

multimeric proteins  (52), however, it has not been tested previously for membrane 

proteins.  Low expression levels of membrane proteins make this assay difficult to use.  

Wild type MscL protein is expressed and inserted into membrane where it most likely 

oligomerizes to its native pentameric form.  A GFP fusion protein with Tb_MscL shows 

very low fluorescence level, most likely due to low expression level.  Computationally 

designed D1 and D3 proteins form large, nonspecific aggregates.  Fusions with 

computationally designed proteins show higher fluorescence than the Tb_MscL_GFP 

fusion.  Since D1 alone is aggregated and D1_GFP shows higher fluorescence than the 

Tb_MscL_GFP fusion, this assay is not appropriate for screening for a water-soluble  

version of MscL.  The fusion of the designed proteins to either GFP or to MBP causes the 

fusion proteins to form small aggregates of incorrect oligomeric state.  
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 The cysteine modification of MscL_Cys4 with 2pPEG showed the most 

promising results.  Modified MscL contained soluble protein in the proper oligomeric 

form after two days in the absence of detergent.  The cysteine modification approach, 

unlike the computational design and random mutagenesis approaches, does not require 

experimental folding or refolding of the soluble protein.  The starting material for 

cysteine modifications is a properly folded pentameric MscL, so that no further folding or 

refolding is necessary.  Refolding of membrane proteins has been very difficult, which 

might explain why the cysteine modification approach appears most promising.  The 

second reason why cysteine modification with 2pPEG has been most encouraging is that 

the 2pPEG is relatively large, compared to simple amino acid substitutions.  The 

molecular weight of 2pPEG is approximately 800 Da.  The 2pPEG_MscL_Cys4 contains 

four 2pPEG units (3200 Da) which accounts for approximately 17% of the total 

molecular weight of the protein.  1pPEG modified MscL, which corresponds to 

approximately 10% of the total molecular weight of the protein, was not sufficient to 

solubilize MscL.  At least in the case of polyethylene glycols, it appears that large 

modifications are necessary to solubilize MscL.   

 The three different approaches attempted in this study (Figure 3) clearly show that 

folding or refolding of redesigned membrane proteins in an aqueous solution is 

problematic.  The folding pathways of membrane proteins and soluble proteins are very 

distinct, and make computational design and high throughput screening impractical.  

Modification of already folded and functional membrane proteins has been shown in this 

study to be far more successful.  Cysteine residues are tolerated at most positions in a 

protein sequence, and do not prevent membrane insertion and folding.  Active membrane 
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proteins can be extracted in their native state into detergents, where they can be modified.  

Manipulating positions of cysteines in the sequence, changing the number of sites 

available for modifications, and choosing the nature of the modifying reagent, make this 

a useful method in future attempts for solubilization of membrane proteins. 

 

Materials and Methods 

Computational Modeling 

The computational design algorithm ORBIT (Optimization of Rotamers By 

Iterative Techniques (42-47)) was used to redesign the surface of the M. tuberculosis 

mechanosensitive channel of large conductance (Tb_MscL) to make it water-soluble.  

Three different calculations were run to select both the amino acid identities and side 

chain conformations for the selected residues. Coordinates for the Tb_MscL structure 

used in the calculations were obtained from Brookhaven Protein Data Bank entry 1MSL.  

In the first design (D1) and third design (D3) (Table 1), thirteen positions on the surface 

of both transmembrane helices TM1 and TM2 were selected (residues F34, I38, L69, 

L72, I77, F80, L81, F84, Y87, F88, V91, and Y94).  These residues are hydrophobic in 

the wild type structure and point outward into the membrane (Figure 6).  In the second 

design (D2), only eight residues pointing into the membrane on the surface of the TM2 

helix were included in the calculation (Residues L69, L73, I77, F80, F84, Y87, F88, and 

V91).  Ten amino acids (Ala, Arg, Asn, Asp, Gln, Glu, His, Lys, Ser, Thr) were 

considered at the selected surface positions.  At position 69, only amino acids (Ala, Asn, 

Asp, Gln, Glu, Ser, and Thr) known to favorably interact with N-terminus of helix were 

allowed.  At position 91, only amino acids (Ala, Asn, Arg, Gln, His, Lys, Ser, and Thr) 
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known to favorably interact with the C-terminus were allowed.  Protonated histidine was 

used in the calculations.  In all calculations, the entire pentamer was used, resulting in 40 

positions in the D2, and 65 positions in the D1 and D3 calculations.  Strict five-fold 

symmetry was applied, forcing the same amino acid identities and rotamers at the 

equivalent positions in all five monomers.  The reminder of the structure was fixed as a 

template during the sequence selection calculation. 

Due to the large combinatorial complexity of the D1 and D3 calculations (the D1 

calculation consists of 65 positions in the pentamer with 13195 rotamers yielding 

2.65x10147 possible sequences) deterministic methods could not be used and sequence 

selection was done with Monte-Carlo simulations.  The resulting Monte-Carlo sequences 

were validated by running multiple Monte-Carlo simulations with different random 

number seeds and obtaining the same lowest energy sequences from three different runs.  

In the D2 calculation (40 positions instead of 65) a deterministic method (based on dead-

end elimination) was used, and resulted in the same sequence as the Monte-Carlo 

simulations.  All calculations were run on R10000 SGI processors, with 1000 cycles of 

Mote-Carlo with 106 steps per cycle.  Computational details, potential functions, and 

parameters for van der Waals, solvation, and hydrogen bonding were used as previously 

described (42-47).  For designs D1 and D2, the hydrogen bond depth well was decreased 

to 5 kcal/mol instead of the 8 kcal/mol used in the D3 calculation.  In the D1 and D2 

calculations, no distance attenuation was used for the electrostatic component of the force 

field ( q1q2 / er), as opposed to (q1q2 / er2) used in the D3 calculation.  In the D1 and D2 

calculations,  a small helix propensity factor of 0.5 was used with the Baldwin helix 

propensity set (58-65).  No helix propensity was used in the D3 calculation.  The amino 
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acid sequences selected by the algorithm for the three designs are D1: F34E, I38K, L69Q, 

L72R, L73E, I77E, F80K, L81Q, F84K, Y87E, F88K, V91K, and Y94R;  D2: L69Q, 

L73R, I77E, F80N, F84K, Y87E, F88K, V91K;  D3: F34Q, I38Q, L69Q, L72N, L73E, 

I77E, F80N, L81Q, F84K, Y87E, F88S, V91R, Y94N (Table 1).   

Protein Expression:  All three designed proteins (D1, D2, and D3) were 

constructed by a combination of inverse PCR and USE mutagenesis (66), using a 

Mycobacterium tuberculosis MscL gene in plasmid pet19b (Novagen).  All mutants were 

transformed into BL21-DE3 (Invitrogen) host and verified by sequencing.  All designed 

variants were first grown in small cultures (1L of Terrific Broth (54) with 10 g/L glucose 

and 100 µg/ml of ampicillin) to an OD of 1.0 at 37 °C, then transferred to 25 °C and 

induced for 8 hours by IPTG and 20 g/L lactose.  Inductions at 37 °C showed poor 

expression. Pellets were resuspended in the lysis buffer (25 mM Tris pH 7.5, 150 mM 

NaCl, with ~50 µg/ml of lysozyme and 10 µg/ml DNAseI) and lysed in a continuous 

flow French press (Emulsiflex 5000) at 20000 psi.  Lysed cells were fractionated into 

soluble, membrane, and insoluble fractions by first centrifugation at 2500g for 5 minutes 

to remove unbroken cells, then at 20,000g for 45 minutes to remove inclusion bodies and 

large aggregates, and finally at 500,000g (100,000 rpm) for 30 minutes in a Beckman 

TL100 bench top analytical ultracentrifuge to isolate membranes.  Proteins were 

considered soluble if they stayed in the supernatant after 30 minutes centrifugation at 

500,000g (Figure 7).   

Refolding:  The insoluble fraction was resuspended in 10 M urea or 8 M GdmCl 

in 100 mM Tris pH 7.5, and left stirring in the cold room for two hours.  The insoluble 

fraction contained large amounts of impurities, so all variants were first purified by nickel 
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affinity chromatography prior to refolding.  Nickel beads were first stripped in 100 mM 

EDTA, washed, recharged with 100 mM NiSO4, and then equilibrated in 30 mM 

imidazole in either 10 M urea or 8 M GdmCl.  The resuspended fractions were passed 

over nickel beads, washed twice in 100 mM imidazole in 10 M urea or 8 M GdmCl and 

eluted in 300 mM imidazole in either 10 M urea or 8 M GdmCl.  Fast dilution refolding 

was performed by slowly dripping 50 µl of nickel purified protein into a rapidly stirring 

25 ml beaker with the given buffer.  After dilution, the protein was concentrated by 

nickel affinity again, without the use of denaturant.  Slow dilution refolding was 

performed by overnight button dialysis of 50 µl of nickel purified protein against 25 ml 

of buffer using 10 kDa cutoff dialysis membrane.   

All samples that did not show visible precipitation were screened by circular 

dichroism (CD).  CD data were collected on an Aviv 62DS spectrometer equipped with a 

thermoelectric unit and using a 0.1 cm path length cell.  Data were collected from 250 nm 

to 200 nm, sampling every 2 nm with an equilibration time of 5 minutes and an averaging 

time of 1 s.  Samples that showed helical content were run on an analytical sizing 

Superdex200 column (Pharmacia) in the refolding buffer.  The exact protein 

concentration was not determined due to the small volume of protein used in these 

studies.  The estimated protein concentrations in refolding studies from SDS-PAGE gel 

was 0.5-1.0 mg/ml.  The summary of results is shown in Table 2. 

 

Cysteine modification 

The four largest hydrophobic side chains were chosen for the initial modification 

study (residues 73, 80, 84, and 88).  Cysteine residues were introduced at these sites in 
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the same way as for the computational design, resulting in the four-fold mutant denoted 

MscL_Cys4.  Four cysteines per monomers give rise to twenty cysteines available to 

modification on the protein surface of the pentamer (Figure 9).  The proper balance must 

be found for the numbers of cysteines introduced in a helix.  Too many cysteines can 

cause undesired crosslinking; however, too few cysteines available for modification will 

result in aggregation in absence of detergent.  The total number of cysteines and their 

position in the sequence are two parameters that will require further optimization.   

MscL_Cys4 modifications with the thiol-directed reagents iodoacetamide, 

iodoacetic acid, bromosuccininc acid, and iodosuccinimide, were performed in solution at 

pH 8.5 (50 mM Tris pH 8.5, 100 mM NaCl, 0.05% DDM) at room temperature for 0.5-

2.0 hours.  DTNB (dithiobisnitrobenzoic acid) (67) was used to determine the number of 

free cysteines after modification, relative to the unmodified MscL_Cys4 (Table 3).  

Chemical modifications were also performed on the Ni-column.  MscL_Cys4 protein was 

bound to the nickel resin and washed with wash buffer (50 mM Tris pH 8.5, 2 mM BME, 

0.05 % DDM, and 150 mM NaCl) to reduce the cysteines.  The BME was removed by 

washing the nickel resin with ten column volumes of reaction buffer (50 mM Tris pH 8.5, 

0.05 % DDM, and 150 mM NaCl).  Ni beads were then removed from the hand column 

and incubated with 1-10mM modifying agent in reaction buffer.  Reactions were 

typically stopped after 0.5-2 hours by removing the modifying agent by washing the resin 

with wash buffer.  Modified proteins were eluted in the presence or absence of detergent 

with 300 mM imidazole in reaction buffer.   
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Random mutagenesis 

Plasmid:  The plasmid was constructed as described by Waldo et al. (52)  Briefly, 

DNA coding for wild type MscL, D1, D2, or D3 was inserted into a pet28 vector, 

followed by a linker sequence coding for amino acids GSAGSAAGSGEF, followed by 

the GFP sequence.  The same GFP variant used by Waldo (52), which folds properly in 

E. coli, was used in this study.   

 Fluorescence:  Colonies were grown at 37 °C on Terrific Broth (TB) media (54) 

containing plates with 30 µg/ml kanamycin and 10 g/L glucose on nitrocellulose 

membrane (OSMONICS 142 mm) for ~12 hrs or until ~1 mm large colonies were seen.  

The membrane was then transferred with colonies onto induction TB plates containing 30 

µg/ml kanamycin, 20 g/L lactose, and 2 mM IPTG.  The plates were then shifted to room 

temperature, 30 °C and 37 °C, and protein production was induced for up to 24 hours.  

Fluorescence was monitored by excitation through a 488 nm filter (Edmund Scientific) 

and emission was monitored through a 520 nm filter by a digital camera or by eye.    

Random oligonucleotide design:  Deletion of thymidine in the first two positions 

in each codon of the randomized oligonucleotide will eliminate most hydrophobic 

residues (Val, Ile, Phe, Leu, Trp) as well as Met, Tyr, and Cys and all undesired stop 

codons.  Incorporation of 38.4% A, 32.0% C and 29.6% G in the first position, 59.9% A, 

24.7% C, and 15.4% G in the second position and 30.6% A, 25.5% C, 23.5% G, and 

20.4% T in the third position in the randomized triplet will result in a library containing 

4.1% of Ser, 8.3% of each of the following amino acids: Ala, Asn, Asp, Gln, Glu, His, 

Lys, Thr, Pro, and Gly, and 12.3% of Arg.    
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Cytoplasmic helix 

The mechanosensitive  channel from Mycobacterium tuberculosis forms a homo-

pentameric structure (1) organized into two domains, the transmembrane domain and the 

cytoplasmic domain (Figure 1A).  The transmembrane domain is made up of ten helices, 

two per subunit, connected by an extracellular loop, while the cytoplasmic domain 

consists of five helices forming a left-handed pentameric bundle.  Mutagenesis and 

proteolysis data have shown that the C-terminus can be removed up to residue 104 

without any change in the gating properties of Eco_MscL (2-4).  A cluster of charged 

residues (R98, K99, K100, E102, and E104) in the loop connecting TM2 to the  

cytoplasmic helix has been shown to be important for channel gating.  The rest of the C-

Figure 1.  A)  Ribbon diagram of the structure of Tb_MscL.  B)  Cytoplasmic helix 
of Tb_MscL viewed parallel to the helix bundle axis, showing the charged residues 
present at the center of the helix bundle.   
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terminus (residues 116-151) does not show any ordered structure in the crystals and 

corresponds to the least conserved region of the protein (1).  The structure of Tb_MscL 

has raised some discussion about the physiological significance of the cytopla smic helix.  

The cytoplasmic helix contains a cluster of charged residues which at physiological pH 

would be expected to repel each other when brought together in the pentameric  bundle.  

The structure was determined at pD 3.5, at which aspartic acid would be protonated (pKa 

of aspartic acid is 3.9).  At pH 7.0, the negative charges would likely repel each other 

(unless the charge was neutralized by a cation), which would cause the helix bundle to 

fall apart.  However, there is no experimental evidence for the dissociation of the helix 

bundle at physiological pH.   

Three possible models of the cytoplasmic helix bundle at physiological pH are 

shown in Figure 2.  The helix bundle can stay unchanged if the charges are somehow 

neutralized (Figure 2A), or the bundle can dissociate into individual helices (Figure 2C), 

Figure 2.  Possible cytoplasmic helix models at physiological pH.  The cytoplasmic helix can stay 
together as a bundle (A), or it can dissociate and become completely disordered (B), or the bundle 
can dissociate into individual helices (C).    
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or the region that forms the helical bundle at lower pH can become completely 

unstructured (Figure 2B).  If the bundle dissociates into individual helices, the individual 

helices can either stay away from the lipid bilayer or can partition into the bilayer.  To 

test this hypothesis, we have used synthetic peptides corresponding to the cytoplasmic 

helix and studied their helicity at different pH, detergent, and salt concentrations by 

circular dichroism.  We have also measured the change in helicity of the full- length MscL 

channel as a function of pH.   

 The circular dichroism spectra of the full- length MscL should change if the total 

helical content of the protein changes.  The cytoplasmic helix makes up approximately 

22% of the total helical content of MscL, and if it becomes unstructured at physiological 

pH, a decrease in the CD signal should be observed.  Circular dichroism spectra recorded 

from 200 nm to 250 nm at pH 2-12 are shown in Figure 3.  There is no significant change 

in helicity between pH 2-12 for the full- length MscL protein, suggesting that the helix 

bundle does not become completely unstructured at physiological pH, but either 

somehow overcomes the charge repulsion or dissociates into single helices.   

Figure 3.  Circular dichroism 
wavelength scans of Tb_MscL at pH 
2.0-12.0 at 4 ºC. Unfolded protein (pH 
11.0, 99 ºC) is shown for comparison.  
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 The C-terminal helix peptide HP1 (residues 102-118, sequence: 

EVEQPGDTQVVLLTEIR) was tested for helicity under various conditions by circular 

dichroism.  HP1 showed no helical content at pH 7.5, and very small increase in helicity 

at pH 3.5 (Figure 4A).  Addition of detergent (0.2% DM) caused a strong increase in 

helicity of HP1 at pH 3.5, however, at pH 7.5, the HP1 helicity remained almost 

unchanged (Figure 4A).  Increasing concentration of salt (0.5-2.0 M NaCl), together with 

the presence of detergent, showed a strong increase in HP1 helicity even at pH 7.5 

(Figure 4B).   

Full- length C-termini (residues 102-151) showed no helicity at pH 7.0; however, 

when attached to a pentameric scaffold, a significant increase in helicity was observed 

(G. Kochendoerfer, personal communications).   

Figure 4.  The effect of detergent, pH and salt concentration on the C-terminal helix peptides.  Circular 
dichroism wavelength scans were done at 4 ºC.  (A) The effect of detergent (0.2% DM) on peptide 
helicity at pH 3.5 and 7.5.  (B)  The effect of salt on peptide helicity in presence of detergent at pH 7.5.  
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 The formation of the C-terminal helix seems much easier at lower pH (used for 

crystallization); however, based on the peptide studies, it is possible to form the 

C-terminal helix at higher pH ~7.5 by either immobilizing the C-terminus on a 

pentameric scaffold, or by adding salt and detergent.  If the helical bundle dissociates into 

single helices (Figure 2C), the individual helices can partition into the lipid bilayer or at 

the lipid bilayer interface.  Increased helicity of the C-terminal peptide in presence of 

detergent at both pH 3.5 and 7.5 would support this model.  Increased helicity at pH 7.0 

of the C-terminus when attached to pentameric scaffold would, however, support the 

helix bundle model instead.  Distinguishing between the C-terminal bundle or free C-

terminal helices models at physiological pH (Figure 2A and 2C) will require further 

investigation.      

 

MscL stability 

The structure determination of Tb MscL required tremendous effort before 

crystals of good quality were obtained.  Chang et al. have used the strategy where 

different homologs of MscL were cloned, overexpressed and purified.  The search for 

crystal yielding conditions was then applied to all homologs, to hopefully identify some 

that produced crystals.  These species were then examined in more detail and optimized 

in the search for well diffracting crystals.  This approach has been successful in 

producing the structures of several membrane proteins including MscL (1), MsbA (5), 

and BtuCD (6).  After the initial cloning, and even after eliminating the low expressing or 

misfolded proteins, there could still be many species left for tedious crystallization trials.  
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A method that would allow fast identification of species that are more likely to crys tallize 

would save large amounts of tedious work.   

 Initially, it was believed that soluble proteins with high thermostability would 

crystallize easier and form better ordered crystals.  For example, the hyperthermophilic 

Pyrococcus furiosus rubredoxin forms crystals that diffract beyond 1.0 Å resolution (7, 

8).  As more thermophilic proteins and their mesophilic counterparts have been solved, 

however, this trend seemed to disappear.  It became clear, that for water-soluble  proteins, 

hyperthermophilic proteins might crystallize more easily in some cases, but it is not a 

general trend.   

 We wanted to test whether more thermostable membrane proteins could 

crystallize easier or produce crystals of better diffracting quality.  Thermostability of 

membrane proteins was not yet correlated with the ability to crystallize, most likely due 

to the limiting number of available membrane protein structures.  If similar trends seen 

initially for thermostable soluble proteins prove  true for membrane proteins, it could be 

used as a screening tool to select promising protein species before thousands of 

crystallization conditions are tried.   

 Circular dichroism wavelength scans of five MscL homologs are shown in Figure 

5.  MscL from Haemophilus influenzae (Hinf_MscL), Erwinia carotovora (Er_MscL), 

Mycobacterium tuberculosis (Tb_MscL), Escherichia coli (Eco_MscL), and  Bacillus 

subtilis (Bs_MscL) show similar, mostly alpha helical CD spectra, with irreversible 

thermal unfolding.  The temperature melts of all species were monitored at 222 nm and 

are shown in Figure 6.   
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Figure 5.  Raw circular dichroism 
measurements of five MscL homologs 
(Haemophilus influenzae, Erwinia 
carotovora, Mycobacterium 
tuberculosis, Escherichia coli, and 
Bacillus subtilis).  Wavelength scans at 
4º C (black), at 99º C (red), and refolded 
at 4º C (green) are shown. 
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Tb_MscL, Eco_MscL, and Bs_MscL show two transitions, the first at 65º C, and 

second at 85º C, while Hinf_MscL and Er_MscL show a gradual decrease in elipticity up 

to 90º C without any defined transitions.  At 90º C, Er_MscL forms a visible aggregate 

and falls out of solution which can be seen as large decrease in elipticity (Figure 6).   

The pH dependence of the melting temperature (Tm) has been measured for 

Tb_MscL and Eco_MscL (Figure 7).  Tb_MscL shows no pH dependence of Tm, and the 

curves at pH 4.0, 7.5, and 9.5 superimpose well.  This is in agreement with pH titration 

data (Figure 3) which show no decrease in helicity between pH 2-12 at 4 ºC.  At all three 

pHs (4.0, 7.5, and 9.5), Tb_MscL exhibits two transitions at 65 ºC and 85 ºC.  Eco_MscL 

shows similar trends at pH 7.5 and 9.5, however, at pH 4.0 Eco_MscL aggregates at 

~50 ºC (Figure 7).  Eco_MscL also shows a biphasic thermal transition with midpoints at 

65 ºC and 85 ºC, but with less defined inflections than seen for Tb_MscL.    

 Tb_MscL, which produced the best diffracting crystals, is more stable and does 

not aggregate at low pH, which was used for crystallization.  At physiological pH, the 

Figure 6.  Temperature melts monitored by 
circular dichroism at 222 nm of 
Haemophilus influenzae (green), Erwinia 
carotovora (yellow), Mycobacterium 
tuberculosis (black), Escherichia coli (red), 
and Bacillus subtilis (blue) at pH 7.5.  The 
starting elipticity was adjusted to -80 for all 
temperature melts.  
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temperature melts of the five MscL homologs generally look similar, and have nearly 

identical transitions.  Apart for the low pH stability of MscL, no clear correlation between 

melting temperature and ease of crystallization or quality of crystals was observed.   

 

Higher resolution structure of Tb-MscL 

Termination mutants:  The structure of Tb MscL contains 165 disordered residues 

(33 per monomer) at the C-terminus following the cytoplasmic helix (Figure 9).  These 

disordered residues at the C-terminus might disrupt the crystal formation and cause 

disorder in the crystal, resulting in poor diffraction.  A truncation mutant that lacks this 

disordered region could produce better diffracting crystals.  Limited proteolysis (X. 

Ambroggio, personal communication) of Tb_MscL has identified two C-terminal 

truncations at positions 100 and 119.  Position 100 corresponds to truncation in the loop 

Figure 7.  Temperature melts monitored by circular dichroism of Tb_MscL and Eco_MscL at pH 4.0 
(red), 7.5 (blue), and 9.5 (green).  
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between the TM2 helix and the cytoplasmic helix.  Position 119 corresponds to 

truncations right after the cytoplasmic helix.  The absence of the C-terminus of MscL 

causes an inability of the truncated protein to bind to ion exchange resins.  Ion exchange 

columns are used in the purification (due to the ir high binding capacity) for concentration 

of the protein without concentrating the detergent.  To determine the minimum and 

maximum pH under which MscL is still stable  and can be used for ion exchange 

chromatography, a pH profile of MscL was performed (Figure 3).  As noted previously, 

Tb_MscL was found to be extremely stable with no change in circular dichroism spectra 

between pH 2-12.  Even under extreme pHs (pH 11.0 for source Q resin, and pH 2.0 for 

source S resin), the T119 mutant did not show sufficient binding to the ion exchange 

resin.  Expression levels lower than wild type MscL, together with difficulty in binding to 

an ion exchange column, has made these mutants impractical for crystallization studies.         

  COMP fusion:  Cartilage oligomeric protein is a pentameric glycoprotein found in 

cartilage and tendon.  It belongs to the thrombospondin family and consists of an N-

terminal heptad repeat (COMPcc), four epidermal growth factor (EFG) like domains, 

seven calcium binding domains and a C-terminal globular domain (9-12).  The function 

of COMP is not clear, however.  Mutations in the COMP gene are linked to 

pseudoachondroplasia and increased expression of COMP provides increased strength in 

muscle and tendon.  The structure of the N-terminal domain was solved at 2.0 Å 

resolution (10) and revealed a homo-pentameric parallel coiled-coil helix bundle (Figure 

8A).  The fragment that was crystallized is composed of 46 residues per helix which form 

the only known parallel pentameric bundle with pore of diameter of 2-6 Å (Figure 8C).  

At the constriction of the channel, a chloride anion was found coordinated by five 
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glutamine residues (Figure 8C).  The C-terminus of the COMPcc contains two cysteine 

residues which form disulfide bonds between neighboring subunits, thus covalently 

crosslinking the bundle together (Figure 8B).  The oligomerization of COMPcc is  

independent of disulfide bond formation.  The formation of the disulfide bonds increases 

the melting temperature of the pentameric bundle from 48 ºC to over 100 ºC.  Several 

hydrophobic compounds (benzene, cyclohexane, vitamin D3, elaidic acid) were shown to 

bind in the channel and increase the melting temperature by 2-10 ºC (13).  The melting 

temperature of oxidized COMPcc in the presence of 4.5 M GdmCl is 60 ºC.  The parallel 

Figure 8.  COMPcc structure.  (A) Ribbon diagram of the COMPcc structure, 
showing the parallel pentameric bundle with disulfide bridges at the C-terminus.  (B)  
Structure of the disulfide bridges viewed from the N-terminus.  The disulfide bonds 
are formed between residues 68 and 71 from neighboring subunits.  (C)  Cross section 
of the pore of COMPcc.  Water molecules are shown as red spheres, chloride ion as 
green sphere, and xenon atoms in the xenon soak as blue spheres.  Adapted from 
Malashkevich et al. (1996), Science, 274, 761-765. 
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coiled-coil pentameric structure, extremely high thermostability, and the presence of 

cysteines that can be crosslinked to form covalent pentamers make COMPcc a perfect 

fusion protein to improve the diffraction of Tb_MscL crystals, by attachment to the 

cytoplasmic domain.    

  The sequence alignment of the C-terminal helix of MscL with COMPcc is shown 

in Figure 10.  The sequences were aligned by a proline residue and the two structures 

were superimposed with LSQMAN (14).  Superposition of the Ca atoms of 60 residues 

(12 per monomer) resulted in r.m.s.d of 2.0 Å.  The MscL_COMPcc fusion construct 

consists of residues 1-106 from Tb_MscL and of residues 32-72 from COMPcc and is 

only three amino acids shorter than wild type Tb_MscL. A model of the MscL_COMPcc 

fusion protein is shown in Figure 9.   

 Formation of the disulfide bonds that crosslink the five monomers together 

happens spontaneously in approximately one week, or can be also achieved by addition 

of copper phenanthroline.  Fusion proteins that did not form covalently linked pentamers 

contain free cysteines that can be biotinylated and removed on an avidin column.   

Previous protein fusion strategies have not been very successful in improving the 

crystallization properties of proteins.  This is mainly due to the fact that to bring the C-

terminus of one protein near the N-terminus of another protein, a flexible linker is 

generally necessary.  In this case, since the C-terminal helix bundle is replaced with 

another helix bundle with very similar helix parameters, no flexible linker is necessary.   

The MscL_COMPcc fusion could stabilize the closed state of MscL by forming a stable 

covalent pentameric bundle at the C-terminus of the channel, which would eliminate 165 

disordered residues that are not seen in the crystal structure, and could provide a larger 
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packing interface for crystal formation.  Crystallizations attempts of MscL_COMPcc 

fusion are in progress.   

 

Materials and Methods  

Tb_MscL purification:  Purifications were done as described previously (1).  Cells 

(BL21DE3 gold, Stratagene) were grown in a 60 L Brunswick Bioflow 5000 fermentor in 

Terrific Broth media (15) supplemented with 10 g/L of glucose to an OD of 10.0 in the 

presence of 50 µg/ml ampicillin.  Induction was done with 20 g/L of lactose and 2 mM 

IPTG for 2 hours.  Cells were than harvested (Pelicon tangential flow ultrafilter, 

Figure 9.  Model of the Mscl_COMPcc fusion.  The pentameric wild type MscL structure 
is composed of the transmembrane domain, cytoplasmic domain and 165 disordered 
residues at the C-terminus.  MscL_COMPcc fusion would eliminate the disordered region, 
could potentially stabilize the closed state, and provide larger packing interface for crystal 
formation.   
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Millipore) and centrifuged.  An average yield of ~800g of wet cell mass was obtained 

from a 50 L ferment.  Cells were frozen and stored at -80 ºC.  Resuspended cells (100-

200g in 150 mM NaCl, 50 mM Tris pH 8.0, PMSF, Roche “complete” protease 

inhibitors, 50 µg/ml lysozyme, and 10 µg/ml DNAseI) were thawed at room temperature.  

Two passes through an Emulsiflex French press at a pressure of 15,000 psi - 20,000 psi 

resulted in complete cell lysis.  Tb_MscL was then extracted into 1 % detergent (either 

DM or DDM, Anatrace) for 4 hours at 4 ºC.  After extraction, cell debris was removed by 

centrifugation at 20,000 g for 30 minutes.  The supernatant was supplemented with 30 

mM imidazole and loaded onto a 150 ml Ni superflow (Qiagen) column at 5 ml/minute.  

The column was then washed with 0.5 L of equilibration buffer (30 mM imidazole, 500 

mM NaCl, Tris pH 8.0, 0.05 % DDM or 0.2 % DM), and with 0.5 L of wash buffer (100 

mM imidazole, 0.05 % DDM or 0.2% DM).  Elution was achieved with 300 mM 

imidazole and 0.05 % DDM or 0.2 % DM.  The eluted fractions were pooled and diluted 

1:10 with dilution buffer (25 mM Tris pH 8.0, 0.05% DDM and 0.2 % DM).  The diluted 

protein was passed over a 15 mL Source Q (Pharmacia) column (~7.5 ml/min) and 

washed with buffer A (25 mM Tris pH 8.0, 0.05% DDM or 0.2 % DM, 10 % glycerol) 

and eluted by buffer B (buffer A with 1.0 M NaCl).  The elution was done by slowing the 

flow to 1.0 ml/minute, 100 % Buffer B and inverting the flow.  Protein concentrated on 

the Source Q column was then passed over a Superdex 200 (Pharmacia) prep sizing 

column in buffer C (50 mM Tris pH 8.0, 150 mM NaCl, 10 % glycerol, 0.05 % DDM or 

0.2 % DM) overnight.  Fractions corresponding to a Tb_MscL pentamer were pooled and 

diluted 1:3 with dilution buffer and concentrated on the source Q column as described 
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above.  The concentrated fractions were then desalted either by dialysis or on desalting 

column.  All buffers included 0.1 mM PMSF and Roche “complete” protease inhibitors. 

pH profiling:  For pH profiling, the protein concentration in all of the samples had 

to be exactly the same.  Dialysis or regular pipeting introduced too much error into the 

experiments.  Instead, 2.5 µL were measured out with Hamilton 10 µL syringe and mixed 

with 250 µL of a given buffer (measured with a 300 µL Hamilton syringe).  Phosphate 

buffer was used for pH 2.0-4.0, 6.0-7.0, and 10.0-12.0.  Tris buffer was used for pH 8.0-

10.0 and citrate buffer was used for pH 4.0-6.0. 

Circular dichroism:  CD data were collected on an Aviv 62DS spectrometer 

equipped with a thermoelectric unit using a 1 mm path length cell.  Thermal melts were 

monitored at 222 nm.  Data were collected every 1 °C with an equilibration time of 2 min 

and an averaging time of 30 s.  Three wavelength scans were performed at 4 °C 

collecting the data every 1 nm (200-250 nm) with an averaging time of 1 s, and averaged 

together.  C-terminal peptides were obtained from peptide facility and verified by mass 

spectrometry.   

C-terminal truncations:  The two truncations were made with inverse PCR (16) 

and expressed in a BL21DE3 host.  Both truncation mutations showed much better 

expression at room temperature than at 37 ºC.  The expression levels for T100 and T119 

were lower than seen for wild type MscL, which shows optimal induction at 37 ºC.  T119 

was expressed in a 60L Brunswick Bioflow 5000 fermentor in Terrific Broth media (15) 

supplemented with 10 g/L glucose and induced at 25 °C with 2 mM IPTG and 20 g/L 

lactose.  Purification was done as described above.   
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COMPcc fusion:  COMPcc DNA was made by recursive PCR (17) from two 

oligonucleotides (105 bp), which included 30 basepair clamps necessary for integration at 

a specific site within the MscL vector without the use of restriction enzymes or DNA 

ligase (18).  The designed oligonucleotides also included a stop codon, so no further 

mutations were necessary.  The purification of COMPcc was done as for Tb_MscL, 

which is described above.    
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Abstract 
 

The structure of the ‘cab’ type β  class carbonic anhydrase from the archaeon 

Methanobacterium thermoautotrophicum (Cab) has been determined to 2.1 Å resolution 

using the multiwavelength anomalous diffraction (MAD) phasing technique.  Cab exists 

as a dimer with a subunit fold similar to that observed in ‘plant’ type β  class carbonic 

anhydrases.  The active site zinc is coordinated by protein ligands Cys32, His87, and 

Cys90, with the tetrahedral coordination completed by a water molecule.  The major 

difference between ‘plant’ and ‘cab’ type β  class carbonic anhydrases is in the 

organization of the hydrophobic pocket.  The structure reveals a Hepes buffer molecule 

bound 8 Å away from the active site zinc, which suggests a possible proton transfer 

pathway from the active site to the solvent.   
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Carbonic anhydrases (CAs) are Zn2+ containing enzymes that catalyze the 

reversible hydration of CO2 (1).  With turnover numbers approaching 106 s-1, CAs are 

among the fastest known enzymes.  CAs have been found in most types of organisms, 

including mammals, plants, algae, bacteria, and archaea (2).  Based on the amino acid 

sequences, CAs can be assigned to one of three independently evolved classes, 

designated α, β  and γ (3). 

The α class contains all mammalian CAs, as well as some CAs from algae and 

bacteria (3,4).  α-CAs play important roles in respiration, secretion of HCO3
-, pH 

homeostasis, and ion exchange (5,6).  Crystal structures of α-CA have revealed a 

monomer organized around a 10-stranded, predominantly anti-parallel β-sheet (7-13).  

The catalytically active zinc is coordinated by three histidines and one water molecule.   

γ-CA has thus far been isolated and characterized only from the methanoarchaeon 

Methanosarcina thermophila (14-16), where it is proposed to facilitate the transport of 

CH3COO-, and to convert CO2 to HCO3
- outside the cell to assist the removal of excess 

CO2 generated during the growth of this organism on acetate.  The M. thermophila γ-CA 

exists as a trimer with the active site located at the interface between two subunits.  Each 

subunit is organized around a left handed β-helix that is completely distinct from the α-

CA fold, although the active site is also coordinated by three histidines, along with two 

water molecules (17,18). 

 The β  class includes CAs from plants, algae, bacteria, and archaea (2,3).  In 

higher plants, β-CAs play an important role in photosynthesis, by concentrating CO2 in 

the proximity of ribulose bisphosphate carboxylase/oxygenase (RuBisCO) for CO2 
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fixation (19).  The purification and characterization of Cab from the thermophilic 

Methanobacterium thermoautotrophicum extends this class into the archea (20).  Cab is 

at the phylogenetic extreme of the beta carbonic anhydrases and forms an exclusively 

prokaryotic clade consisting primarily of sequences from Gram-positive bacteria (2).  In 

the obligate chemoautolithotroph M. thermoautotrophicum Cab converts CO2 to HCO3
-, 

suggesting the physiological role of this enzyme may be to provide HCO3
- to enzymes 

important in CO2-fixation pathways of the microbe (21,22).   

β  class carbonic anhydrases can be further divided into ‘plant’ type and ‘cab’ 

type, based on the active site sequence conservation (20,23) (Fig. 1).  Two crystal 

structures of ‘plant’ type β-CA were recently reported from Porphyridium purpureum 

(P.p. β-CA) (24) and Pisum sativum (P.s. β-CA) (23).  The basic fold of β-CA consists of 

a four-stranded, parallel β-sheet core with α-helices forming right handed crossover 

connections (23,24).  The oligomerization state of β-CA is variable, however and P.p. β-

CA and P.s. β-CA exist as a dimer and octamer, respectively, although the dimer of P.p. 

β-CA resembles a tetramer, where two monomers are fused together.  In contrast to the 

protein ligation by three histidines observed in α- and γ-CAs, the active site zinc in β-

CAs is coordinated by two cysteines and one histidine, as anticipated from EXAFS 

studies (21,25,26).  The fourth ligand is different in the two β-CAs structures.  In the P.s. 

β-CA structure, an acetate molecule is bound to the zinc, whereas in the P.p. β-CA 

structure, the side chain of aspartic acid (Asp151) acts as the fourth ligand.  In the P.s. β-

CA structure, this conserved Asp interacts with a conserved Arg (Fig. 1).   

Apart from the conserved zinc ligands and the Asp/Arg pair, the active site of Cab 

differs significantly from the ‘plant’ type β-CAs.  Cab active site residues His23, Met33, 
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Lys53, Ala58 and Val72, are replaced in the ‘plant’ type β-CA by Gln, Ala, Phe, Val, and 

Tyr, respectively.   Residues that are equivalent to Cab residues Met33, Lys53, Ala58, 

and Val72 make up the hydrophobic pocket in the P.s. and P.p. β-CA structures.  

Substitutions of the two aromatic side chains by Lys and Val in Cab suggest a significant 

redesign of the hydrophobic pocket in ‘cab’ type β-carbonic anhydrase.  Cab has a CO2 

hydration activity with a kcat of 1.7 x 104 s-1 and KM for CO2 of 2.9 mM at pH 8.5 and 25º 

C (20).  Cab is inhibited by iodide, nitrate, and azide; however, in contrast to ‘plant’ type 

β-CAs, chloride and sulfate have no effect on Cab activity.  These active site 

substitutions, together with the different effects of inhibitors, imply that there might be 

mechanistically relevant differences in the organization of the active sites between ‘cab’ 

Fig. 1.  Alignment of β-CA sequences.  Abbreviations:  Cab (M. thermoautotrophicum),  P.p. Nterm (P. 
purpureum N-terminal domain),  P.p. Cterm (P. purpureum C-terminal domain),  P.s.  (P. sativum),  
ECcynT (E. coli).  Zinc ligands are colored yellow, the conserved Asp/Arg pair red, and residues 
differentiating ‘cab’ type and ‘plant’ type are colored blue. 
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type and ‘plant’ type enzymes.  Here we present the first structure of the ‘cab’ type β-

carbonic anhydrase from thermophilic methanoarchaeon Methanobacterium 

thermoautotrophicum (Cab), determined at 2.1 Å resolution.  

 

Experimental Procedures 

Crystallization: Cab was overexpressed in E. coli and purified by a heat 

denaturation step followed by ion exchange chromatography as previously described 

(20).  Crystals were grown by the hanging drop method at 22 ºC using a 5 mg/ml protein 

solution and a precipitant solution containing 100 mM Hepes, pH 7.5, 35% ethanol, 12% 

methyl pentanediol (MPD) and 50 mM calcium acetate.  The crystals belong to the 

orthorhombic space group P212121 with unit cell dimensions a = 54.9 Å, b = 113.2 Å, c = 

156.2 Å and three dimers per asymmetric unit.  Crystals were transferred stepwise to 

mother liquor solution containing 30% MPD as a cryoprotectant, and flash frozen.   

Data collection and processing:  A three wavelength MAD (multiwavelength 

anomalous dispersion) data set was collected at –160 °C on beamline 9-2 of the Stanford 

Synchrotron Research Laboratory (SSRL) with an ADSC charge-coupled device detector.  

The fluorescence spectrum measured around the Zn edge of a single crystal was used to 

select the inflection point (?=1.2832 Å), the absorption edge (?=1.282 Å) and a high 

energy remote wavelength (?=1.033 Å) for optimization of the anomalous signal.  All 

data were reduced using DENZO and scaled using SCALEPACK (27) (Table I). 

Phase determination:  The structure was determined by MAD using the signal 

from only the intrinsic zinc atoms.  The program SOLVE (28) was used to find the 

positions of the heavy atoms using the three wavelength MAD data set using data from  



Chapter 4:  Crystal Structure of the ’cab’ Type Beta Class Carbonic Anhydrase 82 
 

 

     
Table I. Data Collection Statistics    

     
     

Data collection     
 peak inflection remote  
 ?1 ?2 ?3  

Wavelength (Å) 1.282 1.2832 1.0333  
Resolution range (Å) 20-2.3 20-2.4 20-2.1  
Unique observations 43450 38663 57495  
Total observations 156889 139023 208917  
Completeness (%) 97.9/92.0 98.5/96.5 98.8/98.2  
Rsym 5.9(21.8) 5.1(16.7) 6.3(24.3)  
<I/s> 24 (7.0) 25 (8.6) 21 (5.7)  
Rcullis (cen/acen/anom) 0.79/0.78/0.86 0.74/0.76/0.91 --/--/0.92  
Phasing power (cen/acen) 0.81/1.26 0.94/1.38   

     
Figure of Merit to 2.4 Å resolution 0.52/0.57    
(cen/acen)     

     
     

Numbers in parentheses indicate values for highest resolution bin (2.38-2.30 Å for ?1, 2.49-2.4 Å for ?2, 
and 2.17-2.10 Å for ?3       
Rsym=S |Iobs - Iavg| / SIobs     
Rcullis=lack of closure error/iso-ano difference    
Phasing power=heavy atom structure factor/ r.m.s. lack of closure error  

     
     
     

 

20 to 2.4 Å resolution.  Two zinc ions were identified and when used for phasing yielded 

a figure of merit (FOM) of 0.44.  Four additional Zn sites were located in an anomalous 

difference Fourier map, yielding a FOM of 0.54.  Each of the six zinc sites corresponded 

to a Cab monomer, which are arranged into three tight dimers in the asymmetric unit.  

The initial non-crystallographic symmetry (NCS) transformations were established by the 

relationships between the dimers, and the initial mask was calculated with program 

NCSMSK (29).  The program DM (30) was used for NCS averaging of the electron 
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density maps, solvent flattening, and phase extension from 2.4 Å to 2.1 Å resolution.  The 

resulting map was of good quality and allowed building of most of the protein.  

 

       
Table II. Refinement Statistics       

       
       

Space group  P212121     
Cell dimensions       
a (Å)  54.67     
b (Å)  113.21     
c (Å)  156.18     
Resolution (Å)  20-2.1     
Rcryst (%)  21.1     

Rfree (%)  24.6     

R.m.s.d deviations       
     bond lengths (Å)  0.014     
     bond angles ( )  1.70     
     torsion angles ( )  22.9     
     improper torsion angles ( )  1.39     

       
       
       

Rcryst = ? |Fobs – Fcalc| / ? |Fobs|      

Rfree = Rcryst calculated for 5% of reflections omitted from the refinement   

       
       
       

 

Refinement:  Alternate cycles of manual model building using the program O (31) 

and positional and individual B-factor refinement with program CNS (32) reduced the R 

and Rfree to 21.1 % and 24.6 %, respectively, where Rfree is calculated for 5% (2875) of 

the reflections in the resolution range 18-2.1 Å.  The model was initially refined with 

strict NCS restraints, which were released later in the refinement.  The rmsd (root mean 

square deviation) of bond lengths and angles are 0.013 Å and 1.7 º, respectively, with 

87.9 % in the most allowed region, and 11.1 % in the additionally allowed region of the 
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Ramachandran plot.  The average B-factors are 28.6 Å2 (main chain), 32.4 Å2 (side 

chains), 18.6 Å2 (zinc atoms), and 36.3 Å2 (solvent).  An average B-factor of 30.5 Å2 is 

calculated for all protein atoms.  The final model contains 7543 protein atoms, 3 Hepes 

molecules, 6 zinc atoms, 6 calcium atoms, and 409 water molecules, for a total of 8015 

atoms (Table II). 

 

Results and Discussion 

Structural organization of Cab:  The overall fold of the Cab monomer (Fig. 2A) 

consists of a four-stranded parallel β-sheet core with strand order 2-1-3-4.  Monomers in 

each dimer are related by a two-fold axis centered between strands β2.  The overall 

dimensions of the dimer are approximately 40 Å x 45 Å x 50 Å (Fig. 2B).  Three dimers, 

designated AB, CD, and EF, are present in the asymmetric unit.  In the structurally 

conserved β-sheet region (residues 26-32, 52-57, 80-88, 149-157, and 163-167), the 

rmsds in Cα positions between the dimers average 0.24 Å.  Using Cα’s  for residues 24-

170, the corresponding rmsds are: 0.34 Å between dimers AB and CD, 1.0 Å between 

dimers AB and EF, and 1.1 Å between dimers CD and EF.  The relatively large rmsds for 

the latter two pairs of dimers reflect the poor ordering for residues 91-126 in monomer E.  

Excluding these residues, the rmsds drop to ~0.28 Å.  The rmsd in the β-sheet region 

between the A and B, C and D, and E and F subunits of the Cab are approximately 0.6 Å, 

while the rmsd for all Cα between the subunits are approximately 0.8 Å.   

The regions with the largest conformational variation include the N-terminal 

residues 1-23 (involved in crystal packing), residues 92-95, and residues 120-125.  While 

the N-terminal residues 1-23 are well defined in monomers A, C, and E, residues 13-23 
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are disordered in monomers B, D, and F.  Residues 92-95 and 120-125 form a hinge 

region for helices α4 and α5 and are well ordered in monomers B and D, slightly 

Fig. 2.  Structure of Cab.  A) Ribbon diagram of the A  monomer of Cab.  The color changes from blue 
(N-terminus) to red (C-terminus).  B) Dimer of Cab. Monomer A is shown in magenta, monomer B is 
shown in blue, Zn atoms are shown in grey.  Monomer A is shown in the same orientation for both 
figures 2A and 2B.  Hepes bound to subunit A is shown in ball-and-stick representation  The figures 
were created with BOBSCRIPT (45) and RASTER3D (46). 
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disordered in monomers A, C, and F and disordered in monomer E.  The variability in 

region 90-125 between the six crystallographicaly independent monomers suggests that 

these residues are conformationally mobile.  Overall, with the exception of the noted 

regions, the three dimers in the asymmetric unit are very similar.  Unless stated 

otherwise, only dimer AB will be used in the future discussions.   

Six calcium ions were located on the surface of Cab and at the crystal packing 

interfaces between Cab dimers.  Most likely, these calcium ions do not play any structural 

or catalytical role and are a result of the crystallization conditions that contained 50 mM 

calcium acetate.   

Cab oligomerization:  β-CAs have been found in different oligomeric states 

ranging from dimers (O. sativa, P. purpureum), tetramers (E. coli), to octamers (P. 

sativum) (20, 23, 24, 33).  Although ana lytical ultracentrifugation results suggest that Cab 

exists as a homotetramer (21), Cab appears to form a dimer in the crystal.  There are 

numerous interactions stabilizing the dimer involving residues in β-strand β2, and helices 

α2, α3, α4, and α5.  Hydrogen bonds between residues 56 and 57 from strand β2 in both 

subunits result in a formation of a 10-stranded, mainly parallel, β  sheet.  Helices α4 and 

α5 extend out and make extensive contact with the other monomer in the dimer (Fig. 2B).  

The interface area between these two subunits was found to be ~2110 Å2 per subunit, 

which is ~21% of the total (~10000 Å2) monomer accessible surface area as calculated 

with GRASP (34).  Residues A2-A23 pack against a symmetry related molecule burying 

860 Å2, resulting in the formation of a continuous ribbon through the crystal (Fig. 3).  

Residues B2-B12 most likely fold back and pack against the B monomer in the same way 

that A2-A12 packs against the symmetry related molecule.  Residues B13-B23 have no 
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visible electron density and are disordered.  A similar type of crystal packing forming a 

continuous ribbon has been observed in the SAM (sterile alpha motif) domain of the 

human EphB2 receptor, and together with other evidence was proposed to be functionally 

important (35).  The crystal packing interaction seen in Cab can also be described as a 

linear (open-ended) domain swapped oligomer, where the swapped domain consists of a 

twelve residue α-helix (36,37).  It is unclear whether residues 1-24 could facilitate the 

formation of a higher oligomerization state under physiological conditions, or whether 

residues A2-A23 also fold back and pack against monomer A.  Based on modeling 

considerations, even though the N-terminal region is highly flexible, formation of a Cab 

tetramer similar to the one seen in the P.p. structure is unlikely due to the steric clashes of 

Fig. 3.  Stereo view of the crystal packing of Cab showing the continuous ribbon created by packing of 
helix α1 against a crystallographically related molecule.  Monomer A is in magenta, with helix α1 in 
green.  Monomer B is in blue, with helix α1 in red.   
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helices α4 and α5.  Contacts between Cab dimers in the crystal are relatively small (= 

540 Å2) and, based on their complementarity and size (38,39), are also unlikely to 

support formation of stable tetramers. 

Comparison of ‘cab’ and P.s. and P.p. structures:  The fold of Cab is similar to 

that of the P.s. and P.p β-CAs (Fig. 4).  While the β-sheet core is conserved, significant 

secondary structure differences are evident, mostly in the regions at the N-terminus, C-

terminus and in the region containing residues 90-125.  The N-termini of the P.s. and P.p. 

β-CA structures extend out, forming a long helix that packs against a second monomer, 

making additional dimer interactions.  In Cab, the N-terminus is involved in crystal 

packing and does not adopt the same conformation observed in the P.s. and P.p. β-CA 

structures.  Cab is one of the smallest β-CAs known, and lacks an extended C-terminus.  

In the P.s. β-CA structure, the C-terminus forms a long β-strand that mediates 

octamerization.  In Cab, residues 90-125 form two helices (α4, α5) that project out to 

cover the second monomer (Fig. 2B), and fold back to start helix α6.  In both the P.s. and 

P.p. β-CA structures, this segment is longer, forms three helices instead of two, and folds 

back earlier to create two additional turns of helix α6.  In the central β-sheet region, the 

rmsds in Cα positions between Cab and P.s. and P.p. structures are 0.62 Å and 0.56 Å, 

respectively.  

Active Site:  The active site cleft is located at the C-terminus of the parallel β-

sheet and is largely sequestered from solvent.  Each Cab subunit contains one zinc atom 

that resides at the interface of the two monomers (Fig. 2B), although the coordination 

residues (Cys32, Cys90, and His87) originate from the same monomer.  One water 

molecule completes the tetrahedral coordination sphere of the zinc.  Although the 
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crystallization conditions contained 50 mM calcium acetate, no acetate was found in the 

active site, unlike in the P.s. β-CA structure (Fig. 5A).  The average coordination 

distances from the six active sites are Cys32 Sγ-Zn (2.42 ± 0.03 Å), His87 Nε-Zn (2.11 ±  

0.04 Å), Cys 90 Sγ-Zn (2.40 ± 0.04 Å), and H2O-Zn (2.15 ± 0.06 Å).  The four zinc 

ligands form a number of hydrogen bonds with the surrounding residues.  His87 

hydrogen bonds with the carbonyl oxygen of residue Thr88; Cys32 Sγ hydrogen bonds 

with the amide nitrogens of residues Lys22, Asp34 and Gly59; Cys90 hydrogen bonds 

with the amide nitrogen of residue Met92; and the coordinating water molecule makes a 

hydrogen bonds to Asp34.  Arg36 forms the conserved Asp/Arg pair with Asp34 and also 

interacts with Asp89 and a water molecule.   

 Rather unexpectedly, the two active sites A and B in the Cab dimer exhibit 

significant differences, which are reflected in the rmsds between monomers in a dimer 

Fig. 4.  Stereo diagram showing the superimposition of a backbone trace of Cab (yellow), P. s. β-CA 
(green), and P. p. β-CA (blue).  The main differences are at the N-terminus, C-terminus, and in the α4, 
α5 region.   
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(~0.65 Å) being consistently larger than between the equivalent monomers in different 

dimers, such as A and C, or B and D (0.24 Å).  The active sites in monomers A, C, and E 

have a Hepes buffer molecule bound near the active site.  The sulfate group of the Hepes 

is located ~8 Å from the zinc atom and the sulfate oxygens hydrogen bond with Lys53 

Nζ, Ser35 Oγ, and the amide nitrogen of Ser35 (Fig. 5B).  The equivalent to Ser35 is 

present in both ‘plant’ type β-CAs and in Cab, while  Lys53 is unique to the ‘cab’ type β-

CAs.  Asp34, that makes a hydrogen bond to the zinc coordinating water molecule, is 

also within hydrogen bonding distance (~3.0 Å) to the Hepes sulfate group.  Another 

difference between the two active sites is the conformation of residues 13-24.  In the 

active site of subunit A, residues B13-B24 are disordered and have no visible electron 

density.  In the active site of subunit B, however, residues A13-A24 are well defined and 

extend out to participate in crystal packing.  Superposition of residues in the active sites 

of subunits A and B (Fig. 5B) indicates that the Hepes molecule would sterically clash 

with residues Arg16 and Asp17, if residues 13-24 adopted the same conformation as in 

active site B. 

Comparison of P.s. β-CA and Cab active sites:  The zinc coordinating residues 

(Cys32, His 87, and Cys90) of Cab and P.s. β-CA superimpose closely (Fig. 6A).  The 

water molecule, serving as the fourth zinc ligand in Cab, adopts a position similar to the 

O1 of the acetate ligand in the P.s. β-CA structure.  The conserved residue Asp34 is held 

in place by forming two hydrogen bonds to Arg36, as do the corresponding residues 

Asp162 and Arg164 in the P.s. β-CA.  The following five active site substitutions 

distinguish the ‘cab’ type and ‘plant’ type β-carbonic anhydrases: H23Q, M33A, K53F, 

A58V, V72Y.  The superposition of Cab and P.s. β-CA structures clearly shows the 



Chapter 4:  Crystal Structure of the ’cab’ Type Beta Class Carbonic Anhydrase 91 
 

distinctions in active site organization by these residues.  His23, found on a flexible loop, 

is ~25 Å away from the catalytic zinc, and likely is not a part of the active site.  On the 

Fig. 5.  Stereo view of the zinc environment in Cab.  A)  The simulated annealing |Fo-Fc |  omit map, 
calculated omitting the four ligands and the zinc, is contoured at 4σ (blue) and 15σ (red).  A simulated 
annealing omit map calculated with only the coordinating water molecule omitted is shown contoured at 
4σ (green).  B)  Hepes binding to the active site of subunit A.  Hepes is in purple, with hydrogen bonds 
shown as dotted lines.  The loop shown in green would sterically clash with Hepes, if Hepes bound to the 
active site of subunit B as it is observed to bind to the active site of subunit A. 
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other hand, the equivalent residue Gln151 in the P.s. β-CA structure occupies a position 

similar to the Hepes sulfate group that is ~8 Å away from the zinc atom and is possibly 

involved in ligand binding (23).  The hydrophobic pocket of Cab is quite different from 

that of ‘plant’ type β-CA (Fig. 6A).  In P.s. β-CA structure, the hydrophobic pocket is 

formed by Phe179, Val184, and Tyr205.  The corresponding residues in Cab (Lys53, 

Ala58, and Val72) constitute a more open and less hydrophobic pocket. 

 Comparison of P.p. β-CA and Cab active sites:  Again, the protein ligands to the 

zinc in the two structures superpose closely (Fig 6B).  The fourth ligand is different as the 

side chain of Asp151 in the P.p. β-CA structure coordinates the zinc, instead of the water 

molecule seen in Cab structure.  Asp151 of P.p. β-CA is equivalent to Asp34 of Cab.  As 

a consequence of the zinc coordination by Asp151 in the P.p. β-CA structure, this residue 

cannot pair with the conserved Arg, and Arg153 has flipped away from the active site.  

The adjacent Ser152 moved by ~4 Å and adopted a different conformation in the P.p. β-

CA structure (Fig. 6B).  The hydrophobic pocket arrangement of P.p. β-CA is very 

similar to that of P.s. β-CA and the differences between the ‘cab’ type and ‘plant’ type 

hydrophobic pocket have already been discussed.   

 
Mechanism:  The catalytic mechanism of carbonic anhydrases has been most 

extensively studied for the α-CA class (5,6,40-42).  The zinc hydroxide mechanism 

established for this class provides an appropriate framework for discussing the catalytic 

mechanism of Cab.  In the first part of the CO2 hydration reaction, CO2 binds in the 

hydrophobic pocket and interacts with the amide nitrogen of the gatekeeper residue.  The 

gatekeeper residue (Thr199) in the α-CAs plays an important role, together with Glu106, 
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in orienting the CO2 molecule for attack by the zinc bound hydroxide.  In the P.s. β-CA 

structure, Asp162, Gly224, and Gln151 are thought to play the same role in orienting 

CO2 for this attack (23).  In Cab, Asp34 and Gly91 are in the same orientation as Asp162 

and Gly224 in P.s. β-CA structure and might also help to orient CO2.  His23, the 

Fig. 6.  Stereo diagram showing the superimposition of the active site of Cab, P. s., and P. p. β-CAs 
including zinc, zinc-coordinating residues, as well as the conserved residues differentiating between 
‘cab‘and ‘plant’ β-CA type.  A) Cab is shown in yellow, P. s. β-CA is shown in green.  The 
coordinating water molecule in Cab is shown in red.  B) Cab is shown in yellow, P. p. β-CA is shown in 
blue.  The coordinating water molecule in Cab is shown in red.   
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equivalent of P.s. β-CA Gln151, is; however, disordered in active sites A, C, and E, and 

in active sites B, D, and F is at the beginning of a segment of residues that pack against 

the symmetry related molecule, and lies 25 Å away from the active site zinc.   

The second, rate- limiting step in the CO2 hydration reaction involves the 

regeneration of a hydroxide ion from the zinc-bound water molecule.  In α-CAII, the zinc 

ion is located in a deep funnel and requires a proton shuttle to transfer the proton to the 

bulk solvent.  His64 of α-CAII adopts multiple conformations, which facilitates 

accepting the proton from the zinc bound water molecule and delivering it to buffer in 

bulk solution (43).  In γ-CA, Glu84 exhibits multiple conformations and has been 

proposed to participate in a proton shuttle (18,44).  Residues with multiple conformation 

have not been described in the active site of any β-CA structure determined so far.  Since 

the β-CA active site is closer to the surface of the protein than the α-CA active site, a 

protein mediated proton shuttle might not be necessary.  The β-CA reaction rate depends 

on buffer concentration, implying that proton transfer can be rate limiting under certain 

conditions (21).  In the Cab structure, a Hepes buffer molecule was found near the active 

sites A, C, and E.  The Hepes sulfate group is located ~8 Å away from the zinc atom, and 

lies within hydrogen bonding distance of Asp34, which makes a hydrogen bond to the 

zinc bound water molecule.  In the P.p. β-CA structure, the equivalent of Asp34 acts as 

the fourth zinc ligand, and in the proposed mechanism plays a role in the proton transfer 

(24).  Therefore, the most plausible pathway for proton transfer in Cab is from the zinc 

bound water molecule to Asp34 and then to the sulfate group of the bound Hepes 

molecule.  The conformation of residues 1-25 in active sites B, D, and F is incompatible 

with Hepes binding and residues 13-25 must adopt different conformations for Hepes to 
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bind (Fig. 5B).  The mobility of residues 1-25 and 92-125 might allow buffer molecules 

to diffuse into the active site, and serve as the proton acceptor necessary to regenerate the 

zinc-bound hydroxide.   
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Abstract 

 The structure of the nitrogenase iron protein from Azotobacter vinelandii in the 

all- ferrous [4Fe-4S]0 form has been determined to 2.25 Å resolution using the 

multiwavelength anomalous diffraction (MAD) phasing technique.  The structure 

demonstrates that major conformational changes are not necessary in either the iron 

protein or in the cluster to accommodate cluster reduction to the [4Fe-4S]0 oxidation 

state.  A survey of [4Fe-4S] clusters coordinated by four cysteine ligands in proteins of 

known structure reveals that the [4Fe-4S] cluster of the iron protein has the largest 

surface accessible area, suggesting that solvent exposure may be relevant to the capability 

of the iron protein to exis t in three oxidation states. 
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Biological nitrogen fixation is catalyzed by the nitrogenase system, which 

consists of two metalloproteins: the iron protein (Fe protein) and the molybdenum-iron 

protein (MoFe protein) (1-4).  The Fe protein is a ~64 kDa γ2 dimer with a single [4Fe-

4S] cluster bridging the two subunits, while the MoFe protein is an α2β2 tetramer that 

contains two types of metalloclusters, the FeMo-cofactor and the P-cluster.  The 

reduction of dinitrogen to ammonia by nitrogenase involves the reduction of the Fe 

protein by electron carriers, such as ferredoxin and flavodoxin.  The Fe protein 

subsequently transfers electrons to the MoFe protein in a MgATP-dependent process, 

followed by electron and proton transfer to the substrate.  Each electron transfer step 

involves the association and dissociation of the Fe protein and MoFe protein complex.  

This cycle repeats until enough electrons are transferred to the substrate, which is most 

likely bound to the FeMo-cofactor of the MoFe protein.  In the current understanding of 

the nitrogenase mechanism, the [4Fe-4S] cluster of the Fe protein is believed to undergo 

a one electron reduction cycle between the [4Fe-4S]1+ and [4Fe-4S]2+ oxidation states.   

In 1994, Watt et al. (5) reported that the [4Fe-4S]1+ state of the Fe protein can be 

further reduced to the all- ferrous [4Fe-4S]0 state.  The properties of an all- ferrous Fe 

protein produced by reduction with Ti(III) citrate have been extensively characterized by 

Burgess, Münck and coworkers (6-10).  The all- ferrous Fe protein has been shown to 

bind MgATP, undergo a MgATP induced conformational change, form the productive 

complex with the MoFe protein, and transfer electrons to the MoFe protein, leaving the 

cluster of Fe protein in the [4Fe-4S]2+ oxidation state (7).  It is unclear whether the 

transfer of electrons between proteins takes place one at a time or if both electrons can be 

transferred together.  Starting with the [4Fe-4S]0 state of the Fe protein, one ATP 
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molecule can apparently be hydrolyzed per electron transferred (11), rather than the two 

ATP molecules per electron observed from the [4Fe-4S]1+ state. Therefore, the ATP 

utilization process can potentially be twice as efficient through the all- ferrous state of the 

Fe protein.  It has been suggested that both forms of reduced Fe protein might be 

mechanistically competent (11). 

Before discovery of the all- ferrous Fe protein, protein bound [4Fe-4S] clusters 

had been known to undergo either [4Fe-4S]3+/2+ or [4Fe-4S]2+/1+ redox cycles, but not 

both (12).  The [4Fe-4S] cluster of the Fe protein is the only known example of a protein 

bound [4Fe-4S] cluster that can function in three oxidation states.  Furthermore, no other 

[4Fe-4S] protein clusters or model compounds with thiolate ligands are known to exist in 

the all- ferrous [4Fe-4S]0 oxidation state.  Here we report a crystal structure of an all-

ferrous state of the Fe protein at 2.25 Å resolution.  Since there are no model compounds 

with thiolate ligands in this oxidation state, this work provides the first crystallographic 

view of an all- ferrous [4Fe-4S]0 cluster.   

 

Methods 

Protein Purification and Reduction to the [4Fe-4S]0 state:  Azotobacter vinelandii 

Fe protein (Av2) was purified as described elsewhere (13).  All experimental procedures 

were carried out in an anaerobic chamber with an oxygen level of less than 1 ppm.  

Ti(III) citrate and Ti(III) citrate reduced Fe protein were prepared as described previously 

(6, 7, 14).   Ti(III) citrate was removed from the Fe protein on a Sephadex G-25 column, 

and the protein was concentrated in a Centricon-30 in an anaerobic centrifuge to 30 

mg/ml in 20% glycerol, 450 mM NaCl, and 50 mM Tris (pH 8.0).  It should be noted that 
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the all- ferrous Av2 is pink whereas the [4Fe-4S]+1 state is brown.  Exposure of the all-

ferrous Av2 solution to oxygen immediately leads to oxidation of the cluster and to a 

dark brown solution 

 

Crystallization:   Crystals were grown by the capillary microbatch method (15) with 20 

µl precipitant solution containing 26-29% PEG 4000, 700-900 mM NaCl, 100 mM Tris 

(pH 8.0), and 10 µl of protein solution containing 30 mg/ml all- ferrous Av2 in 20% 

glycerol, 450 mM NaCl, and 50 mM Tris (pH 8.0).  Pink crystals were obtained after one 

          
Table 1. Data Collection Statistics    
          
     
Data collection     

 peak inflection remote 
high-

resolution 
 ?1 ?2 ?3  
Wavelength (Å) 1.737 1.741 1.378 1.08 
Resolution range (Å) 20-3.0 20-3.0 20-3.0 20-2.25 
Unique observations 12779 12748 12222 28724 
Total observations 66302 64197 55432 154673 
Completeness (%) 97(99.6) 97(99.7) 94.4(97.3) 93.2(85.2) 

Rsym 6.4(15.1) 5.7(20.8) 7.1(23.8) 5.4(30.6) 
<I/s> 7.8(4.0) 8.7(3.1) 8.6(2.8) 21.3(3.8) 

Rcullis (cen/acen/anom) 0.72 / 0.59 / 0.85 0.64 / 0.50 / 0.86 ./ ./ 0.91  
Phasing power (cen/acen/anom) 2.09 / 3.31 / 1.47 2.33 / 4.83 / 1.48 ././ 1.25  
     
Figure of Merit to 3.0 Å 
resolution 0.64 / 0.55    
(cen/acen)     
               
Numbers in parentheses indicate values for highest resolution bin (3.16-3.00 Å for ?1,?2, and ?3 and 
2.33-2.25 Å for h igh resolution)      

Rsym=S |Iobs - Iavg| / SIobs     

Rcullis=lack of closure error/iso-ano difference    
Phasing power=heavy atom structure factor/ r.m.s. lack of closure error   
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week and belonged to space group P21 with cell constants a = 57.0 Å, b = 93.3 Å, c = 

62.8 Å, and β  = 98.9º, which is similar to the crystal form obtained with molybdate 

described in the original structure determination (15).  Molybdate could not be used in 

these crystallization studies, however, since the presence of this anion led to rapid 

oxidation of the all- ferrous form of Av2. 

Data Collection and Structure Determination:  Data were collected on frozen 

crystals, and the color of the crystals was monitored to ensure that data were collected on 

the all- ferrous state of the protein.  At the end of the data collections, there appeared to be 

slight discoloration on the surfaces of the crystals, however, the crystals always remained 

Figure 1.  Ribbons diagram of the all-ferrous A. vinelandii Fe protein dimer.  The [4Fe-4S] cluster at 
the dimer interface is represented by the ball-and-stick model.  Subunits A and B are colored purple 
and blue, respectively.  Figures 1 and 3 were generated with BOBSCRIPT and RASTER3D (34, 35). 
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predominantly pink.  A high resolution data set was collected at –160 ºC on beamline 7-1 

of the Stanford Synchrotron Research Laboratory (SSRL) (Table 1).  The structure was 

initially solved by molecular replacement with AMORE (16) using the 2NIP structure as 

the search model. This model, however, could not be refined satisfactorily.  At this point, 

experimental phases were determined to 3.0 Å resolution from a three wavelength MAD 

data set collected at –160 ºC on beam line 5.0.2 at the Advanced Light Source (ALS) 

(Table 1).  The fluorescence spectrum measured around the Fe edge of a single crystal 

was used to select the inflection point (λ=1.741 Å), the absorption edge (λ=1.737 Å) and 

a high-energy remote wavelength (λ=1.378 Å) for optimization of the anomalous signal.  

Data were processed with MOSFLM and scaled with the CCP4 program suite (17).   

The initial position of the iron-sulfur cluster was taken from the molecular 

replacement solution and was consistent with the anomalous and dispersive difference 

Patterson maps.  Positions and occupancies of the four cluster irons, as well as ∆f’ and 

∆f’’ values for three wavelengths, were refined with the program SHARP (18).  The 

initial phases were improved by solvent flattening and 2-fold non-crystallographic 

symmetry averaging (NCS) in DM (19).  The model was initially refined to 3.0 Å 

resolution against SHARP calculated Fourie r coefficients based on the two-dimensional 

centroid of the probability distribution for the native complex structure factor (18).  After 

the Rfree dropped below 35%, the model was refined against the higher resolution (2.25 

Å) native data set collected at SSRL, incorporating the lower resolution test set 

reflections into the higher resolution test set.  Later in the refinement, individual B factors 

were refined and the 2-fold NCS restraints were released.  Alternate cycles of manual 

model building using the program O (20), positional and individual B-factor refinement 
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with programs CNS (21) and REFMAC (17), and addition of water molecules to the 

model reduced the R and Rfree to 23.8% and 28.9% respectively, where Rfree is calculated 

for 5% of the reflections.  The root mean square deviations (rmsds) of bond lengths and 

angles from ideal values are 0.012 Å and 1.66º respectively, with 85.9% of the residues in 

the most allowed region and 14.1% in the additionally allowed region of the 

Ramachandran plot (22).  The average B-factors are: 53.5 Å2 (mainchain), 55.5 Å2 

(sidechains), 39.8 Å2 (cluster), and 59.3 Å2 (solvent).  An average B-factor of 55.4 Å2 is 

calculated for all protein atoms.  The final model contains 4380 protein atoms, one [4Fe-

4S] cluster, and 365 water molecules, for a total of 4753 atoms.  No Ti(III) citrate or 

citrate were found bound to the protein. 

 During cluster refinement, the Fe-S bonds were restrained to 2.33 Å (bond energy 

of 700 kcal/mol Å2 in CNS), and the Fe-S-Fe and Fe-SG-CH2 angles were weakly 

restrained (angle energy of 100 kcal/mol rad2 in CNS) to 72º and 109º, respectively.  For 

comparisons between the [4Fe-4S] clusters in different Fe protein structures, the 2NIP 

structure was refined with the same cluster protocol as the all- ferrous Av2, resulting in 

the 3NIP model.  In the 3NIP refinement, all atoms were held fixed except for the [4Fe-

4S] cluster and the cysteine-containing loops (residues 96-98 and 131-133 in each 

monomer). 

In the following discussion, the currently determined structures of Fe proteins will 

be designated as follows:  the present 2.25 Å resolution all- ferrous Av2 structure (all-

ferrous Av2), the initial 2.9 Å resolution Av2 structure in a monoclinic crystal form 

(1NIP), the 2.2 Å resolution Av2 structure in an orthorhombic crystal form (3NIP), the 

1.93 Å resolution C. pasteurianum Cp2 (1CP2), and the Av1/Av2 complex (1N2C) (15, 
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23, 24).  The oxidation states of the 1NIP, 3NIP and 1CP2 structures have not been 

unambiguously established.  While the initial crystallizations were conducted with the 

cluster in the dithionite reduced [4Fe-4S]+1 state, it is possible that the protein oxidizes 

during the time required for crystallization (25), and could also become photoreduced 

during X-ray data collection (26).   Consequently, the oxidation states of these Fe protein 

forms are not precisely defined, and will be collectively designated as ‘oxidized’ without 

assigning formal oxidation states. 

 

Results and Discussion 

Protein Structure  

Comparison to other Fe protein structures:  The all- ferrous Fe protein adopts the 

same overall conformation as the uncomplexed 1NIP and 3NIP Av2 structures (Figure 1).  

In the structurally conserved β-sheet region, the rmsds in Cα positions relative to the all-

ferrous Fe protein are 0.41 Å (1NIP), 0.17 Å (3NIP), 0.32 Å (1CP2), and 0.4 Å (1N2C) in 

monomer A respectively.  With all Cα’s, the corresponding rmsds are 0.65 Å (1NIP), 1.10 

Å (3NIP), and 1.80 Å (1N2C).  The structure of the all- ferrous Av2 indicates small 

deviations from ideal NCS symmetry exist between the two monomers.  The rmsd in the 

β-sheet region between the A and B subunits of the all- ferrous Av2 is 0.3 Å, while the 

rmsd for all Cα between the two subunits is 0.65 Å, a value similar to the 3NIP structure 

(0.62 Å).  The regions with largest conformational variation include the previously 

reported loop regions containing residues 37-47, 60-70, 90-101, 113-116, 128-136, and 

171-175 (24).  These loops adopt different conformations in the 1NIP and 3NIP 
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structures.  In the all- ferrous Av2, these loops exhibit conformations that are intermediate 

between the 1NIP and the 3NIP conformations. 

 

          
Table 2. Individual Cluster Distances for Fe Proteins (Å) 
          
     
Atom  SRFEP 3NIP 1CP2 
     
Fe1-Fe2  2.69 2.70 2.64 
Fe1-Fe3  2.79 2.64 2.62 
Fe1-Fe4  2.67 2.71 2.68 
Fe2-Fe3  2.63 2.71 2.72 
Fe2-Fe4  2.52 2.56 2.54 
Fe3-Fe4  2.57 2.67 2.60 
     
S1-S2  3.82 3.72 3.72 
S1-S3  3.86 3.80 3.77 
S1-S4  3.72 3.66 3.64 
S2-S3  3.68 3.65 3.67 
S2-S4  3.64 3.73 3.69 
S3-S4  3.74 3.68 3.74 
          
     

 

 
 
 
 
 
 

Structure and Environment of the [4Fe-4S]0 Cluster 

Cluster Geometry: This crystallographic analysis of the all- ferrous form of Av2 

verifies that the cluster retains the general cubane structure and maintains the same set of 

cysteine ligands observed in more oxidized forms of Fe protein.  Specific Fe-Fe and S-S 

distances observed in the all- ferrous and other forms of Fe protein are presented in Table 

2.  The resolution of the all- ferrous Av2 structure (2.25 Å) is not sufficient to derive 

Table 2:  Fe-Fe and S-S distances (in Å) in the [4Fe-4S] cluster 
of different Fe-protein structures. Fe1, Fe2, Fe3 and Fe4 are 
coordinated by the Sγ of Cys B97, Cys A132, Cys A97 and Cys 
B132, respectively, while S1, S2, S3 and S4 are the sulfurs 
opposite to Fe3, Fe4, Fe2 and Fe1, respectively, in the [4Fe-4S] 
cubane.      
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accurate [4Fe-4S]0 cluster geometry parameters, such as the ones available for other 

oxidation states from model compounds (27).  Although the differences are likely within 

the coordinate uncertainly, the all ferrous Fe-protein shows an overall distribution of four 

Fe-Fe distances greater than ~2.65 Å and two distances less than this value (Table 2).  

Since the geometry of the [4Fe-4S] cluster can be sensitive to the restraints used in the 

refinement of the cluster, the clusters in the all ferrous and more oxid ized form of Av2 

were refined with the parameter set defined in the Methods section.  Comparisons of the 

cluster geometry refined with the same protocol suggests that, relative to 3NIP, the all-

ferrous Av2 has two large S-S distances (~3.80 Å), an increased Fe1-Fe3 distance (2.79 

         
                  

Table 3.  Average [Fe4S4] Cluster Values in PDB1    
                  
         
   Å or º STD Total # in set  

All-ferrous 
Av22 3NIP2 1CP22 

         
Fe-SG  2.27 0.06 164  2.31 2.32 2.30 
Fe-S  2.29 0.05 492  2.33 2.31 2.30 
Fe-Fe  2.68 0.08 246  2.65 2.66 2.63 
S-S  3.64 0.08 246  3.74 3.71 3.70 
SG-SG  6.36 0.27 246  6.41 6.36 6.37 
SG-Fe-S  113.0 6.22 492  111.6 111.3 111.8 
S-Fe-S  105.5 2.38 492  107.2 106.6 107.0 
Fe-S-Fe  71.8 2.43 492  69.4 70.3 69.7 
CB-SG-Fe  108.8 6.78 164  109.0 107.4 110.5 
Fe Volume  2.28 0.17 41  2.17 2.22 2.14 
S Volume  5.70 0.31 41  6.17 6.00 5.98 
SG Volume  29.91 1.40 41  30.82 28.69 30.29 
Fe-S Volume  9.27 0.47 41  9.23 9.29 9.06 
                  
                  
1Values are derived from 41 [Fe4S4] protein clusters.  The 
selection criteria for the proteins is described in Figure2 
legend     
     2Average values for the indicated Fe-protein structures      
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Å), and a shorter Fe1-Fe4 distance (2.57 Å) (Table 2).   For reference, a more general 

analysis of the geometrical properties of [4Fe-4S]-type clusters, including average 

distances and angles derived from 41 [4Fe-4S] cluster containing proteins with four 

cysteine ligands are shown in Table 3.   

The all- ferrous Fe protein cluster has been studied previously by EXAFS, 

Mössbauer, and EPR techniques (6, 8-10).  The EXAFS curves of the Fe protein were 

best fit using two short (2.52 Å) Fe-Fe distances and one long (2.77 Å) Fe-Fe distance.  A 

possible model with these distances is that of a compressed [4Fe-4S] cluster in which the 

4.8

5

5.2

5.4

5.6

5.8

6

6.2

6.4

2 2.1 2.2 2.3 2.4 2.5 2.6

S / Fe Tetrahedron Volumes for [4Fe-4S] clusters

Fe Tetrahedron Volume (Å3)

AF Av2

1CP2

1G5P

Figure 2.  Variation in the volumes of the Fe and sulfur tetrahedron in [4Fe-4S] cluster containing 
proteins of known structure.  The all-ferrous Av2 has the largest sulfur tetrahedron volume, but one of 
the smallest Fe tetrahedron volumes.  The overall all-ferrous Av2 cluster volume is comparable to other 
[4Fe-4S] clusters (Table 3).  Only proteins with [4Fe-4S] clusters coordinated by four cysteine ligands 
and refined at resolutions of 2.5 Å or better were used in this analysis.  The set contains the following 
PDB (36, 37) files: All-ferrous (AF) Av2, 3NIP, 1CP2, 1BLU, 2FDN, 1FXR, 2FXB, 1VJW, 7FD1, 
1ISU, 1HPI, 1CKU, 2NAP, 1AA6, 1QLA, 1AOP, 2ABK, 1DJN, 1MUY, 1AOR, 1B25, 1BOP, 1C4C, 
1H2R.  Volumes for model compounds [Fe4S4(SCH2Ph)4]2+/1+ and [Fe4S4(SPh)4]2+/1+ are also shown in 
the oxidized states (squares) and in the reduced states (triangles) (27).  Tetrahedron volumes were 
calculated from the coordinates of the four defining atoms using equation 20 in section 2.2 of (38).   
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vertical Fe-Fe distances are shorter and the horizontal Fe-Fe distances are longer (8).   In 

the Mössbauer studies, one Fe site was found to be unique (10), although the 

correspondence between this site and the EXAFS derived cluster model is not obvious.   

It is also not readily apparent how to unambiguously map the EXAFS and Mössbauer 

derived structural information onto the crystallographic structure, although the coordinate 

uncertainties in the diffraction analysis make this comparison difficult. 

The presence of multiple forms of an iron-sulfur cluster in a crystal can lead to 

apparent structural distortions following refinement (28).  These multiple forms are 

generally indicated by high B-factors and poor electron density for parts of the cluster.  

Since the all- ferrous Av2 cluster has a good uniform density with B-factors lower than its 

average mainchain Bs for the protein, this suggests the cluster exists predominantly in a 

single form.  

Cluster Volumes:  It has been reported (8) that the volume of the [4Fe-4S] cluster 

increases upon addition of electrons, although in general, the structural consequences of 

changes in oxidation state of a cluster will depend on the details of the bonding 

interactions (29).  The Fe proteins have some of the smallest Fe-tetrahedron volumes 

among [4Fe-4S] proteins, ranging from 2.15-2.20 Å3 (Figure 2).  In contrast, the sulfur 

tetrahedron in the all- ferrous Av2, due to the longer S-S bond lengths, has one of the 

largest volumes among [4Fe-4S] proteins (6.15 Å3).  An increase in volume of the sulfur 

tetrahedron upon reduction from the [4Fe-4S]2+ to [4Fe-4S]1+ state has also been 

observed in model compounds (27).  The overall volume of the all- ferrous Av2 [4Fe-4S] 

cluster is, however, similar to other [4Fe-4S] protein clusters (Table 3).   
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To assess the sensitivity of these volumes to the refinement protocol, the [4Fe-4S] 

clusters of the all- ferrous Av2 and 3NIP were refined with three different restraints.  For 

these refinements, all protein and solvent atoms were fixed, with the exception of the 

[4Fe-4S] cluster and the cysteine-containing loops (residues 96-98, and 131-133 in both 

monomers).  Clusters in all- ferrous Av2 and 3NIP were refined using the following 

restraint schemes in the program CNS:  (1): Fe-S restrained to 2.29 Å, with penalty of 

700 kcal mol Å2, (2): Fe-S 2.33 Å, 700 kcal mol Å2, (3): no restraints.  The Fe 

tetrahedron volumes were insensitive to the restraints employed, while the sulfur 

B 

Figure 3.  Stereo diagram of the [4Fe-4S] cluster environment in the A) All-ferrous 
Av2 and B) 3NIP structures.  NH-S hydrogen bonds were defined when the N-S 
distance = 3.5 Å and the N-H-S angle ≥ 120°.  If the distance is between 3.5 and 3.7 
Å, or if the angle is less than 120° then this interaction is termed an incipient bond.  
NH-S hydrogen bonds are colored green, while the incipient hydrogen bonds are 
shown in red.  Subunits A and B are colored purple and blue, respectively as in 
Figure 1.   
 

A 
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tetrahedron was found to fluctuate between 5.9 Å3 and 6.2 Å3 in all- ferrous Av2 

refinements and to values ~ 0.2 Å3 smaller in the 3NIP refinements.  Although the sulfur 

volumes appear to have an uncertainty of ~ 0.2 Å3 depending on the restraints, the sulfur 

volume of the all- ferrous form of the cluster does appear consistently larger than the more 

oxidized 3NIP structure. 

Accessible Surface: The [4Fe-4S] cluster in the Fe protein has the largest 

accessible surface area among [4Fe-4S] containing proteins of known structure.  While 

most known [4Fe-4S] clusters are completely buried within proteins, the accessible 

cluster surface areas in the Fe protein structures are between 13-18 Å2.  For these 

calculations, the accessible surface area of the clusters was calculated with program 

SURFACE (17) using radii of 1.8 Å for the Fe and S atoms.  Although there is no 

evidence that surface accessibility correlates with the ability of the [4Fe-4S] cluster to 

adopt the +2,+1 and 0 oxidation states, solvent exposure has been reported to facilitate 

reduction of the Fe center in rubredoxin (30).   

N-H-S Hydrogen bonds:  NH-S hydrogen bonds between main chain amide 

groups and sulfur atoms of the cluster and thiol groups of cysteine ligands (31) are 

present in all Fe protein structures.  For this analysis, NH-S hydrogen bonds were defined 

as having the N-S distance = 3.5 Å and the N-H-S angle ≥120°.  Incipient hydrogen 

bonds were defined as having N-S distance between 3.5 and 3.7 Å, or having the N-H-S 

angle between 100° and 120°.  The all- ferrous Av2 structure has 7 real and 3 incipient 

hydrogen bonds (Figure 3A), while the 3NIP structure has only 3 real and 4 incipient 

hydrogen bonds (Figure 3B), the 1CP2 structure has 5 real and 6 incipient hydrogen 

bonds, and the 1N2C structure has 4 real and 2 incipient hydrogen bonds.  The average 
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number of NH-S hydrogen bonds derived from other known [4Fe-4S] cluster containing 

proteins is 4 real and 3 incipient hydrogen bonds (Figure 4).  NH-S hydrogen bonds could 

help stabilize the more reduced form of the redox centers, as recently detailed for the 

Fe(CysS)4 center in rubredoxin (32).  While the larger number of NH-S interactions in 

the all- ferrous Av2 could help stabilize the reduced [4Fe-4S]0 state of the cluster, similar 

number of NH-S hydrogen bonds have also been observed in other [4Fe-4S] containing 

structures (PDB identifiers 1DJN, 1VJW, 2FDN). 

 

Conclusions  

The [4Fe-4S] cluster in the all- ferrous Av2 does not experience any changes in 

coordination upon reduction to the [4Fe-4S]0 oxidation state, unlike the P-cluster of the 

nitrogenase MoFe protein (33).  While Mössbauer spectroscopy suggests one unique Fe 

site is present in the all- ferrous cluster, such a site could not be identified in the crystal 

Figure 4.  Histogram of the number of NH-S hydrogen bonds to the cluster observed in structures of 
[4Fe-4S] cluster containing proteins.  Only the hydrogen bonds defined as ‘real’ are shown.  The set of 
proteins used is defined in Figure 2 legend, and the NH-S hydrogen bonds are identified as described in 
the Figure 3 legend. 
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structure.  The distortion of the all- ferrous [4Fe-4S] cluster can not be easily classified; 

two S-S distances get slightly longer, but the overall volume of the cluster remains nearly 

constant.  The number of NH-S hydrogen bonds to the cluster and thiol groups of 

cysteine ligands is higher in the all- ferrous Av2 than found in most other [4Fe-4S] 

proteins.  There are, however, a few proteins with similar numbers of cluster hydrogen 

bonds.  One (so far) unique property of the Fe protein cluster is its solvent accessibility.  

The Fe protein has the most surface accessible cluster of all known [4Fe-4S] proteins, 

suggesting that the solvent accessibility of the all- ferrous Av2 cluster might play a role in 

the ability to exist in all three oxidation states.  Aside from these correlations, perhaps the 

most striking aspect of this structural analysis is how closely the all- ferrous Fe protein 

resembles more oxidized forms.  Remarkably, the Fe protein can accommodate three 

oxidation states of the [4Fe-4S] cluster with only minimal changes in protein or cluster 

conformation.   
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Abstract:  Pyroccocus furiosus rubredoxin (PFRD), like most studied hyperthermophilic 

proteins, does not undergo reversible folding.  The irreversibility of folding is thought to 

involve PFRD’s iron-binding site.  Here we report a PFRD variant (PFRD-XC4) whose 

iron-binding site was redesigned to eliminate iron binding using a computational design 

algorithm.  PFRD-XC4 folds without iron and exhibits reversible folding with a melting 

temperature of 82 °C, a thermodynamic stability of 3.2 kcal mol-1 at 1 °C, and NMR 

chemical shifts similar to that of the wild-type protein.  This variant should provide a 

tractable model system for studying the thermodynamic origins of protein 

hyperthermostability. 
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Introduction   

Hyperthermophilic proteins have attracted considerable attention because they can 

serve as model systems for the determination of factors responsible for protein stability.  

These include an optimized use of structure elements such as hydrophobic interactions, 

packing forces, hydrogen bonds, and salt bridges (1-5).  In most cases, however, the usual 

methods for determining thermodynamic stability cannot be used for hyperthermophilic 

proteins.  The measurement of protein stability requires reversible folding, but in almost 

all studied hyperthermophilic proteins, the denaturation is not reversible (6-8).  In the few 

hyperthermophilic proteins that exhibit reversible folding, there are other elements that 

complicate the determination of the free energy of folding.  These proteins either are 

dimeric (9,10) or do not fit a two-state denaturation model (10).  Irreversible denaturation 

has been addressed by hydrogen exchange studies (11) and by molecular dynamics 

simulations (12), but neither of these methods provides an accurate measure of free 

energy.   

Rubredoxins are small (~6 kDa) iron-sulfur proteins with the active site arranged 

around an iron tetrahedrally coordinated to four cysteinate sulfurs (Figure 1a).  Thirteen 

rubredoxins have been sequenced, and all conserve the four cysteine ligands (residues 5, 

8, 38, and 41 in the hyperthermophilic Pyroccocus furiosus rubredoxin (PFRD) and 

residues 6, 9, 39, and 42 in the mesophilic Desulfovibrio vulgaris rubredoxin (DVRD)).  

Since several rubredoxin structures are available from the Brookhaven Protein Data Bank 

at resolutions of 0.95-1.8 Å (13-19), these proteins are valuable models for the 

investigation of the origins of thermostability.   

It is believed that the iron binding site in rubredoxin is the cause of irreversible 
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unfolding (20).  Here we report a Pyroccocus furiosus rubredoxin variant (PFRD-XC4) 

which was designed to eliminate the iron-binding site using a computational design 

algorithm.  PFRD-XC4 is able to fold in the absence of iron and undergoes reversible 

denaturation.  The variant provides an excellent opportunity for systematic exploration of 

the factors determining protein thermostability.   

 

Experimental Section 

Computational Modeling:  In the calculation using a mesophilic structure, the four 

cysteine residues that form rubredoxin’s iron binding site were optimized in the absence 

of iron coordination.  Two of the cysteines were classified as core residues (Cys6 and 

Cys39) and two as boundary residues (Cys9 and Cys42).  Residues were classified into 

core, surface, and boundary groups as previously described (21).  Seven amino acid types 

(Ala, Val, Leu, Ile, Phe, Tyr, and Trp) were considered at the two core positions, and 16 

amino acid types (Ala, Val, Leu, Ile, Phe, Tyr, Trp, Ser, Thr, Asp, Asn, Glu, Gln, His, 

Figure 1. (A)  Ribbon diagram of wild-type mesophilic Desulfovibrio vulgaris rubredoxin showing the 
four cysteine residues that coordinate the iron.  (B)  Ribbon diagram showing the computed side chain 
orientations of the four mutations.  Structure figures were generated using MOLMOL. (41) 
 

A B 
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Lys, and Arg) were considered at the two boundary positions.  Both amino acid identities 

and side chain conformations were determined by the algorithm for the four optimized 

residues.  Neighboring residues 7, 10, 40, and 43 were fixed in identity, but their 

conformations were allowed to change in the calculation.  All other residues as well as 

the backbone were held fixed.  Computational details, potential functions, and parameters 

for van der Waals, solvation, and hydrogen bonding are described in our previous work 

(21-26). 

Mutagenesis and Protein Purification:  The hyperthermophilic mutant PFRD-

XC4 was constructed by inverse PCR (27) using a synthetic Pyroccocus furiosus 

rubredoxin gene in plasmid pt7-7 (4).  The mutations for PFRD-XC4 are C5L, C8T, 

C38A, and C41T.  A synthetic gene, based on the sequence of the Desulfovibrio vulgaris 

rubredoxin, was constructed for the mesophilic variant (DVRD-XC4) by recursive 

PCR(28) and cloned into pt7-7.  The mutations for DVRD-XC4 are C6L, C9T, C39A, 

and C42T.  Both mutants were verified by sequencing.  Recombinant proteins were 

expressed by IPTG induction in BL21(DE3) hosts (Invitrogen) as described (29) and 

isolated using a freeze/thaw method (30).  Purification was accomplished by reverse-

phase high-performance liquid chromatography using first a linear 1%/min followed by a 

0.07%/min acetonitrile/water gradient containing 0.1% TFA.  Molecular weights were 

verified by mass spectrometry. 

CD Analysi:.  CD data were collected on an Aviv 62DS spectrometer equipped 

with a thermoelectric unit and using a 1 mm path length cell.  Protein samples were 40 

µM in 50 mM sodium phosphate buffer at pH 6.3.  Concentrations were determined by 

UV spectrophotometry.  Thermal melts were monitored at 225 nm.  Data were collected 
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every 2 °C with an equilibration time of 2 min 

and an averaging time of 10 s.  Tm was 

determined by fitting the melting curves to a two-

state model as described (31).  Guanidinium 

chloride denaturations were performed at 1 °C.  

?G’s, m values, and error estimates were 

obtained by fitting the denaturation data to a two-

state transition as described (32). 

NMR Studies.  NMR data were collected 

on a Varian Unity Plus 600 MHz spectrometer 

equipped with a Nalorac inverse probe with a 

self-shielded z gradient.  NMR samples were 

prepared in 90/10 H2O/ D2O or 99.9% D2O with 

200 mM NaCl and 25 mM acetate-d3, pH 6.3.  

The sample concentration was approximately 1.5 

mM. Sequential assignment of resonances was 

achieved by the standard homonuclear method 

(33).  Two-dimensional DQF-COSY,(34) 

Figure 2.  Circular dichroism measurements of wild-type Pyroccocus furiosus rubredoxin (PFRD) and the 
PFRD-XC4 variant.  (A) Wavelength scans of PFRD-XC4 at 1 °C (circles), 99 °C (diamonds), and refolded 
at 1 °C (squares). PFRD is also shown at 1 °C for comparison (triangles).  (B) Thermal unfolding curve for 
PFRD-XC4 monitored by CD at 225 nm.  (C) Guanidinium chloride denaturation curve for PFRD-XC4 at 
1 °C. 
 

A 

B 
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TOCSY (35), and NOESY (36) spectra were acquired at 25 °C.  The TOCSY spectrum 

was recorded with an 80 ms mixing time using a clean-MLEV17 mixing sequence.  The 

NOESY spectrum was acquired with a 150 ms mixing time.  Water suppression was 

accomplished either with resaturation during the relaxation delay or with pulsed field 

gradients (37).  Spectra were processed with VNMR (Varian Associates) and were 

assigned with ANSIG (38).  3JHNHA values were derived from NOESY cross-peak fine 

structure using the INFIT module of XEASY (39). 

 

Results and Discussion 

Backbone coordinates for the mesophilic rubredoxin structure used in the 

calculations were obtained from Brookhaven Protein Data Bank entry 8rxn. (13,15)  A 

radius scale factor of 0.9 for the van der Waals (25) interactions resulted in two threonine 

residues at the boundary positions and two alanine residues at the core positions.  To 

obtain an alternate sequence that provides greater core volume, selection for the core 

positions in the calculation was repeated with the radius scale factor decreased to 0.7 and 

boundary positions 9 and 42 fixed as threonines.  The amino acid sequence selected by 

the algorithm under these conditions contains the following mutations: C6L, C9T, C39A, 

and C42T (Figure 1b).  The equivalent mutations for the hyperthermophilic variant, 

PFRD-XC4, are C5L, C8T, C38A, and C41T.   

The far-ultraviolet circular dichroism (CD) spectrum of PFRD-XC4 is nearly 

identical to that of the wild-type protein at 1 °C (Figure 2a).  Wavelength scans 

performed at 1 °C, 99 °C, and then again at 1 °C demonstrate reversible folding (Figure 

2a).  Thermal denaturation of the variant, monitored by CD at 225 nm, shows a 
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cooperative unfolding transition with a melting temperature (Tm) of 82 °C (Figure 2b).  

Based on the estimated Tm for the wild-type hyperthermophilic rubredoxin (11), PFRD-

XC4 is destabilized by about 80 °C.  The mesophilic variant, DVRD-XC4, was also 

expressed and found to be unfolded at 1 °C.  Chemical denaturation of PFRD-XC4 at 1 

°C using guanidinium chloride (GdmCl), monitored by CD at 225 nm, yielded a free 

energy of unfolding (? Gu) of 3.2 ± 0.1 kcal mol-1 and a m value of 2.0 kcal mol-1 M-1 

(Figure 2c).   

Sequential assignments were obtained for 90% of backbone hydrogens (Table 1). 
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0 10 20 30 40 50

Residue number

*5L

*8T

10Y
45K

37V

*38A
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7I 48F

Figure 3.  (A) NMR assignments summary and NOE 
connectivities of PFRD-XC4.  Bars represent 
unambiguous connectivities with bar thickness indexed 
to the intensity of the resonance.  Coupling constants 
with 3JHNHA > 8.0 Hz are shown as open squares, and 
3JHNHA < 4.0 Hz are shown as black squares.  
Secondary structural elements of PFRD are given at the 
bottom of the figure for comparison.(42)  (B) Chemical 
shift difference between PFRD and PFRX-XC4 for 
amide nitrogen (black lines) and a hydrogens (shaded 
line). Proline residues 19, 25, 33, 39, and 44 not 
shown.  Residues 40 and 41 also not shown due to a 
missing sequential assignments.  Mutations are at 
positions 5, 8, 38, and 41.  Residues 7, 9, 10, and 48 
are in the close proximity of the mutated site. 
 

A 
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On the basis of the chemical shifts for the amide and a hydrogens, the PFRD-XC4 variant 

adopts a fold similar to that of PFRD (40).  Chemical shift differences between PFRD 

and PFRD-XC4 are shown in Figure 3b.  The chemical shifts of PFRD-XC4 residues that 

are distal from the site of mutation do not deviate significantly from those of PFRD, 

suggesting that these residues are in the same chemical environment as in PFRD.  The 

chemical shifts of residues 7, 9, 10, and 48 significantly diverge from the corresponding 

PFRD chemical shifts.  These residues are expected to have different chemical shifts 

because they are in close proximity to the mutated site.  Lysine 45 does not make a direct 

contact with the mutated site but makes contact with residues 10 and 48.  Examination of 

NOE sequential connections (Figure 3a) reveals strong HN-HA cross-peaks present in the 

ß-sheet regions (residues 1-6, 10-14, and 49) and HN-HN cross-peaks in the turn regions 

(residues 6-10, 18-22, 29-32, and 46-47).  Large coupling constants (3JHNHA > 8.0 Hz) are 

also observed for most of the ß-sheet residues (Figure 3a).  These observations provide 

additional evidence that PFRD-XC4 adopts a fold similar to that of PFRD.   

Given that PFRD-XC4 adopts a fold similar to that of PFRD and undergoes 

reversible unfolding, it should provide a tractable model system for determination of 

protein hyperthermostability.  PFRD-XC4 should be amenable to mutagenesis studies 

aimed at addressing the contribution of salt bridges to protein stability us ing methods 

such as differential scanning calorimetry and chemical denaturation.   

 

Conclusion 

We have successfully eliminated the iron center in hyperthermophilic rubredoxin 

and created a small protein that displays reversible folding.  The PFRD-XC4 variant has a 
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melting temperature of 82 °C, a thermodynamic stability of 3.2 kcal mol-1 at 1 °C, and 

NMR chemical shifts that are similar to those of the wild type protein.  This variant 

should provide a tractable model system for studying the thermodynamic origins of 

protein hyperthermostability. 
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Table 1. 1H NMR Chemical Shifts for PFRD-XC4, pH 6.3, 25 °Ca  

 
 Residue HN HA HB Other 
      
1 Ala     
2 Lys 8.68 5.45 1.62 HE,2.92 
3 Trp 9.39 4.95 2.74 HD1,6.87;HE1,9.73;HE3,6.61;HZ2,7.58;HZ3,6.94;HH2,7.

21 
4 Val 9.97 5.57  HG1,0.78;HG2,0.93 
5 Leu 8.85 4.35 0.16,1.91 HG,1.21;HD1,0.53;HD2,0.7 
6 Lys 9.09 3.79  HG1,1.41;HG2,1.57;HE1,2.86;HE2,2.95;HD,1.71 
7 Ile 8.25 4.09 1.88  
8 Thr 6.92 4.73 4.47 HG2,1.19 
9 Gly 8.72 3.47,4.24   
10 Tyr 7.59 4.27 2.70,3.3 HD,7.33;HE,7.2 
11 Ile 7.34 4.97 1.49 HG2,0.71;HD1,0.80;HG1,1.79 
12 Tyr 9.53 4.64 2.92,3.17 HD,7.10;HE,6.43 
13 Asp 8.78 4.92 2.26,2.86  
14 Glu 8.26 3.86 1.94,2.11 HG,3.03 
15 Asp 8.03 4.27   
16 Ala 7.2 4.35 1.49  
17 Gly 8.12 3.59,3.98   
18 Asp 8.32 5.17 3.01  
19 Pro     
20 Asp 9.09 4.5 2.75  
21 Asn 7.73 5.19 2.69,3.16  
22 Gly 7.83 3.86,4.15   
23 Ile 7.67 4.38 1.94 HG2,0.91;HD1,0.82;HG1,1.34 
24 Ser 8.72 4.61 3.74,3.9  
25 Pro     
26 Gly 8.22 3.74,4.25   
27 Thr 7.3 4.01 3.94 HG1,6.35;HG2,1.04 
28 Lys 8.92 4.01 1.50,2.12 HD,1.69;HE,3.09 
29 Phe 10.06 3.29  HZ,6.52;HD,5.70;HE,6.12 
30 Glu 9.34 3.72 1.92,2.08 HG1,2.21;HG2,2.32 
31 Glu 7.41 4.09 2.06,2.2  
32 Leu 6.86 3.88 0.34,0.88 HG,0.70;HD2,-0.14 
33 Pro     
34 Asp 8.76 4.25 2.59,2.69  
35 Asp 8.23 4.53 2.58,2.87  
36 Trp 7.7 4.15 2.97 HD1,7.19;HE1,10.41;HE3,6.84;HZ2,7.49;HZ3,6.25;HH2,7 
37 Val 6.72 4.32  HG1,1.33 
38 Ala 8.49 1.28   
39 Pro  4.13 1.70,2.27 HD1,2.76;HD2,3.48;HG,1.9 
40 Ile     
41 Thr     
42 Gly 7.62 3.64,3.86   
43 Ala 8.88 4.19   
44 Pro     
45 Lys 6.92  2.19,2.39 HG1,1.00;HG2,1.18;HD,1.7 
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46 Ser 8.12 4.38 4.03,4.19  
47 Glu 8.04 4.48 1.98,2.32  
48 Phe 8.16  4.94,3.76  
49 Glu 9.34 4.93   
50 Lys 8.55 3.2 1.12,1.28 HG1,0.07;HG2,0.22;HD,0.65;HE,2.68 
51 Leu 8.68 4.3 1.29,1.48 HD,0.83 
52 Glu 8.1 4.35 1.84 HG1,2.07;HG2,2.19 
53 Asp 8.03 4.34 2.49,2.65  
      
 
aChemical shifts were referenced to H2O (4.77 ppm at 25 °C) 
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Abstract 

The role of surface salt bridges in protein stabilization has been a source of 

controversy.  Here we present the NMR structure of a hyperthermophilic rubredoxin 

variant (PFRD-XC4) and the thermodynamic analysis of two surface salt bridges by 

double mutant cycles.  This analysis shows that the surface side chain to side chain salt 

bridge between Lys 6 and Glu 49 does not stabilize PFRD-XC4.  The main chain to side 

chain salt bridge between the N-terminus and Glu 14 was, however, found to stabilize 

PFRD-XC4 by 1.5 kcal mol-1.  The entropic cost of making a surface salt bridge 

involving the protein’s backbone is reduced, since the backbone has already been 

immobilized upon protein folding.   
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Proteins from thermophilic organisms offer good model systems to address the 

origins of thermostability.  Several trends were found to be associated with increased 

thermal stability.  These trends include increased packing density, increased core 

hydrophobicity, decreased length of surface loops, and improved secondary structure 

stabilization, such as N-terminal and C-terminal helix capping (1).  Comparison of many 

thermophilic proteins also indicates a high occurrence of surface electrostatic interactions 

relative to mesophilic homologs (1-6).  Buried salt bridges, salt bridges at dimer 

interfaces as well as surface salt bridges have been reported to contribute to the increased 

stability of proteins (7-11).  These findings appear to contradict other thermodynamic 

evidence that surface ion pairs make little contribution to protein stability (12-14).   

It has been difficult to study hyperthermophilic proteins by thermodynamic 

analysis, since most of the known hyperthermophilic proteins do not unfold reversibly 

(15-23).  We previously designed a Pyroccocus furiosus rubredoxin variant (PFRD-XC4) 

to eliminate the iron-binding site using a computational design algorithm.  The iron-

binding site in wild type rubredoxin is thought to be the cause of its irreversible unfolding 

(22).  The mutations for PFRD-XC4 are C5L, C8T, C38A, and C41T.  PFRD-XC4 is able 

to fold in the absence of iron, undergoes reversible denaturation and has a melting 

temperature of 82 °C (24).  The variant provides an excellent opportunity for systematic 

exploration of the factors determining protein thermostability.  

The NMR solution structure of PFRD-XC4 reveals a fold similar to wild type 

Pyroccocus furiosus rubredoxin (PFRD).  Given that PFRD-XC4 adopts a fold similar to 

PFRD and undergoes reversible unfolding, the importance of interactions responsible for 

the extreme stability of PFRD can now be addressed.  Two interactions found in PFRD, 
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but not in mesophilic rubredoxins, have been proposed to contribute to its 

hyperthermostability (5, 25).  These are the salt bridges between the N-terminus and the 

side chain of Glu 14 and between the side chains of Lys 6 and Glu 49.  Here we present 

the NMR solution structure of PFRD-XC4 and thermodynamic analysis of the two salt 

bridges by double mutant cycles.  

 

Materials and Methods 

Mutagenesis and protein purification:  The hyperthermophilic variant PFRD-XC4 

and all PFRD-XC4 mutants were constructed by inverse PCR (26) using a synthetic 

Pyroccocus furiosus rubredoxin gene in plasmid pt7-7 (27).  The mutations for PFRD-

XC4 are C5L, C8T, C38A, and C41T.  All mutants were verified by sequencing.  

Recombinant proteins were expressed by IPTG induction in BL21(DE3) hosts 

(Invitrogen) as described (28)  and isolated using a freeze/thaw method (29).  Purification 

was accomplished by reverse-phase high-performance liquid chromatography using first 

a linear 1%/minute followed by a 0.07%/minute acetonitrile/water gradient containing 

0.1% TFA.  Molecular weights were verified by mass spectrometry.   

NMR structure determination:  NMR data were collected on a Varian Unity Plus 

600 MHz spectrometer equipped with a Nalorac inverse probe with a self-shielded z-

gradient.  NMR samples were prepared in 90/10 H2O/D2O or 99.9 % D2O with 200 mM 

NaCl and 25 mM sodium acetate-d3 pH 6.3. Sample concentration was approximately  
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Table 1 NMR structure statistics 
Distance restraints        

         Intraresidue    162    
Sequentials     96    
Short range (|i-j| = 2-5 residues)   80    
Long range (|i-j| = >5 residues)   114    
Hydrogen bond    20    
Phi     22    
Total     494    

         
Structural statistics        

         R.m.s. deviation     <SA>1 ± SD2  (SA)r
4 

   Distance restraints (Å)    0.031 ± 0.003  0.019 
Idealized geometry         
   Bonds (Å)     0.0039 ± 0.0002  0.0019 
   Angles (degrees)    0.64 ± 0.02  0.52 
   Impropers (degrees)    0.44 ± 0.02  0.37 

         
Atomic r.m.s. deviations (Å)    <SA> vs SA3 ±  SD    

         Backbone (1-51)    1.02 ± 0.05    
Heavy atoms (1-51)    1.42 ± 0.04    
Backbone (1-36,47-51)   0.52 ± 0.02    
Heavy atoms (1-36,47-51)   0.97 ± 0.03    

         
Atomic r.m.s. deviations between PFRD and PFRD-XC4    

         Backbone (1-36, 47-51)   1.18    
         

1<SA> are 28 simulated annealing structures      
2SD is the standard deviation       
3SA is the average structure       
4(SA)r is the minimized average structure      
 
 

1.5 mM.  Sequential assignment of resonances was achieved by standard homonuclear 

methods (30).  Two-dimensional DQF-COSY (31), TOCSY (32), and NOESY (33) 

spectra were acquired at 25 °C.  The TOCSY spectrum was recorded with an 80 ms 

mixing time using a clean-MLEV17 mixing sequence.  NOESY spectra were acquired 

with a 150 ms mixing time for use during resonance assignments and 100 ms to derive 

distance restraints.  Water suppression was accomplished either with presaturation during 

the relaxation delay or with pulsed field gradients (34).  Spectra were processed with 
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VNMR (Varian Associates), and were assigned with ANSIG (35).  NOEs were classified 

into three distance-bound ranges based on crosspeak intensity: strong (1.8 to 2.7 Å), 

medium (1.8 to 3.3 Å) and weak (1.8 to 5.0 Å).  Upper bounds for restraints involving 

methyl protons were increased by 0.5 Å to account for the increased intensity of methyl 

resonances.  Partially overlapped NOEs were set to weak restraints.  Hydrogen bonds 

were defined based on the presence of supporting NOE peaks and by association with 

slowly exchanging backbone amide protons (protection factors ≥100).  Distance restraints 

for the hydrogen bonds were rNH-O = 1.5-2.8 Å and rN-O = 2.4-3.5 Å.  Dihedral restraints 

were defined based on the coupling constants.  Residues with 3JHNHA = 4 Hz had the Phi 

torsional angle restricted to be within the interval of –80° to –40°.  Residues with 3JHNHA 

= 8 Hz had the Phi torsion angle restricted to be within the interval of –160° to -80°.  

3JHNHA values were derived from NOESY crosspeak fine structure using the INFIT 

module of XEASY (36). 

Structure calculations were performed with X-PLOR (37) with the use of standard 

protocols for hybrid distance geometry-simulated annealing (38-40).  Forty structures 

were generated and following regularization and refinement, resulted in an ensemble of 

28 structures with no restraint violations greater than 0.3 Å, r.m.s. deviations from 

idealized bond lengths less than 0.004 Å and r.m.s. deviations from idealized bond angles 

and impropers less than 0.65º. 

CD Analysi:. CD data were collected on an Aviv 62DS spectrometer equipped 

with a thermoelectric unit and using a 1 cm path length cell.  Protein samples were 5 uM 

in 50 mM sodium phosphate buffer at pH 6.3.  Concentrations were determined by UV 

spectrophotometry.  Thermal melts were monitored at 225 nm.  Data were collected 
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every 2 ºC with an equilibration time of 2 minutes and an averaging time of 10 s.  Tm was 

determined by fitting the melting curves to a two-state model as described (41).  

Guanidinium chloride and urea denaturations were performed at 1 ºC. ∆G’s, m-values 

and error estimates were obtained by fitting the denaturation data to a two-state transition 

as described (42).  GdmCl and urea concentrations were measured by refractometry.   

 

Results and Discussion 

Structure determination of PFRD-XC4:  To ensure that the elimination of the iron 

center did not change the tertiary fold of PFRD, we determined the solution structure of 

PFRD-XC4 by standard 2D 1H NMR methods (30-33).  The structure of PFRD-XC4 was 

determined from 494 experimental restraints (8.3 restraints per residue) that were non-

redundant with covalent structure including 452 NOE distance restraints, 22 dihedral 

angle restraints, and 20 hydrogen bond restraints (Table 1).  Structure calculations were 

performed using X-PLOR (37) and standard protocols for hybrid distance geometry-

simulated annealing (38-40).  An ensemble of 28 structures converged with good 

covalent geometry and no distance restraint violations greater than 0.3 Å.  The data reveal 

a well-ordered structure except for residues 37-46 with a root-mean-square (r.m.s.) 

deviation from the mean of 0.49 Å for the backbone of residues 1-36 and 47-51.  

Figure 1a shows the superposition of 28 simulated annealing structures generated using 

X-PLOR.  Residues 37-46 form a loop that is the least ordered region of the structure.  In 

PFRD the metal binding site is between the two loops formed by residues 5-10 and 37-

46, each of which donates two cysteine residues to tetrahedrally coordinate the iron atom 

(Figure 2).  The iron covalently links these two loops and prevents loop mobility. In the 
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PFRD-XC4 structure, one of these loops (residues 37-46) lacks NOE distance restraints 

and is probably present in multiple conformations.   

The stereochemical quality of the ensemble of structures was examined with 

PROCHECK (43).  Apart from the glycine residues, 64.2% of the residues are in the most 

favored regions of φ,ψ space, 32.1% in the additional allowed regions, 3.3% in the 

generously allowed regions, and 0.4% in the disallowed regions.  The average backbone 

Figure 1:  Stereo view of the PFRD-XC4 structure ensemble and comparison to the PFRD X-ray 
structure.  a, Best fit superposition of 28 simulated annealing structures.  b, Structural comparison of the 
PFRD (red) and PFRD-XC4 (blue) backbones.  The region of greatest deviation is the minimally 
restrained loop from residues 37-45. Structure figures were generated using MOLMOL (50). 
 

A 

B 
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structure of PFRD-XC4 superimposes onto PFRD’s crystallographic backbone with 

r.m.s. deviation of 1.2 Å for the backbone of residues 1-36 and 47-51 (Figure 1b). 

 

 
Table 2  Thermal and chemical denaturation data 

 
 
 Tm

1 ∆GGdmCl
2 Cm3 m-value4 ∆Gurea

5 Cm6 m-value7 
Protein (°C) kcal (M) kcal kcal (M) kcal 

  mol-1  mol-1 M-1 mol-1  mol-1 M-1 
        PFRD-XC4 82 3.2 1.68 1.9 4.6 5.7 0.81 

        
PFRD-XC4-1Q 63 2.1 0.91 2.3 3.5 3.8 0.93 
PFRD-XC4-14Q 57 1.7 0.63 2.5 2.7 3.0 0.91 

PFRD-XC4-1Q14Q 39 1.5 0.50 3.0 2.1 2.0 1.03 
        PFRD-XC4-14T 38 - - - 1.3 1.3 0.98 

PFRD-XC4-1Q14T 41 - - -  1.7 1.6 1.03 
        PFRD-XC4-6A 74 3.2 1.60 2.0 4.0 4.9 0.81 

PFRD-XC4-49A 77 3.1 1.35 2.3 4.1 4.8 0.86 
PFRD-XC4-6A49A 74 2.8 1.27 2.2 3.8 4.5 0.84 
 
 
1Midpoint of thermal unfolding transition determined by CD 
2Free energy of unfolding at 1 °C determined by GdmCl denaturations 
3Midpoint of GdmCl unfolding transition 
4Slope of ∆G versus GdmCl concentration 
5Free energy of unfolding at 1 °C determined by urea denaturations 
6Midpoint of urea unfolding transition 
7Slope of ∆G versus urea concentration 

 

Stability studies of PFRD-XC4 mutants:  The salt bridges of interest (between 

residues 1 and 14 and 6 and 49) are in the well-ordered part of the PFRD-XC4 structure 

and most likely adopt conformations similar to those in PFRD (Figure 2).  A series of 

mutants were designed to disrupt these salt bridges.  The resulting proteins were 

characterized by both thermal and chemical denaturation (Table 2). 

The amino terminus of PFRD makes a main chain to side chain salt bridge with 

Glu 14.  We used double mutant cycles to isolate the stabilization effect of this  
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interaction (8, 9).  The strength of interaction, ∆GXY
interaction, is calculated according to 

equation (1), where ∆GXY, ∆GXA, ∆GAY, and ∆GAA are the free energies of unfolding for 

the unmutated protein, the two single mutated proteins, and the doubly mutated protein, 

respectively.   

 

∆GXY
interaction = (∆GXY-∆GAA) – ((∆GXA-∆GAA) + (∆GAY-∆GAA))         (1) 

 

In mesophilic rubredoxins, methionine is retained at the N-terminus in contrast to 

the thermophile.  The extended N-terminus is too far from the side chain of Glu 14 to 

form a salt bridge.  In order to extend the N-terminus of the hyperthermophilic variant 

PFRD-XC4, residue 1 was mutated to a large amino acid (Gln), resulting in the retention 

of the N-terminal methionine.  Mutants 14Q and 1Q14Q were also prepared to complete 

the double mutant cycle.  Gln was selected at position 14 to disrupt any ionic interaction 

with the N-terminus while preserving the potential hydrogen bond to the N-terminus.  

Figure 2:  Ribbon diagram of wild type 
Pyroccocus furiosus rubredoxin showing 
the two salt bridges and the four cysteine 
residues that coordinate the iron. 
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The mutants 1Q, 14Q and 1Q14Q were folded at room temperature, with Tm’s reduced by 

20-40 °C relative to PFRD-XC4 (Table 2).   

Guanidinium chloride (GdmCl) chemical denaturations yielded free energies of 

unfolding of ∆Gu(PFRD-XC4) = 3.2 kcal mol-1, ∆Gu(1Q) = 2.1 kcal mol-1, 

∆Gu(14Q) = 1.7 kcal mol-1, and ∆Gu(1Q14Q) = 1.5 kcal mol-1 (Figure 2a).  Due to the 

lack of well-defined pre-transition baselines in the guanidinium chloride denaturation 

curves for mutants 14Q and 1Q14Q, the dena turation data were fit to a two-state model 

with a fixed pre-transition slope.  The pre-transition slope was determined by averaging 

the pre-transition slopes from 7 separate PFRD-XC4 mutants.  Little variation in the pre-

transition slopes was found among the 7 PFRD-XC4 mutants, resulting in ~0.1 kcal mol-1 

error in the final fit of 14Q and 1Q14Q.  Based on the guanidinium chloride derived 

∆Gu’s of PFRD-XC4, 1Q, 14Q, and 1Q14Q (Table 2) the ionic component of the salt 

bridge between the N-terminus and Glu 14 stabilizes PFRD-XC4 by 0.9 kcal mol-1 

(Table 3).   

Urea denaturations yielded free energies of unfolding of ∆Gu(PFRD-XC4) = 4.6 

kcal mol-1, ∆Gu(1Q) = 3.5 kcal mol-1, ∆Gu(14Q) = 2.7 kcal mol-1, and ∆Gu(1Q14Q) = 2.1 

kcal mol-1 (Table 2).  The urea denaturation data suggest that the ionic component of the 

N-terminal salt bridge stabilizes PFRD-XC4 by 0.5 kcal mol-1 (Table 3).   

 Mutants 14T and 1Q14T were designed to eliminate both the ionic and hydrogen 

bond components of the salt bridge between the N-terminus and Glu 14.  GdmCl 

denaturations were not possible due to the low stability of these mutants.  Urea 

denaturations yielded free energies of unfolding of ∆Gu(14T) = 1.3 kcal mol-1, and 

∆Gu(1Q14TQ) = 1.7 kcal mol-1 (Figure 2b).  Based on the urea denaturation data, the N-
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terminal salt bridge between the N-terminus and Glu 14 stabilizes PFRD-XC4 by 1.5 kcal 

mol-1. 

 
 

Table 3  Contributions of salt bridges at 1 °C 
 
 
   Nt-E14 (ionic)1 Nt-E14 (salt bridge)2  K6-E493 
      (kcal mol-1)         (kcal mol-1)           (kcal mol-1) 
 
GdmCl            0.9                 -     -0.3 
Urea            0.5               1.5     -0.3 
 
Average            0.7              -1.5   -  0.0 
 
 
1Ionic component of the interaction between the N-terminus and the side chain of residue 14 
2Total salt bridge interaction between the N-terminus and the side chain of residue 14 
3Total salt bridge interaction between side chains of residues 6 and 49 

 

 

The second salt bridge of interest in PFRD is formed by the side chains of Lys 6 

and Glu 49.  Mutants 6A, 49A and 6A49A were created to disrupt this interaction.  6A, 

49A, and 6A49A have melting temperatures lowered by only 5-9 °C relative to PFRD-

XC4.  The guanidinium chloride denaturation data (Table 2) do not show significant 

thermodynamic destabilization relative to PFRD-XC4:  ∆Gu(PFRD-XC4) = 

3.2 kcal mol-1, ∆Gu(6A) = 3.2 kcal mol-1, ∆Gu(49A) = 3.1 kcal mol-1, and ∆Gu(6A49A) = 

2.8 kcal mol-1.  The experimentally obtained ∆Ginteraction for this salt bridge is –0.3 kcal 

mol-1 (Table 3).  These data suggest that the side chain to side chain salt bridge between 

Lys 6 and Glu 49 in rubredoxin might be slightly destabilizing.   
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Urea denaturation data yield ∆Gu(PFRD-XC4) = 4.6 kcal mol-1, ∆Gu(6A) = 

4.0 kcal mol-1, ∆Gu(49A) = 4.1 kcal mol-1, and ∆Gu(6A49A) = 3.8 kcal mol-1 (Figure 2b).  

The urea denaturation data suggest that the salt bridge between Lys 6 and Glu 49 slightly 

stabilizes PFRD-XC4 by 0.3 kcal mol-1.  Taken together, the chemical and thermal 

Figure 3:  Chemical denaturation 
curves for PFRD-XC4 (open circles), 
1Q (open diamonds), 14Q (filled 
diamonds), 1Q14Q (open triangles), 
14T (filled triangles), 1Q14T (pluses), 
6A (filled squares), 49A (filled 
circles), and 6A49A (open squares) at 
1°C in a, guanidinium chloride and b, 
urea.  (In order to have the curves 
appear on the same plot, the initial and 
final points were arbitrary called 0 % 
and 100 % unfolded despite the fact, 
that proteins 14Q, 14T, 1Q14Q, and 
1Q14T probably have unfolded 
population even at 0 % denaturant). 
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denaturation data suggest that salt bridge between Lys 6 and Glu 49 has little effect on 

the stability of PFRD-XC4. 

 

Conclusions 

Both theoretical and some experimental results suggest that forming a solvent 

exposed ion-pair may not be favorable, because in the process two ions have to be 

desolvated and immobilized (9, 12, 14, 44-47).  The surface salt bridge between the side 

chains of Lys 6 and Glu 49, in which both side chains are immobilized, does not 

contribute to the overall stability of PFRD-XC4 at 1 °C and thus supports these findings.  

This salt bridge might play a role in setting the β-sheet register of rubredoxin or might be 

more stabilizing at higher temperatures (48).  Previous reports have suggested that 

forming a salt bridge network might be stabilizing (2-4, 21, 47, 49).  In ion pair network 

formation after the first two residues are desolvated and immobilized, only one additional 

side chain needs to desolvated and immobilized upon salt bridge formation, lowering the 

energetic cost.  Forming a main chain to side chain salt bridge between the N-terminus 

and the side chain of Glu 14 in PFRD-XC4 stabilizes PFRD-XC4 by 1.5 kcal mol-1.  

Main chain to side chain ion pairs may also have a lower formation cost, because the 

main chain is already fixed, and only one additional residue must be immobilized.  In 

PFRD-XC4, the N-terminus participates in the β-sheet and is immobilized.  The main 

chain in PFRD-XC4 has already paid the immobilization entropy cost upon protein 

folding, thus the energetic cost of forming a salt bridge to the N-terminus is significantly 

reduced in a manner similar to salt bridge formation in a surface ion pair network.   
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Abstract: 

Six helix surface positions of protein G (Gβ1) were redesigned using a 

computational protein design algorithm, resulting in the five fold mutant Gβ1m2.  Gβ1m2 

is well folded with a circular dichroism spectrum nearly identical to that of Gβ1, and a 

melting temperature of 91 °C, approximately 6 °C higher than that of Gβ1.  The crystal 

structure of Gβ1m2 was solved to 2.0 Å resolution by molecular replacement.  The 

absence of hydrogen bond or salt bridge interactions between the designed residues in 

Gβ1m2 suggests that the increased stability of Gβ1m2 is due to increased helix 

propensity and more favorable helix dipole interactions. 
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While many surface sites in proteins can tolerate a wide variety of side chains, 

surface residues can still have a significant effect on protein structure and stability 

(Bowie et al., 1990, Minor & Kim, 1994, O'Neil & DeGrado, 1990, Reidhaar-Olson & 

Sauer, 1988, Smith et al., 1994, Zhang et al., 1991, Zhao & Arnold, 1999).  Previous 

computational protein design efforts on the surface of GCN4, a homodimeric coiled coil, 

suggest that helix propensity is the key factor in sequence design for surface helical 

positions (Dahiyat et al., 1997).  The designed GCN4 sequence was randomly scrambled, 

thereby disrupting the designed hydrogen bond and salt bridge interactions, but not 

changing the overall helix propensity.  Both the designed and the scrambled sequences 

were 12 °C more stable than the wild type sequence.  The increased stability was not due 

to the designed interactions between the surface residues, but apparently due to increased 

helical propensity.  Results from this GCN4 study suggest that for helix surface design, 

hydrogen bonding and electrostatic interactions are not as important as helix propensity 

and helix capping (Blaber et al., 1993, Chakrabartty et al., 1993, Chakrabartty et al., 

1994, Doig et al., 1994, Huyghues-Despointes et al., 1993, O'Neil & DeGrado, 1990). 

Protein G (Gβ1) consists of a four-stranded β-sheet traversed by an α-helix.  

Protein G is a monomeric globular 56 residue protein that contains no disulfide bonds or 

cofactors and lacks the repetitive side chain patterns found in coiled coils and helical 

bundles.  These properties make protein G an ideal model system for testing the 

importance of specific helical surface design in globular proteins.   

Six residues on the he lix surface of protein G were designed using a 

computational design algorithm called ORBIT (Optimization of Rotamers By Iterative 
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Techniques) and yielded a variant called Gβ1m2.  The structure of Gβ1m2 variant was 

determined by X-ray crystallography in order to assess the performance of the design 

algorithm and to examine the origins of helix surface stabilization. 

 

Results and Discussion   

Gβ1m2 contains the following five mutations: A24E, K28R, Q32E, N35K, and 

D36K (position 22 retained its wild type identity).  Gβ1m2 is well folded with a far-

ultraviolet circular dichroism (CD) spectrum nearly identical to the wild type protein G at 

1 °C; thermal denaturation of this variant yields a melting temperature (Tm) of 91 °C, 

approximately 6 °C higher than the wild type protein (data not shown). 

 The backbone of Gβ1m2, as determined from X-ray crystallographic analysis, 

superimposes onto the Gβ1 backbone with an r.m.s. deviation of 0.92 Å (Figure 1a).  The 

backbone of the helix alone (residues 22-37) superimposes onto the helix of Gβ1 with an 

r.m.s. deviation of 0.17 Å.  Residue D22 is a helix capping position.  In the Gβ1m2 

structure, D22 makes hydrogen bonds to both the backbone and side chain of T25, as in 

the wild type structure (Figure 1b).  In the predicted structure of the designed sequence, 

R28 makes a putative salt bridge to E24.  Poor electron density for R28 suggests either 

low occupancy or the absence of this salt bridge in the Gβ1m2 structure.  Side chains of 

residues E32 and K35 are mostly disordered, and do not appear to form the predicted 

E32-K35 interaction.  Residues E24 and K36 are well ordered and make hydrogen bonds 

through water molecules to symmetry related molecules and not to their designed 

partners (R28 and E32, respectively). 
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These results suggest that the stabilization of the Gβ1m2 mutant is not due to the 

increased number of hydrogen bonds or salt bridges on the helix surface, as predicted by 

the design algorithm.  However, the amino acids at four of the five helix surface positions 

Figure 1.  Stereoview of the superposition of the Gβ1 and Gβ1m2 X-ray structures.  (A) Structural 
comparison of the Gβ1 (blue) and Gβ1m2 (red) backbones.  (B) Superimposition of the redesigned 
helix surface residues. Wild type residues shown in yellow and Gβ1m2 residues shown in green.  The 
side chains of residues R28, E32, and K35 in Gβ1m2 are mostly disordered.  Figures were generated 
using BOBSCRIPT and RASTER3D (Esnouf, 1997, Merritt & Bacon, 1997).   
 

A 

B 
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in the designed sequence have higher helical propensity than the wild type sequence.  The 

mutation to a more negatively charged residue at the N-terminus of the helix (A24E), as 

well as mutations to more positively charged residues at the C-terminus of the helix 

(N35K and D36K), could also result in more favorable interactions with the helix dipole.  

Electrostatic interactions with helix dipoles have been shown to be favorable and 

stabilizing in proteins (Creamer & Rose, 1994, Doig et al., 1994, Huyghues-Despointes et 

al., 1993, Lockhart & Kim, 1993, Lockhart & Kim, 1992, Nicholson et al., 1991, 

Nicholson et al., 1988, Walter et al., 1995).  The increased stability of Gβ1m2 relative to 

Gβ1, together with the absence of hydrogen bonds or salt bridges between the designed 

residues, suggests that the stabilization is due to increased helix propensity and more 

favorable helix dipole interactions. 

 

Materials and Methods   

Computational design:  In the calculation, protein residues were classified into 

core, boundary and surface as described (Dahiyat & Mayo, 1997).  Six residues were 

classified as helix surface residues (22, 24, 28, 32, 35, and 36) and were restricted to the 

following ten amino acids: Ala, Arg, Asn, Asp, Gln, Glu, His, Lys, Ser, Thr.  The 

resulting combinatorial complexity is 106 possible amino acid sequences.  Protonated 

histidine was used in the calculation.  Both amino acid identities and side chain 

conformations were determined by the design algorithm for the six optimized residues.  

The reminder of the structure was used as a template for the sequence selection 

calculation.  Computational details, potential functions, and parameters for van der Waals 

interactions, hydrogen bonding, and electrostatic interactions are described in our 
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previous work (Dahiyat et al., 1997, Dahiyat & Mayo, 1997, Dahiyat & Mayo, 1997, 

Dahiyat & Mayo, 1996, Dahiyat et al., 1997). 

 

Expression and CD analysis:  Variant Gβ1m2 was constructed by inverse PCR 

(Hemsley et al., 1989) in plasmid pet11c and verified by sequencing.  Recombinant 

protein was expressed by IPTG induction in BL21(DE3) cells (Invitrogen) as described 

(Alexander et al., 1992) and isolated using a freeze/thaw method (Johnson & Hecht, 

1994).  Purification was accomplished by reverse-phase high-performance liquid 

chromatography using an acetonitrile/water gradient containing 0.1 % TFA.  Molecular 

 
Table 1. Refinement and Model Statistics 
 
Space group     P4212 
Cell dimensions    

a, c (Å)     52.61, 44.59 
Resolution (Å)     18.0 – 2.0 
Measured reflections    81792 
Unique reflections    4020 
Rmerge      4.1 (9.1)  
Completeness (%)    95.0 (98.0) 
Number of p rotein atoms    439 
Number of water molecules    29 
B factor values (Å2) 
 Overall     29.8 
 protein atoms     29.6 
 solvent     38.6 
Rcryst      0.235 
Rfree      0.267 
Root mean square deviation 
 Bonds     0.016 
 Angles     1.74 
Ramachandran 
 most favored regions   96.0 
 additional allowed regions  4.0 
 generously allowed regions  0.0 
 disallowed regions   0.0 
 
 
Rmerge = ?  | Iobs - <I>| / ?<I> summed over all observations and reflections 
Rcryst = ?  |Fobs – Fcalc| / ? |Fobs| 
Rfree = Rcryst calculated for 5% of reflections omitted from the refinement 
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weight was verified by mass spectrometry.  CD data were collected on an Aviv 62DS 

spectrometer equipped with a thermoelectric unit.  Protein samples were studied in 50 

mM sodium phosphate buffer at pH 5.0.  Wavelength scans were performed at 1 °C.  

Thermal denaturations were monitored by CD at 222 nm, and fitted to a two-state model 

as described (Minor & Kim, 1994).   

 
Crystallization, data collection and refinement:  Gβ1m2 crystals were grown by 

the sitting drop method at 4 °C using a precipitant solution containing 100 mM sodium 

acetate, pH 4.6, 30% polyethylene glycol monomethyl ether 2000, and 200 mM 

ammonium sulfate. The crystals belong to the space group P4212 with unit cell 

dimensions a = b = 52.61 Å, c = 44.59 Å.  Crystals were transferred stepwise to mother 

solution containing 20 % glycerol and flash frozen.  Diffraction data were collected on a 

R-axis IV image plate detector with CuKα radiation.  All data were processed with 

DENZO and SCALEPACK (Otwinowski & Minor, 1997).  Wild type protein G, PDB 

code 1PGA (Gallagher et al., 1994), was used for molecular replacement with the CCP4 

program suit (Bailey, 1994) yielding an initial R factor of 38.3% at 3 Å.  Alternate cycles 

of manual model building using the program O (Jones et al., 1991), positional and 

individual B-factor refinement with the program CNS (Brünger, 1992), and addition of 

water molecules to the model reduced the R and R-free to 23.5 and 26.7, respectively, for 

all of the reflections (2.0 Å resolution).  A total of 96% of the residues in Gβ1m2 are in 

the most favored regions of the Ramachandram plot, 4% in the additional allowed regions 

as calculated with PROCHECK (Laskowski et al., 1993).  The coordinates for the 

structure have been deposited in the Protein Data Bank (pdb code 1EM7).   
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