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Abstract 

The twin-arginine translocase (Tat) is capable of translocating fully folded, 

cofactor loaded and often multimeric protein complexes across the inner membrane of 

bacteria.  Many substrates of the Tat system are periplasmic respiratory enzymes that 

contain a range of redox-active prosthetic groups including molybdenum cofactors.  

Substrates of the Tat system contain a conserved twin-arginine (RR) motif within the 

signal sequence at the amino terminus of the pre-protein.  System specific chaperones or 

redox enzyme maturation proteins (REMPs) bind to their cognate twin-arginine leader 

sequence.  The Escherichia coli dimethylsulfoxide reductase complex (DmsABC) is a 

Tat-dependent enzyme.  The twin-arginine leader peptide sequence is located at the 

amino terminus of the DmsA subunit and has been shown to bind to the DmsD REMP.  

The research within this thesis focused on characterizing the interaction between the 

DmsD chaperone and its substrate, the DmsA leader (DmsAL) sequence.   

Sequence analysis of homologous DmsD proteins was used to target conserved 

amino acid residues for mutation and subsequent variant protein production.  Twenty-

eight single substitution DmsD variants were expressed, purified and assayed for binding 

to the DmsAL with a high-throughput immunoblot assay.  Many of the DmsD residues 

that were found to reduce binding to DmsAL localized to a pocket on the surface of an E. 

coli DmsD structure.  The DmsAL binding of these DmsD variants was further 

characterized using isothermal titration calorimetry (ITC) and the multimeric state(s) of 

each variant was determined using size-exclusion chromatography and native-PAGE 

analysis.   
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The DmsAL sequence is composed of four distinct regions.  Various portions of 

the DmsAL peptide were synthesized and ITC was used to investigate binding to DmsD.  

This was complemented with secondary structure analysis of the DmsAL peptides by 

circular dichroism spectroscopy.  The contiguous hydrophobic region was the smallest 

portion of the DmsAL peptide able to bind and may form an alpha-helix upon binding to 

the pocket residues of DmsD.   

The studies presented within this thesis reveal details of how DmsD binds to the 

twin-arginine leader of the Tat-substrate of DMSO reductase through defining residues of 

the interaction site(s) in both DmsD and the DmsAL and describing the thermodynamic 

parameters of binding.   
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Chapter One:  Folding, Assembly and Targeting of Complex Enzymes - 
Understanding the roles of a Redox Enzyme Maturation Protein 

 

1.1 Introduction 

Coordinating the folding, assembly, and targeting of complex enzymes to their 

sites of physiological function is an important feature of all biological systems. In 

bacteria, the generation of energy by a variety of respiratory electron transport chains is 

essential given the diverse environments in which they are often found.  Redox-active 

protein components of electron transport chains are often embedded within the membrane 

or peripherally on the extra-cytoplasmic side.  Periplasmic respiratory enzymes such as 

N- and S-oxide oxido-reductases, periplasmic nitrate reductases, and formate 

dehydrogenases contain a range of redox-active prosthetic groups, including 

molybdenum cofactors, iron-sulfur (Fe-S) clusters, and c- and b-type hemes. The 

assembly of such proteins including the incorporation of cofactors, is recognized as one 

of the most complex processes in the field of bioinorganic chemistry.  A number of 

events that must be timed properly to allow for a functional enzyme complex are shown 

in Figure 1.1.  A single protein that will be the focus of this thesis may control multiple 

key points within this complex folding and assembly pathway.   

To fully understand the variety of roles that a redox enzyme maturation protein 

(REMP) plays within the complex protein assembly pathway, a broad overview of a 

number of topics will be presented. Protein translocation pathways and cofactor 

biosynthesis will be reviewed.  Various enzyme complexes which have been assigned a  
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Figure 1.1. Overview of Folding and Assembly Pathway of Complex Redox Enzyme 
Complex redox enzymes dependent on the twin-arginine translocase (TAT) undergo 
many steps within the cytoplasm prior to translocation.  A redox enzyme maturation 
protein (REMP) may be involved in multiple steps between the translation of the twin-
arginine leader peptide through the molybdenum cofactor biosynthesis and insertion to 
the assembly with a hitch-hiker protein and the translocation event.  Whatever roles the 
REMP does play, it is initiated by the interaction between the REMP and its specific 
twin-arginine leader peptide at the N-terminus of the molybdoenzyme precursor.  The 
interaction between the REMP and the twin-arginine leader peptide (shown above within  
dashed red line) is the focus of the research within this thesis.    
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REMP will be described and the variations in their maturation pathways noted.  The 

research presented within this thesis will focus specifically on the Escherichia coli REMP 

DmsD and the molybdenum enzyme precursor DmsA, the catalytic subunit of the 

Dimethyl sulfoxide reductase enzyme complex, DmsABC. 

1.2 Protein Translocation 

Three pathways allow for protein translocation into or across the bacterial inner 

membrane lipid bilayer; these include YidC, the general secretory (Sec) pathway and the 

twin-arginine translocase (Tat) (Figure 1.2)(Dalbey and Kuhn 2012; Dalbey et al. 2011; 

Pohlschroder et al. 2005; Xie and Dalbey 2008).  YidC is a single transmembrane protein 

which, assists the insertion and assembly of some membrane proteins within the bilayer 

while the Sec and Tat pathways are composed of multiple proteins which allow protein 

translocation across the bilayer.  An integral membrane protein complex makes up each 

translocon or pore within the bilayer (SecYEG or TatABC) and ultimately allows protein 

substrates to pass through.  Translocation through Sec can occur co-translationally via the 

signal recognition particle (SRP) and an SRP-receptor or post-translationally with the 

help of the SecB chaperone and the SecA ATPase.  SecB maintains the substrate protein 

in an unfolded state to allow translocation through SecYEG.  The Tat translocase 

(TatABC) however; facilitates the translocation of completely folded and often 

multimeric complexes of which only one protein contains a twin-arginine leader (Berks et 

al. 2003; DeLisa et al. 2003).  Specific chaperones termed Redox Enzyme Maturation 

Proteins (REMPs) assist in the translocation of folded protein complexes and do so by 

recognizing specific twin-arginine signal sequences.   
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Figure 1.2. Protein Translocation Pathways 

Proteins translated within the cell can be inserted into the inner membrane of bacteria 
using the YidC protein alone or in combination with the general secretory translocase 
proteins SecYEG.  Proteins may cross the inner membrane co-translationally with the 
help of the signal recognition particle (SRP) and SecYEG or post-translationally by 
SecYEG with the help of the SecB chaperone and SecA ATPase.  The twin-arginine 
translocase (TatABC) translocates fully folded proteins across the bilayer.  In some cases 
proteins which remain attached to the inner membrane on the cytoplasmic side, have been 
shown to be Tat dependent. Redox Enzyme Maturation Proteins (REMP) assist the Tat 
pathway by assessing the folded state of the substrate prior to translocation.  The Sec 
translocon is composed of SecYEG proteins and the Tat translocon is composed of 
TatABC proteins (inset).   
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Signal or leader sequences specific to the mode of translocation or insertion, are 

found at the N-terminus of the substrate proteins.  Leader sequences are composed of 3 

regions:  a short positively charged n-region found at the N-terminus; the centrally 

located hydrophobic h-region; and the short polar C-terminal c-region in which the 

cleavage site may be found (Figure 1.3).  Three additional features distinguish Tat signal 

peptides: the twin-arginine motif -(S/T)RRxFLK- exists at the junction between the n- 

and h-regions (Berks 1996); the h-region of Tat signal peptides are slightly longer and 

have a lower average hydrophobicity (Cristobal et al. 1999); and a positively charged 

residue within the c-region has been termed a ‘Sec-avoidance signal’ (Bogsch et al. 

1997).  Many cofactor containing exported proteins contain a twin-arginine signal peptide 

at the N-terminus.   

Accessory proteins are used in both the Sec and Tat pathways.  The soluble SecB 

plays a role in Sec signal sequence recognition and targeting to SecA which is associated 

with the SecYEG translocon.  SecB also helps to maintain the Sec substrate protein in an 

unfolded and Sec translocation competent state (Bechtluft et al. 2010).  Meanwhile a Tat 

substrate must be allowed to fold within the cytoplasm and only when it is folded and 

assembled will it be translocated by the Tat translocase.  The twin-arginine leader binding 

protein DmsD was identified in E. coli and found to associate with the twin-arginine 

leader of DmsA, the catalytic subunit of DMSO reductase (Oresnik et al. 2001).  

Subsequently other proteins were shown to bind twin-arginine leader sequences and it 

appears that these proteins are specific to their particular substrate/system and not a 

general binding protein like SecB (Randall and Hardy 2002). 
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Figure 1.3. Signal Sequences for Sec and Tat Translocation 
Signal sequences are found at the amino (N) terminus of proteins that are targeted to the 
membrane for translocation.  General secretory (Sec) and twin-arginine translocase (Tat) 
signal sequences both have an amino N region (blue); a hydrophobic (H) region (yellow) 
and a cleavage (C) region (red).  The twin-arginine motif (RR) and cleavage motif 
(AXA) are also shown.  
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Pre-proteins bearing twin-arginine leader sequences are secreted post-

translationally and most interestingly, post-folding, across the cytoplasmic membrane by 

a unique protein translocase initially termed the membrane targeting and translocation 

(Mtt) system when it was discovered in bacteria (Weiner et al. 1998) or the ∆pH 

translocase in plants (Settles et al. 1997).  The system is now most frequently referred to 

as the twin-arginine translocase (Tat) system (Berks et al. 2003; Berks et al. 2000a; Berks 

et al. 2000b; Lee et al. 2006; Sargent 2007; Sargent et al. 2002; Sargent et al. 1998).  The 

minimal components were determined in E. coli to include tatA, tatB and tatC (Bogsch et 

al. 1998).  The three Tat proteins are integral membrane proteins; TatA and TatB are 

believed to contain 2 alpha helices each, while the larger TatC polypeptide is likely 

composed of 6 transmembrane helices.  There is some controversy over the topology and 

stoichiometry of the translocase itself; however, the current model is that TatB and TatC 

act as the signal sequence recognition portion while multimers of TatA associate in the 

bilayer to form the translocon pore (Palmer et al. 2005).  Biochemical studies have shown 

that the integral membrane proteins TatA, TatB, and TatC form the core components of 

the E. coli Tat system (reviewed in (Berks et al. 2003)). The TatBC unit is believed to 

form the signal recognition module, while TatA forms a very large oligomeric ring-

structure presumed to be the protein-conducting channel (Berks et al. 2003). 

1.3 Twin-Arginine Translocase Dependent Substrates 

The majority of work to date on the twin-arginine translocase system has been in 

the model bacterium of E. coli which has ~27 Tat targeted proteins (Tullman-Ercek et al. 

2007).  Many are cofactor-containing enzymes, which acquire their prosthetic groups in 
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the cytoplasm prior to export. Additionally, assembly with signal-less partner subunits 

must occur prior to translocation and these partners must also have their own prosthetic 

groups preloaded prior to translocation.  The cofactors contained within the Tat substrate 

have been used to classify these enzymes.  For the purpose of this thesis, more emphasis 

was placed on those enzymes that contain molybdenum cofactors.  Table 1.1 lists some of 

the Tat dependent substrates found in E. coli along with the cofactors found within the 

Tat substrate and additional proteins of the enzyme complex that do not contain a twin-

arginine signal sequence.   

 

 

Table 1.1. E. coli Twin-arginine Translocase dependent Redox Enzyme Complexes, 
Cofactors and Redox Enzyme Maturation Protein 

Redox Enzyme Enzyme 
Subunits 

RR-
subunit a 

Catalytic 
Cofactor b REMP c 

TMAO reductase TorAC TorA Mo-bis-MGD TorD 

DMSO reductase DmsABC DmsA Mo-bis-MGD DmsD 

Nitrate reductase A (cytoplasmic) NarGHI NarG Mo-bis-MGD NarJ 

Nitrate reductase Z (cytoplasmic) NarZYV NarZ Mo-bis-MGD NarW 

Nitrate reductase (periplasmic) NapABC NapA Mo-bis-MGD NapD 

Formate dehydrogenase N FdnGHI FdnG Mo-bis-MGD FdhD/FdhE 

Formate dehydrogenase O FdoGHI FdoG Mo-bis-MGD FdhD/FdhE 

Hydrogenase-1 HyaAB HyaA Ni HyaE 

Hydrogenase-2 HybOC HybO Ni HybE 
a Twin-arginine (RR) signal sequence containing subunit of redox enzyme. b Catalytic 
cofactor contained within RR-subunit; Mo-bis-MGD (molybdenum-bis-molybdopterin 
guanine dinucleotide) or Ni (Nickel). c REMP or Redox Enzyme Maturation Protein of 
the redox enzyme.   
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1.3.1 Molybdenum Cofactor Biosynthesis and Classification of Complex Redox 
Enzymes 

The biosynthetic pathways utilized for molybdenum cofactors such as 

molybdopterin (MoPt) and bis-(molybdopterin guanosine dinucleotide) (MGD) are multi-

step processes requiring numerous enzymes.  In bacteria, high-affinity transporters 

acquire the molybdate anion (MoO4
2-) form of molybdenum from their environment.  

Molybdate is catalytically inactive within the cell until it is complexed with a tricyclic 

pterin cofactor.  This complexed form of molybdenum is referred to as molybdopterin 

(MoPt) or molybdenum cofactor (Moco) (Schwarz 2005).  MoPt biosynthesis involves 

numerous enzymatic steps that can be abbreviated into the 4 general steps shown in 

Figure 1.4.  First, precursor Z is synthesized from guanosine-5’-triphosphate (GTP).  

Next, 2 sulfur atoms are incorporated to form the pyranopterin. Then, the molybdenum is 

inserted such that each molybdenum atom can have one or two pyranopterin molecules 

associated.  Many bacterial molybdo-enzymes utilize a subsequent step in which a 

guanosine dinucleotide (GDP) is added to the molybdenum-complexed molybdopterin to 

form Mo-Molybdopterin Guanosine Dinucleotide (MoMGD) or Mo-bis-MGD (Schwarz 

2005).  The MoPt and MGD cofactors are very labile and must be protected in the protein 

at all times during biosynthesis.  This raises the question of their insertion into the protein 

polypeptide chain, with consideration that this step occurs concurrent with protein folding 

during the conversion from apo to cofactor holo form. Depending on the form of the 

molybdenum cofactor that is bound to the active site as well as other cofactors included 
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Figure 1.4. Molybdenum Cofactor Biosynthetic Pathway 
Molybdenum-bis-molybdopterin guanosine dinucleotide (Mo-bis-MGD) is the catalytic 
cofactor of DmsA and many other Tat-dependent redox enzymes.  Mo-bis-MGD is 
synthesized within the cell with the above-mentioned enzymes.   
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within the enzyme complex, molybdoenzymes can be classified into Types I through III 

(Magalon et al. 2011).  A thorough review of complex molybdoenzyme classifications 

was not included here. 

1.3.2 Mo-Enzyme Tat Substrates 

There are a variety of Molybdo-enzyme Tat dependent systems and an overview 

of some of the Mo-enzyme Tat dependent systems in E. coli is included here. Focus will 

be on the three systems that are most relevant to this thesis:  TMAO reductase (TorAC), 

DMSO reductase (DmsABC) and Nitrate reductase A (NarGHI) as they exemplify key 

similarities and variances between the systems.  Figure 1.5 illustrates these three enzyme 

complexes, the number and location of subunits within the complex and the Molybdenum 

cofactor within the catalytic subunit.   

1.3.2.1 TMAO Reductase 

In E. coli, trimethylamine N-oxide (TMAO) reduction can occur during anaerobic 

respiration and is dependent on the gene products of the torCAD operon (Mejean et al. 

1994).  TorC is a membrane anchored pentahemic c-type cytochrome whose proposed 

role is to feed electrons to the catalytic subunit of the reductase, TorA (Gon et al. 2001; 

Mejean et al. 1994).  TorA, is a periplasmic molybdoenzyme which contains the twin-

arginine motif within its signal sequence and is thus a substrate of the Tat system (Berks 

1996; Voordouw 2000).  Characteristic to other Tat substrates in E. coli, TorA obtains its 

molybdenum cofactor within the cytoplasm prior to transport (Voordouw 2000).  The 

third gene of the tor operon encodes a 22 kDa soluble protein, TorD, the system specific 

chaperone or REMP for TorA.  
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Figure 1.5. Comparison of Nitrate, DMSO and TMAO Reductase Enzyme 
Complexes found in E. coli.   

(A) Location and subunit composition of trimethylamine oxide (TMAO), 
dimethylsulfoxide (DMSO) and nitrate reductase enzyme complexes are shown. (B) The 
cofactor located in the active site of the catalytic subunit of each of the enzymes is 
molybdenum-bis-molybdopterin guanine dinucleotide (Mo-bis-MGD). 
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1.3.2.2 DMSO Reductase 

E. coli is also able to grow anaerobically on dimethyl sulfoxide (DMSO) due to 

the presence of the membrane-localized DMSO reductase enzyme (Bilous and Weiner 

1985) encoded for by the dmsABC operon (Bilous et al. 1988).  DMSO reductase 

(DmsABC) is a membrane-associated [Fe-S]-molybdoenzyme (McCrindle et al. 2005).  

During anaerobic respiration, electron flow proceeds from the electron donor menaquinol 

pool in the membrane bilayer through to DMSO, the terminal electron acceptor.  The 

integral membrane protein, DmsC, is believed to be composed of 8 transmembrane 

helices, contains a high-affinity binding site for menaquinol (Geijer and Weiner 2004; 

Zhao and Weiner 1998) and serves to anchor the soluble DmsAB complex (Weiner et al. 

1993).  The DmsB subunit contains 4 [4Fe-4S] clusters; one of which interacts closely 

with the menaquinol oxidation site of DmsC (Rothery and Weiner 1996; Zhao and 

Weiner 1998).  Electrons are passed to another [4Fe-4S] center in DmsB before moving 

to the molybdenum cofactor within the DmsA catalytic subunit (Rothery et al. 1999; 

Rothery and Weiner 1996).  DMSO is reduced to DMS (dimethyl sulfide) at the active 

site of DmsA which contains the bis-MGD cofactor discussed above. A negative charged 

funnel-like active site entrance lined with aromatic residues may give DMSO reductase 

its more broad substrate specificity, accepting both S- and N-oxides (Kisker et al. 1997; 

McAlpine et al. 1998; Schindelin et al. 1996; Schneider et al. 1996) whereas the TorA 

active site is more specific for the N-oxide TMAO.  

The active site of the DmsA enzyme contains a bis-MGD cofactor (Schwarz 

2005).  The depth to which the bis-MGD cofactor is buried within the DmsA protein 
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would suggest bis-MGD biosynthesis and insertion into DmsA involves a co-folding 

mechanism (Schindelin et al. 1996; Schneider et al. 1996).  In addition to requiring the 

bis-MGD association and complete folding prior to translocation by the Tat system, 

DmsA must also associate with folded DmsB, which must acquire its own set of 4 [4Fe-

4S] centres.  This hetero-dimeric complex is targeted to the Tat translocase via the twin-

arginine leader peptide on DmsA. The DmsA twin-arginine leader peptide is cleaved and 

DmsAB associates with the integral membrane protein DmsC on the periplasmic side of 

the cytoplasmic membrane to form the DmsABC complex (Figure 1.5).   

1.3.2.3 Nitrate Reductase 

Respiration using nitrate is performed by a set of redox enzymes in bacteria that 

catalyze the reduction of nitrate (NO3
-) to nitrite (NO2

-).  Other enzymes also carry out 

further denitrification until NO2
- is converted to NO, N2O and finally N2 (summarized in 

(Gonzalez et al. 2006)).  Three membrane-bound nitrate reductases have been identified 

in bacteria in addition to the soluble assimilatory nitrate reductases located in the 

cytoplasm, all of which coordinate a molybdenum-bis-MGD cofactor in the catalytic site 

(Potter et al. 2001).  E. coli contains two cytoplasmically-anchored enzymes commonly 

referred to as nitrate reductase A (NRA) and nitrate reductase Z (NRZ), or collectively as 

Nar.  A third nitrate reductase is periplasmically located and is commonly termed the 

periplasmic nitrate reductase, nitrate reductase P, or Nap.  Several reviews provide 

extensive information into the structure, function and mechanism of all three nitrate 

reductases (Gonzalez et al. 2006; Martinez-Espinosa et al. 2007; Potter et al. 2001).   

The bacterial cytoplasmic nitrate reductases are heterotrimeric enzymes anchored 

to the membrane through an integral membrane subunit (Gonzalez et al. 2006; Martinez-
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Espinosa et al. 2007).  Nitrate reductase A and Z are no exception, consisting of NarGHI 

and NarZYV subunits, respectively.  NarG is the catalytic subunit containing the bis-

MGD cofactor and one [4Fe-4S] cluster.  NarH connects NarG to the membrane anchor 

NarI and contains one [3Fe-4S] and three [4Fe-4S] clusters.  NarI has five 

transmembrane helices coordinating two b-type hemes and connects to the menaquinone 

pool within the membrane.  A structural overview of the E. coli NarGHI complex is 

provided in (Bertero et al. 2003).  

The nitrate reductase Z proteins are homologous to the nitrate reductase A 

components  and sequence comparisons identified conserved regions in NarZ similar to 

known molybdoproteins (Blasco et al. 1990).  NarY contains four cysteine clusters in the 

same order as in NarH and NarV has five putative transmembrane segments and heme 

motifs as organized in NarI.  This would suggest that the NarZYV subunits have similar 

biochemical roles and functional organization to that of NarGHI, unfortunately, few 

studies have been performed on NarZYV.  

The periplasmic nitrate reductase, Nap, was able to support anaerobic growth in a 

strain lacking narG and narZ, providing evidence that a third nitrate reductase existed in 

E. coli (Potter et al. 2000; Stewart et al. 2002).  Nap consists of the NapA catalytic 

subunit with a twin-arginine motif and contains a bis-MGD cofactor and one [4Fe-4S] 

cluster (Thomas et al. 1999).  NapB contains two c-type hemes and a conventional Sec-

targeting signal (Thomas et al. 1999).  NapC contains four c-type hemes but unlike NarI 

or NarV which are multi-transmembrane integral membrane proteins, it contains a single 

transmembrane helix that inserts into the membrane from the periplasmic side (Roldan et 

al. 1998).   



16 

 

1.3.2.4 Formate Dehydrogenase  

E. coli has three formate dehydrogenase (FDH) membrane-bound isoenzymes that 

catalyze oxidation of formate (HCOO-) to carbon dioxide (CO2).  Two FDHs are 

anchored to the cytoplasmic membrane from the periplasmic side while the other is 

anchored to the cytoplasmic side.  The two periplasmic FDH’s are transported across the 

cytoplasmic membrane via the Tat system (Stanley et al. 2002).  The first periplasmic 

isoenzyme is commonly referred to FDH-N where the N-denotation stemmed from 

observations that its expression was induced by nitrate anaerobically.  The isoenzyme, 

FDH-O or FDH-Z, is also induced by nitrate in the media but also in the presence of 

oxygen (Abaibou et al. 1995; Sawers et al. 1991).   

FDH-N consists of the heterotrimeric FdnGHI subunits.  FdnG is the MGD and 

[4Fe-4S] containing subunit that catalyzes the oxidation of formate.  It contains a single 

selenocysteine residue (Berg et al. 1991).  It is also the twin-arginine motif-containing 

subunit.  FdnH is the electron conduit subunit that accepts two electrons from FdnG and 

shuttles them through its four [4Fe-4S] clusters to FdnI, which is the membrane anchor 

subunit consisting of four transmembrane helices and contains two b-type hemes.  FDH-

N forms a complete redox loop with nitrate reductase A (NarGHI) that contributes to the 

proton gradient across the membrane.  The crystal structure of FdnGHI demonstrates 

where the MGD cofactor and Fe-S clusters are coordinated and provides a molecular 

view of how the redox loop is completed during electron shuttle (Jormakka et al. 2002).   

FDH-O/Z consists of the FdoGHI subunits that are highly similar  to FdnGHI in 

terms of size, composition and structural fold (Abaibou et al. 1995).  It likely forms a 

redox loop with nitrate reductase Z in the same manner that FDH-N does with nitrate 
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reductase A (reviewed in (Sawers 1994).  FdoG contains the twin-arginine motif, and 

requires molybdenum and selenocysteine incorporation and is considered the catalytic 

subunit (Abaibou et al. 1995; Pommier et al. 1992; Sawers et al. 1991).  FdoH and FdoI 

likely perform similar functions to that of FdnH and FdnI as they were found to be of 

similar size and have similar structural folds based on recognition by FdnHI-specific 

antibodies (Abaibou et al. 1995). 

1.3.3 Other Tat Substrates (Non Molybdo-enzymes) 

Three hydrogenases have been identified in E. coli and are denoted hydrogenase-

1, -2 and -3.  Hydrogenases-1 and -2 catalyze the oxidation of hydrogen (H2) to protons 

(H+) whereas hydrogenase-3 catalyzes the opposite reduction reaction.  Hydrogenases-1 

and -2 are membrane anchored heterodimers that are transported by the Tat pathway to 

the periplasm (Wu et al. 2000).  Both enzymes consist of a large and small subunit that 

contain nickel and iron-sulfur [Fe-S] cofactors as with other dimeric hydrogenases in 

other bacteria (Przybyla et al. 1992).  Hydrogenase-1 is composed of HyaAB while 

hydrogenase-2 consists of HybOC.  The small subunits HyaA and HybO contain the 

consensus twin-arginine motif at their N-terminus as well as a C-terminal membrane 

anchor helix (Dubini et al. 2002).  Studies have demonstrated co-targeting and co-

translocation of the motif-lacking HybC as a ‘hitchhiker’ with HybO, suggesting that this 

mechanism applies to both hydrogenases (Rodrigue et al. 1999).  The large subunits 

HyaB and HybC are the catalytic centers for hydrogen oxidation.  The crystal structure of 

hydrogenase from Desulfovibrio gigas shows nickel coordination by the large subunit 

and one [3Fe-4S] and two [4Fe-4S] centers in the small subunit (Volbeda et al. 1995).   
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1.4 Redox Enzyme Maturation Proteins 

An important question was asked for the Tat system - is there a twin-arginine 

leader binding protein? This question was asked since the general secretory (Sec) system 

utilizes at least two such chaperones, SecB and the signal recognition particle (SRP).  The 

question was answered with the discovery of DmsD (Oresnik et al. 2001).  The 

experiment utilized the twin-arginine signal peptide from the dimethyl sulfoxide 

reductase catalytic subunit (DmsA) fused to the N-terminus of the glutathione-S-

transferase (GST) protein and pre-bound to a Glutathione-sepharose resin over which 

anaerobic E. coli lysate was added.  Two proteins were found to bind specifically to the 

DmsA leader peptide: the chaperone DnaK and an uncharacterized protein product YnfI 

(later re-named DmsD) (Oresnik et al. 2001).  As a result of a bioinformatic study of 

similar oxidoreductase systems, the collective term REMP (Redox Enzyme Maturation 

Protein) was proposed to refer to any protein involved in the assembly of a complex 

redox enzyme which itself does not constitute part of the final holoenzyme (Turner et al. 

2004).   

1.4.1 REMP Classification: Sequence and Structure Analysis 

1.4.1.1 REMP Sequence Analysis 

Following the identification of DmsD and TorD as twin-arginine signal peptide 

binding proteins (Ilbert et al. 2003; Oresnik et al. 2001), two studies examined the amino 

acid sequences of these accessory proteins (Ilbert et al. 2004; Turner et al. 2004).  The 

Turner study proposed that any protein involved in the maturation process of a complex 

redox enzyme but not part of the holo-enzyme itself, be called a Redox Enzyme 

Maturation Protein or REMP and classified a large number of proteins as such.  The 
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Ilbert study focused on a smaller group of chaperone proteins with known binding 

targets.   

In the Turner study, known E. coli twin-arginine leader binding protein sequences 

were “Blasted” (BLASTp) (Altschul et al. 1997) against the databases and the sequence 

similarities were analyzed (Turner et al. 2004).  The REMPs were then classified as either 

a molybdo-protein REMP or hydrogenase REMP based on the cofactor composition of 

their target protein.  REMPs found to bind molybdo-protein substrates were further sub-

classified into three families (based on the E. coli protein included):  DmsD/TorD, NapD 

and FdhE.  The DmsD/TorD family was then further sub-classified into 4 clades (again, 

based on the E. coli protein included): DmsD, TorD and NarJ.  The protein sequences 

within each clade were aligned and analyzed for defined signature sequence motifs.  E. 

coli DmsD/TorD family members were predicted to be mostly alpha-helical by secondary 

structure prediction algorithms and included DmsD, YcdY, TorD, NarJ and NarW 

(Turner et al. 2004).  When looking at the E. coli REMP phylogenetic tree in Figure 1.6A 

and considering the classifications above; the two molybdoenzyme REMPs NapD and 

FdhE are located on the same side of the phylogenetic tree as the hydrogenase REMPs 

HyaE and HybE, opposite all E. coli DmsD family members.  Interestingly, these same 4 

proteins (NapD, FdhE, HyaE and HybE) were predicted to contain beta structure in 

addition to alpha helix, contrasting the all alpha-helical nature of the proteins within the 

DmsD/TorD family (Turner et al. 2004).  

In the Ilbert study only protein sequences with pre-determined biochemical 

information, thus a smaller number of proteins, were classified. These chaperone protein 

[sequences] were then classified based on the characteristics of the molybdoenzyme  
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Figure 1.6. Redox Enzyme Maturation Protein Sequence and Structure Comparison 
A. Phylogenetic tree of E. coli REMPs can be divided to show the differences between 
the TorD/DmsD family members (solid green line) and the other REMP families (dashed 
green line).  B.  REMP protein structures include Shewanella massilia TorD (1N1C.pdb);  
Archeglobus fulgidus NarJ (2O9X.pdb); E. coli NapD (2JSX.pdb); Pseudomonas 
aeruginosa HyaE (2HFE.pdb); E. coli FdhE (2FIY.pdb). 
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substrate that the chaperone interacted with, and represented an extension of their group’s 

previous definition of the TorD family (Tranier et al. 2003).  This TorD family was 

divided into 4 clades, according to the molybdoenzyme classification type (I, II or III) of 

the DMSO reductase family, which is based on cofactor composition, and organization of 

the protein domain around the molybdopterin cofactor (McEwan et al. 2002) rather than 

the chaperone itself.  A newly defined fourth clade (not based on any classification type) 

contained TorD homologues that could not be related to any specific molybdoenzyme 

family member and were exemplified by the E. coli protein YcdY which had the closest 

sequence relationship to the Type II TorD homologues (ie. DmsD).  Types I and III TorD 

family members contain the molybdoenzyme within the same operon (ie. torCAD, type 

III), while Types II and IV have separate operons for the molybdoenzyme and the gene of 

the TorD homologue (REMP).  

The information learned about the accessory proteins found to bind the twin-

arginine leader peptides of molybdoenzymes, can be correlated between the two studies.  

The TorD clade (Turner et al. 2004) relates to Group III proteins of the DMSO reductase 

family (Ilbert et al. 2004) while types II and IV (Ilbert et al. 2004) would both be 

included within the DmsD clade (Turner et al. 2004).  The NarJ clade, within the DmsD 

family, identified by Turner et al. (2004) is not mentioned by Ilbert et al. (2004).  Both 

studies defined sequence motifs, slightly different amongst each clade/type.  For the 

Turner study, the comparable family (DmsD) includes a much more diverse set of 

sequences than in the Ilbert study (TorD Family).   

It is worth noting that there are molybdoenzymes of each clade/type that are 

translocated and not translocated.  Enzymes are assembled first, targeted and translocated 



22 

 

later; therefore, it is not always possible to extrapolate the type of molybdoenzyme to its 

localization within the cell nor with the corresponding function of each REMP.  However 

REMPs with sequence homology do share some structural and functional similarities.  

1.4.1.2 REMP Structure and Biochemistry 

Despite their overall similar function of interacting with a twin arginine leader 

sequence, REMPs adopt independent folds such that only DmsD/TorD family members 

have a similar architecture, consistent with the primary sequence analysis that established 

the family (Turner et al. 2004).  Near the beginning of my thesis research, there were six 

protein structures available and almost a complete representation of the different REMP 

protein families found in E. coli can be seen in Figure 1.6 B.  Three structures from X-ray 

diffraction of crystals had been solved representing all 3 clades of the DmsD/TorD family 

– TorD, DmsD and NarJ.  Shewanella massilia TorD (PDB ID: 1N1C) was the first 

REMP structure published and it was found to contain a unique fold in which the protein 

has N-terminal and C-terminal globular helical domains attached via a hinge region.  The 

two globular helical domains undergo domain swapping such that the N domain from one 

polypeptide interacts with the C-domain of another TorD polypeptide (Tranier et al. 

2003). The protein structure of the DmsD Salmonella typhimurium homologue was 

solved in 2004 (PDB ID: 1S9U) (Qiu et al. 2008) and the protein showed an all alpha-

helical structure (10 α-helices) and similar organization to a monomeric unit of the 

Shewanella masillia TorD homologue.  Archaeoglobus fulgidus NarJ homologue was 

also solved (PDB ID: 2O9X) (Kirillova et al. 2007).  The monomer architecture of all 

DmsD/TorD family members is very similar.   
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Other REMP structures have been solved and are very different from the 

DmsD/TorD family members (Figure 1.6B). The E. coli NapD solution structure (PDB 

ID: 2JSX) was determined using nuclear magnetic resonance (NMR) (Maillard et al. 

2007).  NapD is a smaller protein belonging to a distinct family and adopts a mixed 

alpha-beta structure (four β-strands and two α-helices).  Structures for the REMPs HyaE 

(PDB ID: 2HFD) from E. coli and FdhE (PDB ID: 2FIY) from Pseudomonas aeruginosa 

have also been solved.  The solution structure of EcHyaE was determined by NMR and 

shown to have a thioredoxin fold, but lacked the canonical C-C-X-C motif typically 

found in the active site of thioredoxin proteins (Parish et al. 2008).  HyaE and HybE have 

low sequence homology (12% identity, 19% similarity) (Chan et al. 2009) but have been 

suggested to have cooperative functions and work together in the maturation of 

hydrogenases within a large complex (Dubini and Sargent 2003).   

While DmsD/TorD family members are primarily monomeric, small amounts of 

dimers and higher oligomers have been seen for both TorD and DmsD (Sarfo et al. 2004; 

Tranier et al. 2002).  Many of the constructs for these proteins contain either an N-

terminal (EcDmsD) or C-terminal (EcTorD, SmTorD) hexa-histidine tag.  When 

purifying these proteins with a gradient of imidazole it is possible to separate monomers 

from dimers.  Circular dichroism experiments revealed that the secondary structure 

content of the monomeric TorD and DmsD were similar to their dimeric forms (Sarfo et 

al. 2004; Tranier et al. 2002).    

EcDmsD, EcTorD and SmTorD have been found to exist in multiple folded forms 

in addition to their oligomeric forms. It was discovered for these proteins that exposure to 

low pH (~pH 5 or 6) induced a conformational change (Sarfo et al. 2004; Tranier et al. 
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2002).  In EcDmsD this low pH form was visualized as a ‘ladder’ on a native-

polyacrylamide gel (Figure 1.7A, Lanes 5 and 6).  While in SmTorD, low pH conversion 

from monomer to dimer was most significant but the occurrence of higher ‘oligomers’ 

was also visualized on a native PAGE (Tranier et al. 2002). Both the EcDmsD and 

SmTorD low pH forms were shown to have similar secondary structure (alpha helical) 

content to that of the native monomer and dimer (Sarfo et al. 2004; Tranier et al. 2002).  

The low-pH induced form of EcDmsD was further characterized with size exclusion 

liquid chromatography (SEC-FPLC) and found to elute as a single broad peak, beyond 

the void volume of the column (Sarfo et al. 2004) suggesting that the protein was in fact a 

single “form” that showed interaction with the column matrix.  The low pH induced form 

of SmTorD bound significant amounts of the ANS fluorophore (1-anilino naphtalene-8-

sulfonic acid) while the native monomers, dimers and guanidium hydrochloride 

(GdnHCl) denatured protein did not (Tranier et al. 2002).  ANS binding is indicative of 

the presence of exposed hydrophobic surfaces (Semisotnov et al. 1991).  It was also 

shown that if the low-pH induced form of EcDmsD was treated with 8 M urea (followed 

by its removal) the protein exhibited a similar native PAGE profile to that of the 

monomeric protein (Sarfo et al. 2004).  The significance and relevance of the different 

folding forms at different pH has not been further explored by researchers in the field; 

however, as the folding transitions occur within a physiologically relevant pH range, such 

observations are always considered in the context of in vitro experiments. 
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Figure 1.7.  DmsD Folded Forms bind DmsA leader sequence 

E. coli DmsD WT protein (5 µg) was resolved on a 12% native-PAGE (A and B) or SDS-
PAGE (C and D) and either Coomassie Blue stained (A and C) or electroblotted to a 
membrane prior to Far-Western analysis with DmsAL1-43::GST and anti-GST 
colorimetric development (B and D).  Lanes 1 and 2 contain monomeric protein, Lanes 3 
and 4 contain dimeric protein and Lanes 5 and 6 contain pH 6 treated monomeric protein.  
The reducing agent dithiolthreitol (DTT) was either present (+) or absent (-) within the 
sample loading buffer of each lane as indicated.  This figure was adapted with permission 
from (Winstone et al. 2006).   
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Intrinsic fluorescence spectroscopy was used to characterize pH and denaturation 

profiles of E. coli DmsD.  The protein has multiple pH dependant conformations (Sarfo et 

al. 2004).  Very little conformational change occurs when DmsD is exposed to urea 

concentrations at or below 5 M (Winstone et al. 2006).  For significant changes to occur, 

greater than 7 M urea was necessary.  GdnHCl denaturation of DmsD showed 2 phases, 

the first most significant changes occurred upon exposure of 1 M GdnHCl and then again 

with greater than 5 M GdnHCl (Winstone et al. 2006).  Overall, these results show 

support for different folding forms of DmsD.   

1.4.2 REMP Function 

The need for system specific chaperones in microbial physiology has become 

accepted and many potential roles have been suggested.  Possible functions include:  (1) 

Foldase – promoting folding/assembly of the enzyme; (2) Unfoldase – correcting 

mistakes in folding; (3) Cofactor chaperone – maintaining the apo-enzyme in a competent 

state for prosthetic group loading; (4) Cofactor binding protein – binds the cofactor to 

transfer to the apo-enzyme; (5) Cofactor insertase – directly involved in prosthetic group 

insertion; (6) Targeting/Escort protein – targeting of substrate to specific locations within 

the cell (e.g. prosthetic group biosynthesis, membrane, Tat translocase); (7) Tat system 

proofreading – suppressing translocation by Tat until assembly process is complete; (8) 

Control police protein – verify that ‘hitchhiker’ proteins are associated prior to 

translocation, this may or may not be a step in proofreading (9) Protection from proteases 

– preventing degradation during assembly; (10) Sec-avoidance chaperone – preventing 

incorrect targeting to Sec during folding/assembly. 
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The binding of a REMP to its substrate has been proposed to function as a 

“proofreading” event, preventing the premature export of the substrate before cofactor 

loading and/or dimerization in cases of multi-subunit enzyme complexes in which only 

one binding partner contains the twin-arginine signal peptide.   

Multiple roles for TorD have been proposed, all of which center around its 

association with TorA and its ability to aid in the successful maturation of a fully 

functional TMAO reductase enzyme. Initially, it was thought that TorD was a membrane 

associated protein, likely acting as another player in the electron transport pathway for 

TMAO reduction.  It was proposed that two hydrophobic sections in the amino and 

carboxy ends of TorD could anchor the protein to the membrane (Mejean et al. 1994).  

Later, TorD was found primarily within the cytoplasm and to interact with an unfolded 

form of the TorA subunit of TMAO reductase (Pommier et al. 1998).  TorD was then 

termed as a specific chaperone protein of TorA.  It is possible that the fraction of TorD 

associated with the membrane may be the result of interactions with the Tat translocase 

itself, as this was seen for DmsD, a homologous E. coli REMP (Papish et al. 2003).   

Many studies have suggested that TorD is involved in the maturation of TorA and 

this has been attributed to its protective role and its proposed ability to induce apoTorA 

into a cofactor competent state under a variety of conditions (Genest et al. 2005; Genest 

et al. 2006a; Genest et al. 2006b; Ilbert et al. 2003; Pommier et al. 1998; Shaw et al. 

1999).  TorD was implicated in a protective role for TorA in an E. coli strain deficient in 

a component of the molybdenum cofactor biosynthetic pathway (Pommier et al. 1998).  

In the absence of TorD, apoTorA levels were lower than that in wildtype, yet with the 

overexpression of TorD, apoTorA levels were restored.  This implied that the presence of 
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TorD provided a more efficient maturation process for TorA, though on its own TorA 

was still capable of correctly folding (Pommier et al. 1998).  This was also observed 

during anaerobic growth in which the cofactor was limiting (Genest et al. 2006a; Genest 

et al. 2006b).  In these conditions, a strain devoid of TorD showed minimal levels of 

apoTorA, suggesting that in the presence of TorD, apoTorA is protected or stabilized 

against degradation.  Upon the availability of the MoPt cofactor, apoTorA, protected by 

TorD, could undergo maturation, suggesting that TorD may be able to maintain apoTorA 

in a cofactor accepting conformation (Genest et al. 2006a; Genest et al. 2006b).  

TorD is capable of protecting apoTorA from temperature induced misfolding or 

degradation (Genest et al. 2005).  At high temperatures the absence of TorD was 

accompanied by markedly decreased levels of TorA and substantially decreased TMAO 

reductase activity.  However, in the presence of TorD, the maturation of TorA was 

unabated.  E. coli TorD binding to TorA has been shown to protect against proteolysis 

(Genest et al. 2006b), especially when the molybdenum cofactor components are limiting 

or absent (Genest et al. 2006a).  Also, when TorD was co-expressed with a TorAL:GFP 

fusion in E. coli this led to an increased level of GFP translocation  and it was 

hypothesized that this was due to protection from proteolysis of the TorA leader by TorD 

(Li et al. 2006b).  A ‘proofreading’ mechanism has also been shown such that TorD 

binding to the TorA twin-arginine leader prevents early translocation by shielding the 

twin-arginine leader sequence and allowing TorA to acquire its cofactor and fold (Jack et 

al. 2004).   

TorD was implicated in TorA signal peptide binding because it prevented 

proteolysis of the signal peptide (Genest et al. 2006a; Genest et al. 2006b).  TorD co-
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purified with the apoTorA form that contained a preserved signal peptide.  No co-

purification was observed with a truncated form of TorA, suggesting that TorD has a high 

affinity for the signal peptide of TorA.  In the absence of TorD, only a truncated form of 

TorA was seen.  N-terminal sequencing revealed that this form of TorA began at R36 of 

the protein; therefore, TorD protected the signal peptide region of apoTorA from 

degradation.  Even a cofactor loaded TorA (holoTorA) had a truncated signal peptide in 

the absence of TorD.   It is thus possible that the binding of TorD to the signal peptide 

protects a certain region that is a target for proteolysis. 

The degradation of TorA likely begins at the N-terminal signal peptide and the 

data suggests that a role of TorD may be to bind and protect the twin-arginine peptide of 

apoTorA.  However, it is not clear if this is the primary function or simply a consequence 

of its primary role in maintaining the nascent polypeptide chain of TorD in a MoPt 

cofactor competent state.   

When TorD N- and C- domains were expressed individually in a ΔtorD mutant 

strain, the phenotype could not be rescued.  However, when both domains were co-

expressed, TMAO reductase activity was restored to near wild type levels (Jack et al. 

2004).  Thus, the individual domains are functional and allow for proper assembly and 

maturation of TorA when co-expressed, despite not being covalently linked.  The 

separate TorD domains were incapable of Tat proofreading, providing evidence that the 

hinge region between the N- and C- domains may be important for this function.  Two 

conserved residues were identified, one each in the N and C domain that are important for 

MoPt cofactor insertion into TorA (Jack et al. 2004).   
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DmsD was shown to be required for biogenesis of DMSO reductase (Oresnik et 

al. 2001; Ray et al. 2003).  Studies investigated the localization of green fluorescent 

protein (GFP) fused to DmsA and TorA leader peptides in dmsD deletion E. coli cells and 

showed that localization of the GFP was similar to that of wild-type cells (Ray et al. 

2003).  The anaerobic growth of ∆dmsD, ∆tatABCDE and wild-type E. coli supplemented 

with DMSO, showed that DmsD was essential for the biogenesis of the DMSO reductase 

enzyme even though a basal level of activity remained in ∆dmsD (Ray et al. 2003).  

Together these observations suggest that the REMP may not be absolutely required but is 

likely a critical helper in the enzyme biogenesis. 

Early studies demonstrated the absolute requirement of the accessory proteins 

NarJ and NarW for biogenesis of nitrate reductases A and Z (Blasco et al. 1992; 

Dubourdieu and DeMoss 1992; Sodergren et al. 1988).  NarJ was not found to be 

associated with the final holoenzyme of NarGHI, thus little understanding of its role in 

enzyme maturation was understood at the time other than it was required for functional 

biogenesis of nitrate reductase A (Sodergren et al. 1988).  Further studies demonstrated 

that NarJ is required for MGD cofactor assembly into NarG, a step that must occur prior 

to membrane attachment.  This led Blasco and colleagues to propose that NarJ is a 

specific chaperone that binds to NarG to keep it in a cofactor-accepting conformation 

(Blasco et al. 1992; Palmer et al. 1996).  Additional experiments have also shown the 

requirement of NarJ for insertion of the [4Fe-4S] cluster into NarG and indirectly 

affecting heme insertion of NarI by preventing premature attachment of NarGH to NarI 

(Lanciano et al. 2007).   
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Functional characterization of NarJ reveals that it accumulates at lower 

stoichiometric levels than the other three subunits and co-purifies with NarGH or NarG 

by itself (Liu and DeMoss 1997).  Studies provide contradicting evidence on the cellular 

localization of NarJ (exclusive cytoplasmic versus exclusive membrane localization) that 

may be attributed to subtle experimental differences.  However, it was evident that the 

exclusive membrane localization was dependent on the presence of the Tat complex 

(Chan et al. 2006).  NarG from membrane fractions was isolated and identified using 

purified NarJ as bait.  These observations implicate the previously accepted role that NarJ 

is a chaperone than only functions for nitrate reductase A biogenesis in the cytoplasm and 

suggests that nitrate reductase A targeting is dependent on the Tat system.  Evidence 

further supporting this is indicated in recent studies demonstrating interactions of NarJ 

and NarW with the vestige Tat motif-containing N-terminal portion of NarG and NarZ 

and that the interaction with NarG in vivo has Tat-dependence (Chan et al. 2009; Li and 

Turner 2009).   

The homologous NarJ from Thermus thermophilus was found to be required for 

membrane attachment to the NarGH complex along with its requirement for the 

maturation of NarG (Zafra et al. 2005).  In E. coli, NarJ did not appear to have an effect 

on membrane attachment of NarGH (Blasco et al. 1992; Vergnes et al. 2006). Its role 

appeared to be more important for maintaining the apo-enzyme in a soluble and 

competent cofactor-accepting conformation while preventing premature membrane-

anchoring to NarI (Vergnes et al. 2006).  Recent studies have demonstrated that NarW 

cross-interacts with the NarG N-terminus that is important for membrane-attachment 

(Chan et al. 2009), an observation that was attributed to a potential rescue mechanism.  
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Thus NarJ may still be required for NarGH membrane attachment in E. coli but its role 

may have been substituted by NarW.  The two share 56% sequence identity and 71% 

sequence similarity, which was the highest amongst the ten E. coli REMP chaperones 

(Chan et al. 2009).     

Early studies established an essential role of NapD for nitrate reductase activity 

(Potter and Cole 1999).  NapD has been shown in two independent studies to interact 

with the twin-arginine motif containing N terminus of NapA.  This interaction is very 

tight with a dissociation constant to be 7 nm using the technique of isothermal titration 

calorimetry (ITC) (Chan et al. 2009; Maillard et al. 2007).  The tight association can even 

suppress transport by Tat, which may be a control mechanism for proper folding of NapA 

(Maillard et al. 2007).  A recent study also demonstrated a highly selective in vivo 

interaction between NapD and the signal peptide of HybO of the hydrogenase enzyme, 

which also bears a twin-arginine motif (Chan et al. 2009).   

Early studies on E. coli mutants deficient in formate dehydrogenase activity 

isolated two classes of mutants, one involving FdhD and the other FdhE, coding for two 

accessory proteins of the FDH’s (Mandrand-Berthelot et al. 1988).  The two proteins 

were required for FdnGHI activity but not cytochrome incorporation, indicating a role in 

the cytoplasmic biogenesis of the FdnGH subunits.  FdhD and FdhE do not appear to 

control transcription of FdnGHI (Stewart et al. 1991).  FdhD/E do not have a direct role 

in incorporation of the selenocysteinyl residue as incorporation occurs during mRNA 

transcription (Schlindwein et al. 1990).  FdhE was recently demonstrated to interact with 

the catalytic subunits FdnG and FdoG (Chan et al. 2009; Luke et al. 2008).  An 

interesting observation in the study by Luke et al 2008 showed that the interaction of 
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FdhE and FdnG excluded the interaction between FdnG and FdnH, suggesting that the 

interacting sites may overlap or induce a conformation in FdnG to occlude its binding site 

to FdnH.  From this observation, the authors propose that the interaction between FdhE 

and FdnG prevents premature association of FdnGH prior to complete folding of FdnG.   

Biochemical studies show cytoplasmic localization of FdhD and FdhE.  They are 

the largest of the known REMP chaperones (Schlindwein et al. 1990) and share 11% and 

18% sequence identity and similarity, respectively (Chan et al. 2009).  FdhE adopts 

monomeric and homodimeric forms in vitro while dimerization in vivo appeared to be 

stabilized under anaerobic conditions (Luke et al. 2008).  FdhE was also shown to bind a 

ferric iron through conserved cysteine residues, but the function of the ligated iron is not 

understood (Luke et al. 2008).   

1.4.3 REMP Interactions  

1.4.3.1 With leader peptide substrates 

Early studies suggested that TorD did not interact with the twin-arginine signal 

peptide of TorA but only with the TorA mature protein sequence (Pommier et al. 1998).  

TorD was reported to interact specifically with the unfolded form of TorA within the 

cytoplasm and assist with the insertion of the molybdopterin cofactor (Ilbert et al. 2003; 

Pommier et al. 1998).  Using bacterial two-hybrid (BacTH) screening TorD was later 

shown to bind the TorA twin-arginine signal peptide (Jack et al. 2004).  Interactions were 

only found when the entire TorA signal peptide was used and a 1:1 ratio of TorD to 

signal peptide of TorA was present.  A fusion protein experiment also demonstrated that 

TorD bound regions within the core of the TorA protein and this lead to a functional 

TorA protein, suggesting that for TorD to perform its TorA maturation role, there was a 
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second TorD binding site within the mature portion of the TorA polypeptide (Jack et al. 

2004).  Two residues within the hinge region of TorD were identified to be important for 

signal peptide recognition, while the two N and C domain residues were not required.  It 

is also possible that the monomeric and dimeric forms provide different roles when 

bound to TorA (Jack et al. 2004).  

S. massilia TorD self associated into various oligomeric forms that retained the 

ability to bind TorA (Tranier et al. 2002).  Binding capabilities of the monomeric and 

dimeric forms of TorD were explored via surface plasmon resonance (SPR).  Both 

monomer and dimer forms of TorD showed binding to TorA; however, the authors 

claimed that dimeric TorD bound TorA more efficiently, suggesting a physiological 

relevance for the TorD dimer.   

Specific regions of the TorA signal peptide which bind TorD were elucidated 

using ITC and synthetic peptides composed of regions of the TorA signal peptide 

(Hatzixanthis et al. 2005).  The hydrophobic h-region as well as the positively charged n- 

and c-region were needed for binding.  Substitution of the twin-arginine (RR) residues 

with twin lysines (KK) did not change the affinity of TorD for the TorA peptide, 

suggesting that the twin-arginine motif is not the primary source for peptide recognition.  

The n-region containing the twin-arginine motif alone bound weakly but allowed for 

tighter binding when it was present in combination with the h-region of the peptide 

(Hatzixanthis et al. 2005).  

Individual residues within the h-region of the TorA signal peptide were identified 

to be involved in TorD binding both in vivo and in vitro (Buchanan et al. 2008).  

Residues within the leucine rich region L18 through L32 were systematically substituted 
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to glutamine residues, and subjected to BacTH screening to evaluate interaction in vivo.  

Binding of TorD to a L31Q TorA mutant was undetectable; however, this same L31Q 

mutation did not have a physiological effect on TMAO reductase activity or periplasmic 

targeting of TorA, suggesting that binding to the core of apoTorA was uninhibited 

(Buchanan et al. 2008).  Through another BacTH screen of a library of random torD 

mutants, a Q7L TorD variant was identified to have an increased affinity for TorA signal 

peptides (wild type and the L31Q variant).   

DmsD was originally identified by its ability to interact with the DmsA twin-

arginine signal peptide (Oresnik et al. 2001).  Prior to this study the DmsD protein was 

uncharacterized in E. coli and known as YnfI as part of the ynfEFGHI operon.  DmsD 

was shown to interact with the premature forms of both DmsA and TorA in an affinity 

chromatography technique in which a hexa-histidine tagged DmsD was coupled to a Ni-

NTA resin and exposed to anaerobically grown E. coli lysate (Oresnik et al. 2001). 

Further proof of the interaction between DmsD and the DmsA twin-arginine leader 

sequence (DmsAL) was shown through an in vitro far-Western assay (Sarfo et al. 2004; 

Winstone et al. 2006) in which the DmsAL peptide sequence was fused at the N-terminus 

of GST.  The dissociation constant (Kd) of the DmsD interaction with the DmsAL was 

determined to be 0.2 µM using ITC (Winstone et al. 2006).  These ITC experiments used 

the same hexa-histidine tagged DmsD and DmsAL:GST fusions mentioned above in 

which the first 43 (of a total 45) residues of the DmsAL were fused to the N-terminus of 

GST.  Interestingly, a GST:DmsAL fusion protein, in which the DmsA leader peptide 

was fused to the C-terminus of GST, was unable to interact with DmsD, suggesting that 

N-terminal display of the DmsAL could be important for the interaction with DmsD 



36 

 

(Winstone et al. 2006).  DmsD binding to DmsAL:GST was also characterized with size 

exclusion chromatography (SEC) in which monomeric DmsD bound DmsAL:GST to 

form a 1:1 complex (Winstone et al. 2006).  

DmsD is capable of binding four different twin-arginine leader peptides from 

different enzymes in E. coli (DmsA, TorA, YnfE and YnfF).  The specificity towards 

DmsD may originate from a four residue hydrophobic motif (-LAMA-) present 

downstream of the twin-arginine motif, in each of the leader peptides (Chan et al. 2009). 

Specific sequence of binding is explored within this thesis in Chapter 4.   

DmsD localization studies were performed in a variety of wild type and Tat  

deletion E. coli strains.  DmsD was shown to localize to the membrane in the presence of 

the Tat components (Papish et al. 2003).  The membrane localization of DmsD in 

anaerobically grown cells was shown to be dependant on the presence of the TatB and 

TatC subunits, suggesting that DmsD was capable of handing off the DmsA substrate to 

the Tat translocase via an interaction with this TatBC receptor complex (Papish et al. 

2003).  DmsD was then further verified to interact with TatB and TatC using the split 

fluorescence protein approach (Kostecki et al. 2010). 

NarJ was shown to recognize the nascent unfolded topology of its 

molybdoenzyme NarG (Blasco et al. 1998).  Additionally NarJ was required for the 

insertion of the molydopterin cofactor into NarG (Blasco et al. 1998).  NarJ was shown to 

interact with a NarG N-terminal leader peptide in vitro with both a far-western blot and 

ITC (Chan et al. 2006).  ITC found the dissociation constant to be 0.16 µM.  NarG and 

NarZ have the same molybdopterin cofactor as TorA and DmsA, but the N-terminal 

region (leader sequence) of NarG and NarZ is not cleaved (Blasco et al. 1990).  The 
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structure of the nitrate reductase complex (NarGHI) was determined and confirmed that 

the N-terminal region (a vestige twin-arginine leader) was not cleaved (Bertero et al. 

2003).   

The E. coli NapD protein interacted specifically with a region of the NapA twin-

arginine leader peptide (Maillard et al. 2007). The dissociation constant was determined 

to be 7 nM (0.007 µM) using ITC.  HyaE was shown to interact with the twin-arginine 

leader of HyaA using BacTH (Dubini and Sargent 2003).  HybE was demonstrated to 

interact with the leader of HybO and HybC, using BacTH and other in vitro techniques 

(Chan et al. 2009; Dubini and Sargent 2003).  HyaE and HybE also interacted with 

themselves as well as each other, and have been suggested to have cooperative functions 

and work together for maturation for the hydrogenases in a large complex (Dubini and 

Sargent 2003).   

1.4.3.2 REMP Interactomes 

The binding of TorD to the TorA signal peptide appears to be the primary event, 

and occurs with a Kd in the micromolar range; however, the event of signal peptide 

release is not understood.  It was speculated that, like other general chaperones such as 

DnaK/DnaJ, GroEL/GroES as well as the Sec transport system, the binding and 

subsequent hydrolysis of nucleotides may trigger the binding or release of protein 

substrates.  The nucleotide binding ability of TorD was investigated  and weak binding 

was seen with GTP (Kd = 370 µM) using a tryptophan fluorescence based assay 

(Hatzixanthis et al. 2005).  Very subtle changes to the dissociation constant were 

observed with GDP, GMP and cGMP, suggesting that the guanosine group governs 

binding.  When the TorA signal peptide was bound to TorD, the binding to GTP was 
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tighter.  The binding of signal peptide could cause a conformational change in TorD so as 

to enhance the binding of GTP.  Hydrolysis of GTP was not detected with the assays 

used.  This does not rule out the possibility that hydrolysis could occur, as other binding 

partners may be necessary if TorD lacks an intrinsic GTPase.  

TorD has also been shown to bind components of the MoPt cofactor.  

Experimental data showed a 1:1 ratio for TorD binding with the cofactor intermediate 

Mo-molybdopterin (Mo-MPT) as well as the final cofactor form, bis-molybdopterin-

guanine dinucleotide (MGD) (Genest et al. 2008).  As it was previously proposed that the 

guanosine moiety was involved in binding TorD (Hatzixanthis et al. 2005) it is possible 

that TorD could bind both GTP and MPT to help facilitate the synthesis of MGD.  

Finally, it was found that MobA, the enzyme responsible for synthesizing MGD from 

MPT and GTP, associates with TorD.  This interaction was shown by cross-linking as 

well as surface plasmon resonance (Genest et al. 2008).   

1.4.3.3 DmsD Interactome 

The DmsD interactome has been investigated with a variety of in vitro and in vivo 

techniques (Kostecki et al. 2010; Li et al. 2010).  The general chaperone GroEL was first 

fount to co-purify with DmsD when mild washing conditions were used and was later 

confirmed to interact when a bacterial two-hybrid (BacTH) assay was used (Li et al. 

2010).  Other general chaperones were also found to interact with DmsD and included 

DnaJ, DnaK and GrpE.  Several molybdopterin cofactor biosynthetic enzymes also 

interacted with DmsD as seen from BacTH assays.  MogA, MobA and MobB showed 

weak levels of interaction while, MoeA and MoeB were slightly stronger (Li et al. 2010). 

Many of these interactions were also confirmed using bi-molecular fluorescence 
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complementation assay (BiFC) and the interactions were stronger in tat deletion strains 

(Li et al. 2010).  Later, a more extensive BiFC study was undertaken and revealed  

interactions between DmsD and TatB and TatC (Kostecki et al. 2010).  The interactions 

that have been found with DmsD are summarized in Figure 1.8. 

 

1.5 Scope of Thesis 

Protein subunits and cofactors of a variety of complex redox enzymes are 

synthesized and fold within the cytoplasm of E. coli prior to being targeted to the Tat 

translocase.  System specific chaperones or REMPs bind to their specific substrate twin-

arginine leader peptide enabling multiple roles in the assembly of these enzymes.  REMP 

proteins have been divided into 3 families based on sequence analysis and structural 

information.  The DmsD/TorD family members have been most thoroughly studied and 

have been further sub-classified into 3 clades: TorD, DmsD and NarJ (Turner et al. 

2004).  Structures of TorD (from S. massillia), DmsD (from S. typhimurium) and NarJ 

(from A. fulgidus) show a very similar architecture for each monomeric unit.  While the 

monomeric unit is the predominant form of these proteins, dimers and higher oligomers 

also exist.  Additionally, TorD and DmsD have been found to exist in multiple folded 

conformations (Sarfo et al. 2004; Tranier et al. 2003; Tranier et al. 2002) which makes 

consistent and homogeneous preparations of these proteins more challenging.  These 

additional forms may play an as yet unknown role as the relevance of these forms has not 

been investigated.   
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Figure 1.8.  DmsD Interactome 
DmsD interactions that have been found using in vitro and in vivo techniques are 
summarized above.  Interactions shown as dashed lines indicate strong interactions, while 
dotted lines represent more transient interactions and solid lines represent interactions 
described in the bacterial protein interaction database (bacteriome.org).  Ribosomal 
proteins, the twin-arginine translocase, general chaperones and molybdopterin (MoPt) 
biosynthetic enzymes are indicated. 
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Early studies suggested that the REMP TorD interacted with a portion of the 

mature protein sequence of TorA and not the TorA leader peptide (Pommier et al. 1998).  

TorD was reported to interact specifically with the unfolded form of TorA within the 

cytoplasm and assist with the insertion of the molybdenum cofactor (Ilbert et al. 2003; 

Pommier et al. 1998).  TorD has more recently been shown to interact with both the 

mature portion of TorA as well as the TorA leader peptide (Chan et al. 2010).  

Meanwhile, DmsD research has focused on its ability to bind the DmsA twin-arginine 

leader peptide as it does not appear to bind to the mature portion of the DmsA enzyme 

(Chan et al. 2010; Chan et al. 2008a; Oresnik et al. 2001; Sarfo et al. 2004; Winstone et 

al. 2006).  NarJ was shown to recognize the nascent unfolded topology of its 

molybdoenzyme NarG (Blasco et al. 1998) as well as interact with a NarG N-terminal 

leader portion of NarG (Chan et al. 2010; Chan et al. 2006; Li and Turner 2009).   

TorD and DmsD have both been shown to bind to a molybdopterin biosynthetic 

enzyme suggesting that they may form a scaffold for folding and cofactor loading of their 

respective reductase prior to translocation to the periplasmic side of the membrane.  NarJ 

was shown to be required for the insertion of the molydopterin cofactor into NarG 

(Blasco et al. 1998).  NarG and NarZ both contain a molybdopterin cofactor; however, 

the N-terminal region (signal sequence) is not cleaved (Blasco et al. 1990).  Also, the 

nitrate reductase complex (NarGHI) remains on the cytoplasmic side of the membrane 

with its N-terminal region (a vestige twin-arginine leader) intact (Bertero et al. 2003).  
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1.5.1 Working model and Specific Research Goals 

The working hypothesis is that the REMP interacts with the twin-arginine leader 

peptide immediately after it appears from the ribosome tunnel, remaining bound 

throughout the folding and cofactor loading of its cognate substrate and continue to be 

associated until immediately prior to translocation or association with the inner 

membrane (Figure 1.9).  This interaction is likely important for multiple functions within 

the cell providing protease protection of the twin-arginine leader, maintaining the 

substrate in a cofactor competent state, allowing insertion of cofactor, proofreading of 

final folding and stability to the substrate – hitchhiker couple, providing targeting to the 

membrane via the TatBC recognition complex and finally the release of the complex to 

allow translocation (or association with integral membrane subunit) to occur.   

The research presented within this thesis focused on the E. coli DMSO reductase 

system specific chaperone DmsD- specifically on characterization of the interaction with 

its substrate, the twin-arginine signal peptide of the DmsA subunit.  Prior to the 

commencement of this thesis, very little was known about DmsD other than its ability to 

interact with the DmsA leader peptide fused to the N-terminus of GST (Oresnik et al. 

2001), the existence of multiple folding forms (Sarfo et al. 2004), that each of the folding 

forms interacted with the DmsAL::GST fusion in vitro and that its interaction with 

monomeric DmsD was a 1:1 binding with a dissociation constant of 0.2 µM (Winstone et 

al. 2006).   
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Figure 1.9.  DmsD Interaction with DmsA Leader Peptide in the Maturation of 
DMSO Reductase.  

The redox enzyme maturation protein DmsD remains bound to the DmsA twin-arginine 
leader peptide sequence throughout the DmsA maturation process.  The molybdenum 
cofactor (Mo-bis-MGD) is synthesized and inserted into DmsA; DmsB folds and acquires 
its own set of cofactors prior to association with DmsA; the DmsAB complex is targeted 
to the twin-arginine translocase (Tat) and DmsD is released.  Understanding the 
interaction between DmsD and the DmsA RR-leader peptide are the focus of this thesis.   
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The research presented within this thesis aimed to address the following goals: 

1. To develop and optimise purification methods for producing and handling the 

REMP DmsD in a stable and uniform folding state as well as the 

DmsAL:GST fusion protein (Chapter 2). 

2. To develop and optimise an immunoblot technique for determining 

interactions between the REMP DmsD and its twin-arginine leader peptide 

substrate, the DmsAL peptide (Chapter 2).   

3. To use sequence analysis, site-directed mutagenesis and the immunoblot 

interaction technique to identify a twin-arginine leader peptide binding site 

within a E. coli DmsD model structure based on the S. typhimurium 

homologue (Chapter 3).  

4. To use the optimized purification and handling techniques and produce 

enough pure and homogeneous DmsD protein to assist in determining the 

three-dimensional structure of E. coli DmsD.  And with the solved structure, 

use immunoblot results to further refine the location of a putative twin-

arginine leader peptide binding site (Chapter 3).   

5. To determine the minimal portion of DmsA Leader peptide capable of 

interacting with DmsD by characterizing the thermodynamics of binding 

between DmsD and various synthetic DmsA Leader peptide fragments 

(Chapter 4).   

6. To understand the nature of interaction between DmsD and DmsAL by 

characterizing the thermodynamics of binding between E. coli DmsD variants 
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and a synthetic DmsA Leader peptide shown to bind wild type DmsD 

(Chapter 5). 

7. Investigate the different folding forms of each of the DmsD variant proteins  

to learn if specific residues may be influential on the transition or binding 

profile (Chapter 5).   

8. To distinguish between affinity and stability of DmsD variant proteins by 

using the immunoblot assay to characterize the loss of affinity for the DmsA 

leader peptide over time and comparing the melting temperature relative to 

wild type DmsD (Chapter 6). 

1.6 Contribution and Acknowledgement 

Portions of this chapter were adapted from a review published initially as a book 

chapter (Turner RJ, Winstone TML, Tran VA, Chan CS. 2010. System specific 

chaperones for membrane redox enzymes maturation in bacteria.  In Handbook of 

Molecular Chaperones: Roles, Structures and Mechanisms. Ed. P. Durante & L. Colucci, 

Nova Science Publishers Inc. New York. pp 179-207).  Later, with minor modifications, 

the manuscript was adapted as a review and published in a general audience journal 

(Turner RJ, Winstone TML, Tran VA, Chan CS. 2010. System specific chaperones for 

membrane redox enzymes maturation in bacteria.  Int. J. Medicine Biology Frontiers. 16; 

1289-1316).  Subsequent research since the writing of this review has been incorporated 

into this introduction. 
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Chapter Two: Materials and Method Development 

 

2.1 Background 

The research presented within this thesis involves characterizing the interaction 

between the Escherichia coli REMP DmsD and the DmsA twin-arginine leader peptide.  

The methods found within this chapter will expand on the constructs that were used to 

express and purify proteins and peptide fusions, any and all techniques that were used to 

investigate interactions or characterize the protein fold/function, as well as any 

information learned about how to handle the proteins and/or peptides for optimum 

results.    

DmsA is the subunit within DMSO reductase that contains the twin-arginine 

signal sequence.  Previous attempts to express (or accumulate) the E. coli DmsA pre-

protein in its complete form (leader sequence with mature cofactor loaded enzyme) were 

unsuccessful (R.J. Turner, J. Weiner, F. Sargent, communication).  The DmsA leader 

(DmsAL) sequence encompasses the N-terminal 45 amino acids of the DmsA pre-

protein.  A DmsAL recombinant fusion protein  (DmsAL::GST) was created and has 

been used to investigate interactions in vitro.  The conditions for optimal protein 

accumulation and purification are discussed.  This fusion protein shows signs of 

proteolysis and investigation has led to methods of prevention.  Other fusions to the 

DmsAL were made but were not useful (ie. GST::DmsAL, a C-terminal DmsAL fusion 

protein).   
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The E. coli DmsD protein construct was used throughout this thesis.  Conditions 

to optimize for large amounts of recombinant DmsD to be expressed and purified are 

included.  DmsD has previously been shown to purify as a mixture of folded forms and 

oligomeric states that complicates purification and handling of the protein.  Mutagenesis 

and subsequent expression and purification of variant DmsD proteins was used to 

determine the location of a putative DmsA leader peptide binding site.  Many of the 

variant proteins also required optimization of purification and handling techniques.  As 

well, the protein variants were characterized to further understand the phenomena of the 

multiple folded forms.   

The immunoblot assay has become a very powerful tool to investigate protein-

protein interactions in our lab (Chan et al. 2008b).  The technique is explained in detail 

within this chapter.  Many variables of this technique were manipulated in order to 

answer different questions regarding the interaction between DmsD and the DmsA leader 

peptide and will be described in this Chapter.  The technique of ITC was also used 

extensively within this thesis to understand the interaction between DmsD and the 

DmsAL on a more quantitative level.   
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2.2 Bacterial Strains and Plasmids 

For the majority of this thesis the E. coli expression strain C41(DE3) was used 

(Table 2.1).  This strain utilizes a T7 RNA polymerase that is behind a lac promoter  

which has been inserted into the chromosome of E. coli.  Two constructs were used to 

overexpress proteins within this thesis.  The DmsAL and DmsD constructs are detailed 

below and both parent plasmids contain a T7 promotor.  For some anaerobic growth 

experiments a dmsD deletion strain (JW5262) or the comparable WT strain was used 

(Table 2.1).  

 

 

Table 2.1. Bacterial Strains Used within this Thesis 

Strain Genotype Reference 

C41(DE3) F- ompT hsdSB (rB
-mB

-) gal dcm (DE3) (Miroux and Walker 1996) 

BW25113 Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), 

lambda-, rph-1, Δ(rhaD-rhaB)568, hsdR514 (Baba et al. 2006) 

JW5262 BW25113, Δdmsd (Baba et al. 2006) 

 

 

A DmsA leader::glutathione-S-Transferase (DmsAL::GST) fusion protein was 

constructed as detailed in (Oresnik et al. 2001).  Briefly, the gene sequence encoding the 

DmsA leader peptide (residues 1 to 43) was PCR amplified and ligated into pTZ19R 

parent plasmid, creating pTDMS21.  Concurrently, the gene sequence of GST was PCR 

amplified from pGEX-3x plasmid and ligated with pTZ19R, creating pTZGEX.  The 

final pTDMS24 plasmid (Table 2.2), was created when the dmsA leader gene sequence 
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was removed from pTDMS21 and ligated with pTZGEX such that the DmsA leader 

sequence was in frame at the N-terminus of GST separated by a proline-glycine linker.  

The parent plasmid pTZ19R contains a T7 promoter. The pTDMS24 plasmid was 

transformed into the E. coli host cell C41(DE3) (Miroux and Walker 1996) to allow for 

protein expression of a DmsAL1-43:GST fusion protein (Oresnik et al. 2001).  

The E. coli DmsD protein was expressed as a His-6 N-terminal Construction of 

pTDMS67 (Table 2.2) (Winstone et al. 2006) previously known as pTDMS28, (Oresnik 

et al. 2001) from a pRSET(A) plasmid to generate His6-T7::DmsD recombinant protein.  

Competent C41(DE3)  E. coli cells were transformed with plasmid with the dmsD 

wildtype gene inserted between EcoRI and BamHI cut sites.   

 

 

Table 2.2. Plasmids for Expressing Protein Products 

Protein Expressed Protein FW (kDa) Plasmid Reference 

DmsAL DmsAL1-43::GST 30.8 pTDMS24 (Oresnik et al. 2001) 

DmsD His6-T7::DmsD 27.5 pTDMS67 (Winstone et al. 2006) 
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2.3 General Methods 

2.3.1 Site-directed mutagenesis 

Twenty-eight single site mutations were made in dmsD.   The rationale behind the 

selection of these 28 residues is outlined in Chapters 3 (set 1) and 5 (set 2).  The resulting 

residues were selected based on a guide for “safe” substitutions in site-directed 

mutagenesis (Bordo and Argos 1991).  Single residue mutations in His6-T7:DmsD were 

generated using Quickchange II Site-Directed Mutagenesis kit (Stratagene) with 25 ng of 

pTDMS67 (Winstone et al. 2006) as template following manufacturer’s instructions. The 

resulting recombinant plasmids (Table 2.3) were isolated using a Plasmid Midi kit 

(Qiagen) and verified by sequencing (University Core DNA Services, University of 

Calgary) prior to transformation into E. coli C41(DE3) by heat shock (Hanahan 1983).  

2.3.2 Plasmid preparation and Transformation 

Each single substitution dmsD mutant plasmid was transformed into the ΔdmsD 

E. coli strain JW5262 (Baba et al. 2006).  DNA stocks of plasmid pTDMS68 through 

pTDMS73 and pTDMS93 through pTDMS95 and pTDMS118 ranged from 

approximately 100 to 1000 ng/µL. Working stocks were made to contain between 1-2 

ng/µL and 1 µL working stock was added to 50 µL competent JW5262 cells.  Mixtures 

were placed on ice for 40 minutes, heat shocked at 42°C for 90 seconds and placed on ice 

for a further 5 minutes prior to adding 500 µL room temperature LB.  The tubes were 

incubated at 37°C for 30 minutes with shaking.  500 and 50 µL of mixtures were plated  
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Table 2.3. DmsD mutant Plasmids and strains 

DmsD Mutant 
Set a 

Plasmid 
pTDMS__ 

Expression b 
RT-R 

Complement c 
RT-R 

WT  67 334 806 
C64S 1 68 338 812 
L75A 1 69 339 813 
F76A 1 70 340 814 
P124Q 1 71 341 815 
D126A 1 72 342 816 
H127Y 1 73 343 817 
C147S 1 93 368 818 
W72S 1 94 369 819 
E123A 1 95 370 820 
E95A 1 99 402 821 
D93A 1 100 403 822 
H172Y 1 101 404 823 
H68Y 1 102 405 824 
P86Q 1 103 406 825 
Y22F 1 104 407 826 
G18S 1 105 414 827 
W87Y 1 106 415 828 
L151A 1 107 416 829 
H154Y 1 108 417 830 
Y175F 1 109 418 831 
F21A 2 111 600 833 
G78A 2 112 601 834 
P85Q 2 113 602 835 
W87S 2 114 603 836 
S89A 2 115 604 837 
V90N 2 116 605 838 
S102A 2 117 606 839 
W158L 2 118 607 840 

a Mutant set 1 included 20 single substitution mutants in dmsD and was completed in 
2006 (Chan et al. 2008a).  Mutant set 2 included 8 single substitution mutants in dmsD 
and was completed in 2009. b Expression RT-R, (Raymond Turner-Recombinant) 
Archive in E. coli expression host strain C41(DE3). c Complement RT-R, Archive 
recombinant in E. coli ΔdmsD host strain JW5262.  
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on LB Amp agar plates and incubated overnight at 37°C.  In all cases colonies were 

picked from the plate containing 50 µL competent cells. 

2.3.3 Protein Expression and Purification of DmsAL::GST 

Within the pTDMS24 plasmid, the DmsAL::GST gene sequence is behind a T7 

promotor. The C41(DE3) E. coli strain encodes for a T7 RNA polymerase which is 

behind a lac promotor and induced in the presence of IPTG.  Glutathione affinity 

chromatography was used to purify the DmsAL::GST protein. DnaK was shown 

previously to co-purify with DmsAL::GST, so an additional purification step (DnaK 

elute) was added.   

10 mL LB/Amp overnight (~ 16-20 hour) cultures were inoculated from 

cryogenic crystals, incubated at 30°C, diluted into 1 L LB/Amp and grown at 37°C until 

absorbance at 600 nm reached between 0.8 and 1.0 (typically 3 hours).  Cultures were 

induced with 0.5 mM IPTG and incubated at room temperature (~25°C) for a further 3-4 

hours.  Cells were harvested by centrifugation (10 minutes 3000 x g) and washed in lysis 

buffer (TBS pH 7.5, 5 mM DTT, 2 mM EDTA).  Typical cell yields ranged from 2.5 to 

3.0 g/L.  Cells were resuspended (1 g/mL) in lysis buffer and frozen at -80°C.  PMSF 

(100 µM) and 1 protease cocktail complete (Roche) were added to cell slurry 

(approximately 40 mL) and cells were broken with 2 passes through the French press at 

16-18,000 psi.  The low speed pellet (LSP) was removed by centrifugation at 10,000 x g 

for 30 minutes.  The membrane fraction was removed by centrifugation at 100,000 xg for 

60 minutes.  The clarified cytosolic fractions were flash frozen with liquid nitrogen and 

stored at -80°C.  Typical cytosolic protein yields were 150-250 mg/L of culture.   
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10 mL cytosolic sample (~ 20 mg/mL) was applied to a GE Biosciences 5 mL 

GSTrap HP or FF column with GST bind buffer (TBS pH 7.5, 2 mM DTT) at 0.5 

mL/min.  Column was washed with 4 column volumes (CV) of bind buffer before eluting 

with 2.5 CV DnaK elute buffer (TBS pH 7.5, 10 mM MgSO4, 5 mM ATP).  Column was 

washed with 2 CV of binding buffer then GST proteins were eluted with 3 CV of GST 

elute buffer (TBS pH 8.0, 10 mM reduced glutathione).  During purification, absorbance 

was monitored at 280 nm and 1 mL fractions were collected and analyzed with SDS-

PAGE (Figure 2.1). Fractions containing pure GST protein were pooled and exchanged 

into storage buffer by passing over a 5 mL HiTrapFF column in HiTrap buffer (0.5x TBS 

pH 8.0, 2 mM DTT).  Samples were stored at -80°C.  Typical yields of DmsAL::GST 

were 2-4 mg/L culture.   

2.3.3.1 Improving protein accumulation of DmsAL::GST 

In the early stages of my research (2007), I noticed that the yields of 

DmsAL::GST were considerably lower than that of other GST fusions I had previously 

worked with.  At the time, the standard protocol in our lab was to perform all culture 

growth and inductions at 37°C.  After reading two research articles (de Marco 2007; de 

Marco et al. 2007) pertaining to improved protein yields I tested various parameters and 

found the above mentioned protocol to improve the yield of purified DmsAL::GST two-

fold.  The most notable changes were, (1) growing the overnight (16 hour) inoculant at 

30°C, (2) inducing the cells at a higher cell density (A600=0.8 as compared to A600=0.5) 

and (3) reducing the temperature during induction of protein from 37°C to ~25°C (room 

temperature).     
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Figure 2.1. Purification of DmsAL::GST Protein 

Cytosolic protein sample was applied to a Glutathione Affinity column, and elution 
monitored at 280 nm (mAU).  A. Elution Profile, GST binding to column allowing all 
other proteins to flowthrough, buffer containing ATP applied to elute DnaK and 
Glutathione applied to elute GST protein.  B. Coomassie blue stained 12% SDS-PAGE of 
eluted fractions including cell lysate (S); flowthrough (FT); wash (W); DnaK elute (E1); 
GST elute (E2) and molecular weight markers (M).   
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2.3.3.2 Proteolysis of DmsAL::GST 

Preparations of DmsAL::GST protein routinely displayed as 2 bands on an SDS-

PAGE (Figure 2.1B, Lane E2). The higher molecular weight band (~ 31 kDa) 

corresponds to the formula weight of the complete DmsAL::GST fusion (FW 30.8 kDa), 

while the lower band suggested some proteolysis.  The reducing agent dithiolthreitol 

(DTT) was commonly included in all buffers.  Later attempts to prepare samples for 

biophysical techniques that perform optimally without reducing agents, required removal 

of DTT.  The removal of DTT from the buffer resulted in all protein shifting to the lower 

molecular weight band. When a Far-Western blot was run, using DmsD as a probe, no 

binding could be found, suggesting that the DmsAL portion of the protein had been 

removed.   

Experiments were conducted to determine optimal buffer components of the 

DmsAL::GST fusion protein. Since the DmsAL::GST is eluted from the glutathione 

affinity column in reduced glutathione (G-SH), this was tested.  DTT, a protease inhibitor 

cocktail and addition of DmsD was also tested (Figure 2.2).  The highest concentrations 

of DTT, glutathione and the protease inhibitor cocktail all prevented proteolysis. All 

buffers for handling of DmsAL::GST protein contained DTT.  The protease inhibitor 

cocktail was already being used during cell lysis, so it was continued.  Biophysical 

techniques which would require the removal of DTT were not used with this protein 

construct.   
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Figure 2.2. Proteolysis of DmsAL::GST Protein in absence of Reducing Agent 

DmsAL::GST was resolved on a 12% SDS-PAGE in the presence of dithiolthreitol 
(DTT) or reduced glutathione (G-SH) (A); protease inhibitor cocktail or DmsD (B).  The 
top panels of A and B are of Coomassie blue stained gels, the bottom panels of A and B 
are electoblotted Far-Western blot probed with DmsD and anti-T7 developed.  The 
concentration of each “agent” was diluted 2 fold across lanes 1-3 and lanes 5-6.  No agent 
was added to lanes 4 or 8.  A cleaved (X) DmsAL::GST sample was included and the 
molecular weight marker (31 kDa) is indicated to the right of the panel.   
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2.3.4 DmsD WT and Variant protein expression and purification 

Unless stated otherwise, recombinant wildtype (WT) and single substitution 

variant DmsD proteins were expressed and purified as explained previously (Winstone et 

al. 2006).  Overnight cultures were diluted 1% into LB broth containing ampicillin (50 

µg/mL), grown at 37°C to mid-log phase (A600=0.5) and induced with a final 

concentration of 0.5 mM IPTG for 3 hours at room temperature (~25°C).  Cells were 

harvested by centrifugation and washed with Lysis buffer (50 mM Tris-HCl pH 7.5, 1 M 

NaCl, 5 mM imidazole, 2 mM DTT), collected and resuspended in Lysis buffer (1 mL/g) 

and stored as a frozen cell slurry at -80°C.  Cell slurry was thawed and additional lysis 

buffer was added (1 mL/g) prior to cell breakage with 2 passes through a French press 

cell at 16-18,000 psi. Unbroken cells were removed from the lysate by centrifugation at 

10,000 x g for 20 minutes.  

DmsD proteins were purified from the lysate with nickel affinity chromatography 

using a GE Biosciences 5 mL HisTrapFF column on an AKTA Purifier system. Lysate 

was applied to the column in 10 mL batches of 20 mg/mL lysate in the Lysis buffer.  Five 

column volumes of wash buffer containing 35 mM imidazole were used to remove 

contaminant proteins. Monomeric DmsD eluted with 125 mM imidazole, while dimeric 

DmsD required 250 mM imidazole to elute. Figure 2.3 shows two sample chromatograms 

and Figure 2.4 shows SDS-PAGE of eluted fractions.  DmsD protein eluted from 
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Figure 2.3. Nickel Affinity Chromatography - Purification of DmsD Protein 

Cell lysate containing overexpressed DmsD protein was applied to a nickel affinity 
column, and eluted fractions were collected and monitored at 280 nm (mAU).  (A) WT 
DmsD and (B) P86Q DmsD chromatograms are shown above.  The His6-tagged proteins 
bound under low (10 mM) imidazole, were washed with 35 mM imidazole (Wash), 
monomeric DmsD eluted with 125 mM imidazole (Elute 1) and dimeric DmsD eluted 
with 250 mM imidazole (Elute 2).   
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Figure 2.4.  Purification of DmsD Proteins  

Fractions eluted from Nickel affinity chromatography column.  A. WT DmsD; B. P86Q 
DmsD include a pure DmsD marker (D); lysate (S); flowthrough (W); Eluted fractions 
(E) and molecular weight markers (M).  C. DmsD proteins collected after buffer 
exchange WT; Y22F (22); L75A (75); F76A (76); G78A (78); P124Q (124). 
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the Nickel affinity column were pooled and exchanged into storage buffer (25 mM 

TrisHCl pH 8.0, 100 mM NaCl, 1 mM DTT) by application onto a 5 mL HiTrap column 

and collection of eluted fractions.  Samples were concentrated with Amicon 10 kDa cut-

off filters and purity determined on SDS-PAGE (Figure 2.4C) prior to being placed at -

20°C for storage.  

2.3.4.1 Optimization of accumulation for DmsD variant proteins 

DmsD variant proteins were expressed as indicated above with the corresponding 

plasmid within the C41(DE3) E. coli expression host (Table 2.3).  Many DmsD variant 

proteins expressed and purified to similar yields of WT (~ 20 mg/L culture), but some 

were greatly reduced (~2-4 mg/L culture).  All DmsD protein yields are reported in Table 

2.4.  Similar to what was found for the DmsAL::GST expression yields, reducing the 

temperature of overnight inoculant, and temperature of induction improved the purified 

protein yields by as much as two fold.  DmsD variant protein yields that improved 

included L75A, F76A, D126A and H127Y.  Two DmsD variant proteins (F21A and 

W158L) were unable to be purified even with the optimized conditions.   

2.3.4.2 Optimizing for collection/purification of monomeric (single form) DmsD proteins 

As shown in the chromatogram of Figure 2.3 dimeric DmsD protein (labelled 

Elute 2) routinely eluted with a greater concentration of imidazole.  Some variant proteins 

were seen to contain more or less in dimer eluted fractions.  Only monomeric (low 

imidazole eluted) DmsD protein was used for analysis to keep the preparations 

consistent.   
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Table 2.4.  DmsD Protein Characteristics 

DmsD 
Protein 

FWa 
(kDa) 

ε280
a 

(M-1 cm-1) 
ε280

a 
(mg/mL)-1 Yieldb 

WT 27.5 72085 2.62 3 
C64S 27.5 71960 2.62 3 
L75A 27.5 72085 2.62 1-2 
F76A 27.4 72085 2.62 1-2 

P124Q 27.5 72085 2.62 2 
D126A 27.5 72085 2.62 1-2 
H127Y 27.5 73575 2.67 1-2 
C147S 27.5 71960 2.62 3 
W72S 27.4 66585 2.43 1 
E123A 27.4 72085 2.62 3 
E95A 27.4 72085 2.62 2 
D93A 27.4 72085 2.62 3 

H172Y 27.5 73575 2.67 1 
H68Y 27.5 72085 2.62 3 
P86Q 27.5 72085 2.62 2 
Y22F 27.5 70595 2.57 3 
G18S 27.5 72085 2.62 2 
W87Y 27.4 68075 2.48 2 
L151A 27.4 72085 2.62 2 
H154Y 27.5 73575 2.67 3 
Y175F 27.5 70595 2.57 2 
F21A 27.4 72085 2.62 * 
G78A 27.5 72085 2.62 3 
P85Q 27.5 72085 2.62 2 
W87S 27.4 66585 2.43 1 
S89A 27.4 72085 2.62 2 
V90N 27.5 72085 2.62 3 
S102A 27.4 72085 2.62 2 
W158L 27.4 66585 2.43 * 

a Formula weight (FW) and extinction coefficients at 280 nm (ε280) were determined for 
DmsD proteins by the online protparam tool (http://web.expasy.org/protparam/) after 
input of the amino acid sequence.  b Yield, Accumulation/Purification levels. 3, 16-20 
mg/L; 2, 8-15 mg/L; 1, 4-7 mg/L; *, unable to purify. 
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2.3.5 Protein and Peptide Preparation 

2.3.5.1 DmsD Protein Preparation 

Purified DmsD WT and variant proteins were stored at -20°C.  Prior to 

characterization and interaction experiments DmsD protein samples were thawed in a 

room temperature water bath for 5 minutes, vortexed and centrifuged at 10,000 x g for 30 

minutes at 4°C. Soluble protein was transferred to a separate tube and the protein 

concentration was determined by absorbance at 280 nm. Comparison of protein 

concentrations determined prior to storage with those determined following thawing 

showed that recovery was routinely greater than 90% for all DmsD proteins.   

2.3.5.2 DmsA Leader Peptide Preparation 

DmsA leader (DmsAL) peptides were chemically synthesized and purified to 95% 

purity by GenScript. The DmsAL peptides contain no tryptophan residues and attempts to 

determine concentrations using absorption spectroscopy were unsuccessful. 1H NMR 

spectroscopy of selected peptides, compared to an internal standard was used to 

determine that 70% of the lyophilized peptide mass corresponded to peptide mass.  Thus, 

this conversion was used to set the concentration.  Peptides were weighed on an 

analytical balance and dissolved in distilled water to concentration of 1 mM, diluted to 

0.5 mM concentration with 2x ITC buffer and stored at 4°C prior to titration.  For each 

titration experiment, 0.5 mL peptide sample was degassed and equilibrated to 28°C for 10 

minutes with a thermovac. The ITC syringe was loaded with 200 µL degassed and 

temperature equilibrated peptide.  
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2.3.6 Anaerobic Growth on Glycerol/DMSO 

Glycerol/DMSO media was made from various sterilized stock solutions to 

contain the following components: 0.5% glycerol; 70 mM DMSO; 100 mM potassium 

phosphate, pH 7.0; 15 mM (NH4)2SO4; 0.05% CAS Amino acids; 0.002% vitamin B1; 20 

µM (NH4)6Mo7O24; 400 µM MgSO4; 25 µM MnCl2; 1 µM Fe2(SO4)3; 5 µM CaCl2.   

10 mL LB/Amp was inoculated with cryogenic crystals and incubated at 30°C 

overnight.  Overnight culture was diluted (2%) into three tubes containing 8 mL of 

Glycerol/DMSO/Amp media.  All tubes were capped, parafilmed and placed on a rocker 

at 37°C.  The cell density (absorbance at 600 nm) of each tube was measured after 48 

hours.  The mean and standard error of the mean were calculated and plotted.  The 

absorbances of all dmsD single substitution complementations were normalized to WT 

dmsD complementation.  For all 28 single substitutions, a minimum of 6 measurements 

were recorded from 2-4 separate incubations.   

2.4 Protein and Peptide Characterization Methods 

2.4.1 Bradford Assay and UV-vis absorption to determine protein concentration 

The protein content obtained from various step of fractionation and purification 

was determined using a Bradford assay.  Known concentrations of bovine serum albumin 

(BSA) were prepared along with protein samples and mixed with Bradford reagent 

(BioRad).  Samples were incubated at room temperature for 15-30 minutes.  Absorbance 

at 595 nm was measured and a standard curve (A595 plotted against concentration) was 

prepared from the BSA samples.  Unknown concentrations of samples were determined 

by interpolation of the BSA standard curve.   
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Absorbance at 280 nm (A280) was used to determine the concentration of purified 

proteins.  The extinction coefficients (ε280) of all DmsD proteins was determined using 

the online tool ProtParam (http://web.expasy.org/protparam/) after inputing each DmsD 

protein amino acid sequence and are listed in Table 2.4.  1 mL aliquots of diluted protein 

samples were prepared in distilled water and A280 measured with water used as a blank.  

Bradford protein concentration results and A280 determinations agreed within 0.5 mg/mL.   

2.4.2 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Protein samples were resolved on a Bio-Rad Mini Protein II  or ATTO apparatus 

using a 4% acrylamide stacking gel and 12% acrylamide separating gel as described 

(Gallagher 2006; Laemmli 1970).  Protein samples were resuspended in SDS-PAGE 

loading buffer (50 mM Tris-HCl pH 6.8, 2% w/v SDS, 100 mM DTT, 40% w/v glycerol, 

0.2% bromophenol blue) and heated at 100°C for 5 minutes prior to loading.  BioRad 

Low Molecular weight protein standards were used to determine the approximate 

molecular weight of resolved protein bands.  Two gels (0.5 cm x 6 cm x 8 cm) immersed 

in electrode buffer (25 mM Tris, 200 mM Glycine) were run at 100 volts for 20 minutes, 

then 150 volts until dye front reached less than 0.5 cm from the end of the glass plates.  

Gels were fixed (50% v/v methanol) for 15 minutes, stained (10% v/v acetic acid, 0.25 g 

Coomassie G250 per liter) for 1 hour and de-stained (10% v/v acetic acid) overnight (~16 

hours).  Gel photographs were taken on a computer interfaced Gel Documentation system 

and saved and stored as JPEG and TIFF files.     

2.4.3 Native-PAGE 

DmsD protein samples were also resolved on an ATTO apparatus with a native 

PAGE (4% stacking, 12% separating).  All preparation for native-PAGE was done as 



65 

 

described in Section 2.4.2 with the exclusion of SDS from all buffers.  Samples were 

resuspended in native-PAGE loading buffer (50 mM Tris-HCl pH 6.8, 40% glycerol, 

0.2% bromophenol blue) for 15 minutes at room temperature prior to loading.  In cases 

indicated DTT was also present in the loading buffer (100 mM).  Gels were run at 50 

volts for 20 minutes and then 100 volts until the dye front reached less than 0.5 cm from 

end of glass plates.  Gels were fixed, stained, destained and photographed as described in 

Section 2.4.2.  

2.4.4 Circular Dichroism Spectroscopy   

2.4.4.1 Theory 

Circular Dichroism (CD) spectroscopy can be used to investigate protein 

secondary structure by measuring the difference between right and left polarized light in 

the far-ultra violet (UV) (190-250 nm) region of the spectra (Kelly et al. 2005).  The 

peptide bond when in an alpha-helix, beta-sheet or random coil gives rise to signature 

spectra that allow determination of protein secondary structure content when compared to 

known proteins.   

2.4.4.2 Protocol 

Circular dichroism spectroscopy experiments were conducted with a Jasco (J-810) 

spectrometer in 0.1 nm pathlength quartz cells.  1 mg/mL peptide solutions were prepared 

in water and diluted to 0.1 mg/mL for analysis in water (pH ~5.0), ITC buffer (25 mM 

TrisHCl pH 8.0, 100 mM NaCl) or 50% (v/v) trifluoroethanol (TFE).  For each sample, 

six scans were collected at 20 nm/min from 260 through 170 nm with 0.1 nm bandwidth 

and averaged. Peptide samples in water (pH 5) and buffer (pH 8) were identical with the 

exception of higher absorbance below 200 nm for the ITC buffer, therefore only the 
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water spectra were included. The DICHROWEB server available at 

http://dichroweb.cryst.bbk.ac.uk/html/home.shtml (Whitmore and Wallace 2004; 2008) 

was subsequently used to approximate the helical content of each of the peptides in 

aqueous and TFE environments.  Helical content values (%) were reported as the mean 

(+/- standard error of the mean (SEM)) of 3 different predictive algorithms (SELCON3, 

CONTIN, CDSSTR).  For the CD spectra of DmsD in the presence of each of the 

peptides, DmsD concentration was 25 µM and peptide concentration was 50 µM.  Six 

scans were collected at 20 nm/min from 260 through 180 nm, 0.5 nm bandwidth and 

averaged.  

2.4.5 Secondary structure prediction of DmsA Leader Peptides    

Three algorithms were used to predict the secondary structure of DmsAL peptide 

sequences used in Chapter 4: JPRED (Jnet version: 2.2, UniRef90 release: 15.4) available 

at http://www.compbio.dundee.ac.uk/www-jpred/index.html (Cole et al. 2008); PSIPRED 

(v. 3.0) available at http://bioinf.cs.ucl.ac.uk/psipred/ (Bryson et al. 2005); and Prof 

available at http://www.aber.ac.uk/~phiwww/prof/  (Ouali and King 2000).  The regions 

of each peptide that were predicted to be unstructured or α-helical by each algorithm 

were identified and are included in Chapter 4.  

2.4.6 Size-exclusion Chromatography 

Size exclusion chromatography was used to investigate the multimeric states of 

the DmsD proteins in solution.  An AKTA Purifier system was used with a Superose 12 

column equilibrated with 2 column volumes of ITC buffer (25 mM Tris-HCl, pH 8.0, 100 

mM NaCl, 0.45 µm filtered) at 0.5 mL/min.  100 µL sample loop was attached and 150 

µL of sample was passed through to ensure filling.  The loop was rinsed with 100 µL 
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when loaded onto the column.  The Superose 12 column was calibrated with known 

molecular weight standards and elution volumes (Ve) and partition coefficients (Kave) 

were determined.  Blue dextran (2000 kDa), 7.67 mL, void volume (Vo); Albumin (67 

kDa), 12.43 mL Kave=0.241; Ovalbumin (43 kDa), 13.21 mL Kave=0.281; α-

Chymotrypsinogen (25 kDa), 15.08 mL, Kave=0.375; Ribonuclease A (13.7 kDa), 15.45 

mL, Kave=0.394 and Tryptophan-methyl-ester 27.42 mL, total volume (Vt).  DmsD 

monomer eluted with 14.4 mL (Kave= 0.341 and correlated to 26.8 kDa, DmsD dimer 

eluted with 13.1 mL and correlated to 51.4 kDa.  Where Kave=(Ve-Vo)/(Vt-Vo), Log Mr 

vs Kave line y= -3.90x +2.76 and an R2= 0.929.  The formula weight of DmsD monomer 

is 27.5 kDa and the dimer is 55 kDa. 

2.4.7 Differential Scanning Calorimetry 

2.4.7.1 Theory 

Differential scanning calorimetry (DSC) is used to determine the temperature at 

which a phase transition occurs. In the case of this thesis, DSC was used to measure the 

melting temperature of DmsD protein.  A reference cell containing buffer and a sample 

cell containing the protein sample of interest are attached to a calorimeter.  The 

temperature is raised at a slow linear rate and the amount of heat produced is measured.  

When a phase transition occurs (such as a globular protein unfolding) more heat will be 

measured in the sample cell than the reference cell.  The temperature at which the phase 

transition occurs in this case is the melting temperature (Tm) of the protein.   

2.4.7.2 Protocol 

The heat of denaturation of DmsD in the absence and presence of DmsA leader 

peptides was carried out on a VP-DSC microcalorimeter (MicroCal Incorporated) at a 



68 

 

scan rate of 40°C/hr. Samples were degassed using a ThermoVac (MicroCal 

Incorporated) for 10 minutes at room temperature prior to loading. Buffer (25 mM Tris-

HCl, 100 mM NaCl, pH 8) scans were performed in order to generate isotherms to 

subtract from protein scans. The isotherms were normalized to the concentration of 

protein used as determined by A280. Prior to each protein scan, 5 buffer scans were run to 

equilibrate the system and the fifth scan was used as a reference to subtract from the 

protein scan. Typically, by the second or third scan the system was equilibrated. Protein 

samples were only scanned once since the denaturation is irreversible and a second scan 

did not produce a transition peak over the temperature range. 25 µM DmsD was mixed 

with 50 µM DmsA leader peptide, incubated for one hour at 4°C prior to loading into the 

DSC sample cell.  

2.4.8 Differential Scanning Fluorimetry 

2.4.8.1 Background and Theory 

An Email application bulletin from Roche entitled “Protein stability data in only 3 

minutes using only 5 pmols per well” initiated our protein stability studies using a real 

time-PCR (RT-PCR) machine to determine melting temperature (Tm) of protein.  It is a 

fairly novel technique in the literature that is being referred to as differential scanning 

fluorimetry (DSF) (Niesen et al. 2007; Senisterra and Finerty 2009; Sorrell et al. 2010).  

The technique involves placing the protein of interest in solution with a fluorescent dye 

that binds to hydrophobic portions of protein.  As the temperature is increased, the 

protein begins to unfold (or melt) and the fluorescent dye binds to the protein.  With 

binding the fluorophore emits at a designated wavelength, reaching a maximum intensity 

at the melting temperature of the protein in solution.  A first derivative of the 
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fluorescence emission over temperature is used to more precisely define the Tm.  A 

variety of fluorescent dyes were tested but SYPRO orange produced results that agreed 

with our earlier DSC experiments and was therefore used for our experiments.   

2.4.8.2 DSF Protocol 

Prepared 190 µL of SYPRO orange dye 5000X stock (Sigma) to final dilution of 

25X (D200) with buffer (25 mM Tris-HCl, 100 mM NaCl, either pH 8.0 or 7.5).  

Prepared 50 µL of protein samples at a concentration of 10 µM.  Prepared each 100 µL 

microfuge tube to contain 5 µL (25X) SYPRO orange, 2 µL DmsD protein sample, 2.5 

µL 100 mM DTT and added buffer to total volume of 25 µL.  A Qiagen Rotor-Gene Q 

RT-PCR instrument was used to conduct the differential scanning fluorimetry (DSF).  

Temperature was scanned from 25 to 90°C with 0.2°C increments at a 5 second interval 

with a Gain of 6.  Samples were excited at 470 nm and emission was collected at 555 nm.  

Experiments were also conducted in the presence of a 2:1 molar ratio of DmsAL15-41 

peptide, in which case the volume of buffer was reduced to account for addition of 

peptide.  Each variant DmsD protein experiment was prepared in triplicate to allow an 

average melt curve to be produced. At least 2 independent preparations (of triplicate 

experiments) of each protein was used to determine a mean and standard error of the 

mean.   

2.5 Sequence and Structure Analysis and Demonstration Methods 

2.5.1 Bioinformatic and THEMATICS analysis of DmsD 

Sequence alignment of all DmsD sequences was performed using the online 

algorithm Mafft v5.23 (Katoh et al. 2005) using default settings. Alignment containing 

secondary structure information as presented in Chapter 3 was done using ESPript v2.2 
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(Gouet et al. 1999) using the alignment file generated from Mafft and the PDB file of 

modeled EcDmsD. Similarity calculations were done as % Equivalent in ESPript. 

2.5.2 Structural demonstrations 

All figures which contained molecular representations of protein structure (PDB 

coordinate files) were rendered using Mac PyMOL Molecular Graphics System 1.0r1 

(DeLano 2002) and the images were saved as a PNG file.  The surface electrostatics 

analysis (shown in Chapter 3) was performed with the adaptive Boltzmann-Poisson 

solver plug-in (Baker et al. 2001) and displayed using PyMOL (DeLano 2002).  

2.6 Protein and Peptide Interaction Methods 

2.6.1 Immunoblot Dot-blot far-Western detection of DmsD binding to DmsA leader 
peptide 

2.6.1.1 Theory 

A protein of interest (prey) is transferred to a solid membrane.  Unlike Western 

blots that are incubated with an antibody towards a target protein, the membrane is 

incubated with a second protein of interest (probe or bait protein) in a Far-Western (Chan 

et al. 2008b).  An interaction between the two proteins causes the immobilization of the 

probe.  The probing protein is then detected using an antibody against it or a fusion tag 

that was genetically fused to it.  In many cases the antibody will be conjugated to an 

enzyme, typically horseradish peroxidase (HRP), to which an added cleavable substrate 

will generate a detectable product where the probe was immobilized.  Using a vacuum 

filtration apparatus such as the BioRad BioDot allows for even distribution of the protein 

of interest over a defined surface area.  This enables reproducible, high throughput results 

and quantitation of the developed blot.   
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2.6.1.2 General Protocol 

Purified DmsD samples were prepared as described in Section 2.3.5.1.  DmsD 

protein concentrations were determined with a Bradford assay (BioRad) and diluted to 

0.25 mg/mL with TBS buffer (50 mM Tris-HCl, 200 mM NaCl at pH 8).  DmsD samples 

were serially diluted 1.5-fold across 8 rows of a 96-well microtitre plate and applied to a 

pre-wet nitrocellulose membrane (0.45 µm, BioRad) using a BioDot apparatus (BioRad) 

according to the manufacturer protocol.  Each blot contained one row of WT DmsD, one 

row of buffer blank (TBS), and six rows of different DmsD variants.  Blots were blocked 

overnight (~16 hours) at room temperature with TBS containing 5% (w/v) skim milk. 

Blots were washed twice with TBST (50 mM Tris-HCl, 200 mM NaCl, 0.05% v/v 

Tween-20, pH 8), then twice with TBS. Blots were incubated with 25 µg/mL 

DmsAL:GST in TBS for 1 hour at room temperature, followed by two washes with TBST 

prior to incubation with mouse monoclonal anti-GST (1:5000) (Novagen) in TBST 

containing 1% milk for 1 hour. Blots were then washed twice with TBST and incubated 

with goat-anti-mouse-HRP conjugate (1:3000) (BioRad) in TBST containing 1% milk for 

1 hour.  Blots were washed twice with TBST and once with TBS. Development was done 

with a colorimetric HRP substrate kit (BioRad) according to manufacturer instructions 

for 30 minutes at room temperature then washed/quenched with ddH2O for 30 minutes 

prior to image capture and analysis.   

The developed blots were photographed with a Kodak Gel Logic 100 imaging 

system.  Two sample blots have been included and can be seen in Figure 2.5.  Kodak 1D 

Image Analysis software was used to determine the intensity of each spot as follows. A  
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Figure 2.5.  Immunoblot of DmsD Proteins showing DmsAL binding 

Purified DmsD proteins (ranging from 25 to 0 µg, diluted 1.5 fold across lanes 1-11) 
were applied to a nitrocellulose membrane and developed calorimetrically with anti-GST 
antibody after incubation with DmsAL::GST. A. Columns 1-8 have applied TBS buffer, 
WT, W72S, C64S, H154Y, G18S, Y22F, TBS buffer.  B. Columns 1-8 have applied TBS 
buffer, WT, D126A, H127Y, W87Y, W72S, D93A, TBS buffer.   
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template was made in which the region of interest (ROI) was defined as inclusion of area 

of the spot and just outside the area of each spot for all 96 spots of the blot. All 96 ROIs 

were analyzed to determine the experimental mean pixel intensity (mPI) within the area. 

A background mPI was determined from the mean of the pixel intensities found within 

the perimeter of the ROI. The background mPI was subtracted from the experimental mPI 

to give a corrected mPI (Equation 2.1). The corrected mPI of WT with the maximum 

applied amount (25 µg) was used to normalize all other corrected mPI values and 

determine the DmsAL relative Binding (Equation 2.2)Error! Reference source not 

found..  

Equation 2.1 

corrected mPI = experimental mPI - background mPI   

 

Equation 2.2 

DmsAL relative binding = (corrected mPI)mutant,n/(corrected mPI)WT,max 

 

 

The DmsAL relative binding values for each variant protein were plotted against 

the amount of DmsD protein applied to the spot producing a binding curve for each 

DmsD variant relative to DmsD WT. Each DmsD variant protein was assessed on five to 

ten blots and the mean binding curve and standard error were determined. Sample 

binding curves are shown in Chapter 3.  The mean (and standard error) of the relative 

binding at the highest amount of protein applied (25 µg) was then used to compare all 
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DmsD variants relative to WT in a bar graph format (see Chapters 3 and 5).  Bar graphs  

were generated using Prism software v. 4.03 for windows or v. 5.0d for mac operating 

system. Each individual spot on the blots corresponds to ~0.07 cm2, the maximum 

amount of protein able to be bound to this area of nitrocellulose is 5.6 to 7.1 µg (BioRad 

Blotting Manual) and this range corresponds well with the saturation point (~ 5 µg) on 

the binding curves (Chapter 3, Figure 3.3A).   

2.6.1.3 Modified Immunoblot Protocol - Time Course 

To investigate whether the overnight (~16 hour) blocking step played a role in the 

ability of each DmsD variant protein to interact with the DmsAL peptide sequence, a 

time course immunoblot assay was developed. Most parameters remained identical to the 

assay above.  One modification involved reducing the highest amount of DmsD probed 

on a single spot of the binding curve. This was lowered from 25 µg to 10 µg in order to 

conserve protein since the maximum pixel intensity was reached at about 5 µg.  The 

blocking step was reduced to 1 hour for all time course experiments and the milk 

concentration was increased to 10% w/v in TBS.  Blots were washed as above and then 

exposed to room temperature for 1 hour, 4 hours, 16 hours or 24 hours prior to incubating 

with DmsAL::GST solution.  The room temperature exposure step involved placing the 

membrane in TBS solution on a rocker.  The membranes were developed and the images 

captured and analyzed as above in the general immunoblot protocol.  A second “in 

solution” time course immunoblot assay involved exposing 10 µg aliquots of DmsD 

proteins (in solution) to the same time course (1, 4, 16 or 24 hours) at room temperature, 

prior to being immobilized onto a membrane.  Following immobilization, the membranes 
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were incubated with DmsAL::GST solution and developed identically as for the other 

immunoblot assays.    

2.6.2 In vivo BacTH analysis of DmsA leader interactions with DmsD mutants 

Select dmsD mutants screened by the dot blot far-Western were also screened for 

interaction with the DmsAL by the bacterial two-hybrid (BacTH) assay. dmsD mutants 

were chosen based on their observed binding effect, representing those that resulted in 

less than 25% or 50%, equal to wildtype, or greater than wildtype binding of DmsAL.  

The leader peptide of DmsA fused to the N-terminus of the T18 fragment of adenylate 

cyclase was generated by PCR using pTDMS24 (Oresnik et al. 2001) as template. The 

resulting PCR fragment was ligated into pUT18 (Karimova et al. 2005; Karimova et al. 

1998) to generate the plasmid pDmsALT18. The plasmid pDmsALT18 was transformed 

into the E. coli strain BTH101 (a cya deficient strain).  The selected dmsD mutants were 

sub-cloned to generate a T25 fusion, and then screened by doubly transforming the 

resulting plasmids and pDmsALT18 into E. coli BTH101 cells. As a negative control, a 

plasmid containing the leucine zipper fused to T18, pUT18-zip (Karimova et al. 2005; 

Karimova et al. 1998) transformed with wildtype dmsD, pDmsDT25 was also included. 

Cells were plated on MacConkey agar plates containing 1% (w/v) maltose, 100 µg/ml 

ampicillin, and 50 µg/ml kanamycin, and incubated at 30°C for 3 days.  Screening based 

on counting the percentage of white colonies was performed along with assaying the 

activity of β-galactosidase. Three colonies each were selected for the activity assays one 

day after the transformation and grown in 2 mL LB media overnight at 37°C. The assay 

was then performed as described (Miller 1972), with a 20 minute incubation at 30°C prior 

to quenching with sodium carbonate.  
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2.6.3 Isothermal Titration Calorimetry    

2.6.3.1 Theory 

Isothermal titration calorimetry (ITC) is used to determine the binding affinity as 

well as thermodynamic parameters of a bi-molecular interaction in solution.  A typical 

ITC experiment involves adding known amounts of one molecule (peptide ligand) in the 

syringe to a sample cell containing the second molecule (protein) in solution.  A 

reference cell is filled with identical buffer to that of the sample cell and syringe but 

receives no titrant.  An ITC experiment begins with both the sample cell and reference 

cell at the same temperature as measured by the calorimeter.  As the titrant is added in 

precisely known amounts, the chemical reaction (interaction) takes place and the heat 

produced or absorbed (qi) as a result of the interaction in the sample cell is measured and 

is proportional to the amount of ligand that binds to the protein for each injection and the 

binding enthalpy (ΔH) of the reaction (Leavitt and Freire 2001).  Power is applied to the 

sample cell to maintain the same temperature as the reference cell.  The amount of power 

required is plotted as a function of time producing a thermogram.  The titration continues 

with subsequent additions of titrant until it is depleted.  The parameters of binding are 

determined from the thermogram which shows the amount of heat produced or absorbed 

per addition of ligand by determining the area under each peak.  After the data is fit to the 

correct model (ie. single site) the binding (association) constant (Ka) is determined from 

the slope of the fit line between initial binding and saturation.  This also allows 

determination of the Gibbs free energy of interaction (ΔG) from the equation ΔG=-

RTlnKa.  Enthalpy (ΔH) of interaction is also determined from the fit line.  If heat was 

produced as a result of the reaction then the interaction was exothermic since power was 
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applied to the sample cell to maintain the equivalent temperature as the reference cell.  

Entropy (ΔS) of binding is determined from the equation ΔG=ΔH-TΔS.  A good practical 

resource for ITC experiments was consulted in preparation for initial experiments (Doyle 

2001).   

2.6.3.2 Protocol 

Prior to ITC experiments purified DmsD protein (WT or variant) was thawed and 

the insolubles were removed by centrifugation (Section 2.3.5.1). The soluble protein was 

exchanged into ITC buffer (25 mM Tris-HCl, pH 8.0, 100 mM NaCl) by application onto 

two 5 mL HiTrap columns connected in series and collection of eluted fractions. Protein 

concentration was determined from absorption at 280 nm (Section 2.4.1).  DmsD protein 

was diluted to 25 µM with ITC buffer and prepared in 10 mL batches to allow for 

triplicate titrations.  For each titration 3 mL of 25 µM DmsD solution was degassed with 

a thermovac at 28°C for 10 minutes. The ITC sample cell was loaded with 1.5 mL 

degassed DmsD sample and the sample remaining in the syringe after fill was used to 

confirm protein concentration with a Bradford assay and/or absorbance at 280 nm.   

ITC experiments were conducted with a MicroCal VP-ITC microcalorimeter at 

303.15 K (30°C). Thirty 10-µL injections of 500 µM (Chapter 4) or 250 µM DmsAL 

peptide were added to 25 µM DmsD protein while stirring at 300 rpm with a spacing of 

300 seconds.  The reference power applied was 10 [units] and an initial delay of 300 

seconds was used.  DmsD titration experiments were performed in triplicate. Heat of 

dilution was determined by injection of each peptide ligand into buffer and the resulting 

values were subtracted from the individual heats of reaction to obtain the observed heat 

of binding.  Origin 7.0 was used for data fitting with a single binding site model.  The 
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mean and standard error of binding/dissociation constants and corresponding 

thermodynamic parameters of binding were reported. 
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2008b).  The experimental design of the modified immunoblot assay was done by myself 

with the technical assistance of undergraduate project student, Thorin Leach.  All 

isothermal titration calorimetry experimental design was done by myself with some 

technical assistance from Dr. Aaron Yamniuk.   
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Chapter Three: Identification of a twin-arginine signal peptide binding site  

 

3.1 Introduction 

Each Redox Enzyme Maturation Protein (REMP) binds specifically to its twin-

arginine leader peptide with very little cross binding.  The interaction between 

Escherichia coli DmsD (EcDmsD) and the DmsA twin-arginine leader peptide was 

identified and began to be investigated by our research group in the years leading up to 

the commencement of this thesis (Oresnik et al. 2001; Sarfo et al. 2004; Winstone et al. 

2006). The first REMP protein structure was solved in 2003: TorD from Shewanella 

masillia  (PDB: 1N1C) (Tranier et al. 2003).  The SmTorD structure is a domain swapped 

dimer in which one domain is made up of residues 1-129 from chain A and residues 130-

211 are from chain B.  Each globular domain is composed of 10 alpha helices.  The 

following year the Salmonella typhimurium LT2 DmsD structure was solved (PDB: 

1S9U) (Qiu et al. 2008).  The StDmsD structure was monomeric and composed of 10 

alpha helices.  EcDmsD shares 78% sequence identity with the StDmsD protein.  The 

early research confirmed that both SmTorD and EcDmsD are capable of binding their 

substrate as either a monomer or dimer (Sarfo et al. 2004; Tranier et al. 2002).  

Two conserved motifs (W/Y/F)xxLF and E(P/x)(x/P)DH, within the REMP 

family of proteins were identified by sequence analysis (Turner et al. 2004).  An 

electrostatics-based analysis (THEMATICS), which examines clustering of ionizable 

residues on the surface of a protein structure (Ondrechen et al. 2001; Wei et al. 2007), 
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was then used to identify other residues that may play a role in the interaction between 

DmsD and the DmsA leader.    

The research presented in this Chapter was initially directed toward identifying 

residues in EcDmsD important for DmsA leader peptide binding.  In the absence of a 

EcDmsD structure, sequence analysis of DmsD homologues was used to select residues 

for mutation.  Amino acids previously shown to be conserved within the REMP family of 

proteins were also targeted for mutation.  With the structure of a close homologue 

(StDmsD) available, an EcDmsD model structure could be made.  Additional residues 

were targeted for mutation based on the EcDmsD model, using the THEMATICs 

algorithm of Ondrechen’s group (Ondrechen et al. 2001; Wei et al. 2007).  Each of the 

DmsD variant proteins were expressed and purified.  The immunoblot previously used to 

show binding between DmsD and the DmsA leader peptide (Winstone et al. 2006), was 

modified to investigate binding of each DmsD variant protein relative to DmsD WT.  The 

relative binding of each of the variant proteins was plotted onto the EcDmsD model 

structure (Chan et al. 2008a).  As a result of my work purifying large quantities of 

EcDmsD protein for my own thesis work as well as for our collaborators over a number 

of years, the EcDmsD protein could be crystallized and the structure was solved 

(3EFP.PDB).  While solving the structure of EcDmsD was not a direct goal of my thesis 

work, it did provide more information toward my goal of identifying a DmsA leader 

peptide binding site in EcDmsD.  A docking experiment with the DmsA leader peptide 

and the EcDmsD structure followed by a 63 ns simulation performed by our collaborators 

(Paetzel and Stevens) provided further support of the importance of the binding site on 

EcDmsD identified by my immunoblot results.   
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3.2 Methods 

3.2.1 Bioinformatic and THEMATICS analysis to select residues for mutation 

Sequence analysis and alignment of REMPs within the TorD/DmsD family 

(DmsD, TorD, NarJ, and YcdY) in a previous bioinformatic study identified two key 

sequence motifs (Turner et al. 2004).  Here, sequence alignment of DmsD homologues 

was performed using the online algorithm Mafft v5.23 (Katoh et al. 2005) default 

settings. Alignment containing secondary structure information was done with ESPript 

v2.2 (Gouet et al. 1999) using the alignment file generated from Mafft and the PDB file 

of the modeled EcDmsD. Similarity calculations based on each column of aligned 

residues was determined as % Equivalent in ESPript.   

THEMATICS is an electrostatics-based analysis examines the clustering of 

ionizable residues on the surface of proteins.  THEMATICS computations were 

performed on the template PDB 1s9u (StDmsD) as well as the model structure obtained 

for EcDmsD (Ondrechen et al. 2001; Wei et al. 2007).  Specific details of the 

THEMATICS are included in the publication that resulted from this study (Chan et al. 

2008a).  In all, 18 residues were targeted for mutation based on Bioinformatics and 

THEMATICs analyses and both cysteine residues were also targeted for a total of 20 

single substitution mutations in dmsD (Table 3.1).  

3.2.2 Plasmid constructs and site directed mutagenesis 

A DmsA leader peptide (residues 1 to 43) glutathione S-transferase fusion protein 

(DmsAL:GST) was produced from pTDMS24 construct (Oresnik et al. 2001). 

Recombinant wildtype DmsD (His6-T7:DmsD) was produced from plasmid pTDMS67 

(Winstone et al. 2006). Residues in dmsD were selected for mutation and substitution 
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choices were made based on a guide for “safe” substitutions for site-directed mutagenesis 

(Bordo and Argos 1991).  Single residue mutations were generated using Quickchange II 

Site-Directed Mutagenesis kit (Stratagene) with 25 ng of pTDMS67 as template 

following manufacturer’s instructions.  The resulting recombinant plasmids were isolated 

using a Plasmid Midi kit (Qiagen) and verified by sequencing (University Core DNA 

Services, University of Calgary) prior to transformation into E. coli C41(DE3) by heat 

shock (Hanahan 1983).   

3.2.3 Immunoblot of DmsD variant proteins binding to DmsA Leader 

Cells expressing DmsAL:GST or His6-T7:DmsD (WT or variant) were grown and 

each protein was purified as described in Chapter 2 and elsewhere (Winstone et al. 2006).  

DmsD WT and variant proteins diluted to 0.25 mg/mL, then were serially diluted 1.5-fold 

across 8 rows of a 96-well microtitre plate and applied to a pre-wet nitrocellulose 

membrane using a BioDot apparatus (BioRad) according to the manufacturer protocol.  

Each blot contained one row of WT DmsD, one row of buffer blank, and six rows of 

different DmsD variants.  The blots were blocked and washed prior to being incubated 

with DmsAL:GST in buffer.  The blots were washed, then incubated with mouse 

monoclonal anti-GST (Novagen).  Blots were washed and then incubated with goat-anti-

mouse-HRP conjugate (BioRad).  Blots were washed then developed with a colorimetric 

HRP substrate kit (BioRad) according to manufacturer instructions.   

The developed blots were photographed and software was used to determine the 

intensity of each spot as detailed in Chapter 2.  The mean pixel intensity (mPI) within the 

area of each spot was determined and corrected for any background.  The mPI of WT 
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with the maximum applied amount of protein (25 µg) was used to normalize all other  

mPI values.  

The normalized values or “DmsAL Relative Binding” were plotted against the 

amount of DmsD protein applied to the spot producing a binding curve for each DmsD 

variant relative to WT. Sample binding curves are shown in Figure 3.3A  The mean (and 

standard error) of the relative binding at the highest amount of protein applied (25 µg) 

was then used to compare all twenty single DmsD variant proteins relative to WT in a bar 

graph format (Figure 3.3B).  Both panels of Figure 3.3 were generated using Prism 

software v. 4.03 for windows. Each spot on the blots corresponds to ~0.07 cm2, the 

maximum amount of protein that could bind to this area of nitrocellulose is 5.6 to 7.1 µg 

(BioRad Blot Guide) and this corresponds well with the saturation point on the binding 

curves (Figure 3.3).   

3.2.4 Modeling of E. coli DmsD 

REMP protein structures available in the protein data bank near the beginning of 

this project included: Shewanella massilia (SmTorD) 1N1C at 2.4 Å and Salmonella 

typhimurium LT2 DmsD (StDmsD) 1S9U at 1.38 Å resolution. The sequence homology 

between E. coli and S. typhimurium DmsD showed 78% identity and greater than 90% 

similarity, thus an EcDmsD homology model structure could be made with a high degree 

of confidence.  SWISS-MODEL (Guex and Peitsch 1997) and CPHmodels 2.0 (Lund et 

al. 2002) both produced high quality homology models as judged by the evaluation 

programs Verify 3D (Bowie et al. 1991; Luthy et al. 1992) and Prosa2 (Sippl 1993).  The 

EcDmsD homology model is shown in Figure 3.2 against the StDmsD structure 

(1s9u.pdb).  A six residue portion not present in the StDmsD structure was generated by 
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the ProModII component of the SWISS-MODEL system (Guex and Peitsch 1997) into 

the EcDmsD model (residues 117-122), incorporated into the model as an alpha-C trace.  

The side chains were then built around the backbone from a library of allowed rotamers, 

such that steric clashes are minimized.  The model was judged by Verify3D (Bowie et al. 

1991; Luthy et al. 1992) to give an average score of 0.39, and Anolea (Melo and 

Feytmans 1998) analysis gave -904.425 E/kT units as the total energy for the model.  

Thus our collaborators were able to exchange the EcDmsD sequence into the StDmsD 

structure with a high degree of confidence.   

3.2.5 Expression and purification of EcDmsD for Crystallization 

The EcDmsD WT and variant proteins were expressed and purified as described 

previously in Chapter 2 and elsewhere (Winstone et al. 2006).  EcDmsD WT protein was 

expressed and purified as follows for crystallization trials.  Cells were harvested by 

centrifugation and lysed with an Avestin Emulsiflex-3C cell homogenizer. The lysate was 

clarified by centrifugation (30,000 x g) for 30 minutes. The supernatant was applied to a 

Ni-NTA column (5 mL column volume, Qiagen) equilibrated with TBS (100 mM NaCl; 

20 mM Tris-HCl pH 8.0). The column was then washed with ten column volumes of 

TBS, followed by two column volumes of TBS with 50 mM imidazole and elution was 

carried out with a stepwise gradient of imidazole to 500 mM at 100mM increments. 

EcDmsD was eluted from the column between 100mM and 400 mM imidazole, and 

fractions containing EcDmsD were analyzed by SDS-PAGE, pooled and concentrated 

using an Amicon ultra-centrifuge filter (Millipore). The concentrated protein was then 

applied to a Sephacryl S-100 HiPrep 26/60 size-exclusion chromatography column on an 

AKTA Prime system (Pharmacia Biotech) at 1 mL/min using TBS as the buffer. 
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Fractions containing EcDmsD were analyzed by SDS-PAGE, pooled and concentrated to 

36 mg/mL. The tag was removed by digestion with one unit of recombinant enterokinase 

(Novagen) per 500 µg of protein for 24 hours at 25°C according to the manufacturer's 

instructions. The free hexa-histidine affinity tag and uncleaved protein were removed by 

application of the protein mixture to Ni-NTA resin (5 mL column volume, Qiagen) 

equilibrated with TBS. The protein was further purified on a Sephacryl S-100 HiPrep 

26/60 size-exclusion chromatography column a second time. Fractions containing 

purified EcDmsD were analyzed by SDS-PAGE, pooled and concentrated to 14.5 mg/mL 

using an Amicon ultra-centrifuge filter (Millipore). The final 208 amino acid protein 

construct consisting of the full 204 residues of EcDmsD and a four residue N-terminal 

extension (RWGS), byproduct of the proteolytic removal of the hexa-histidine tag. This 

sequence has a calculated molecular mass of 23,831 Da and a theoretical isoelectric point 

of 5.0. 

3.2.6 Crystallization, data collection, structure determination and refinement 

Crystals of EcDmsD were produced through hanging drop vapor diffusion. Drops 

were prepared by combining 1 µL of protein solution (14.5 mg/mL) with 1 µL of 

reservoir solution.  The optimized reservoir conditions were: 100 mM MES pH 6.5; 12% 

glycerol; 1.25 M (NH4)2SO4. The crystals were grown at 18°C.  

Diffraction data were collected at the Simon Fraser University Macromolecular 

X-ray Diffraction Data Collection Facility using a MicroMax-007 rotating-anode 

microfocus generator.  The data were collected and processed using the CrystalClear 

software package (Pflugrath 1999).  Reflections were collected beyond 2.0 Å for 180° of 

rotation using 0.5° oscillations.  See Appendix A.1 for data-collection statistics.   
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The EcDmsD protein structure was solved by Charles Stevens using the 

molecular replacement program Phaser (McCoy 2007). The search model was provided 

by the structure 1S9U, the homolog from S. typhimurium (Qiu et al. 2008). The model 

was adjusted manually using the program COOT (Emsley and Cowtan 2004), and 

refinement was carried out using refmac 5 (Murshudov et al. 1997).  The final round of 

restrained refinement with TLS restraints used TLS models generated by the TLS motion 

determination server (Painter and Merritt 2006). The final refined structure was evaluated 

by PROCHECK (Morris et al. 1992).   

3.2.7 Structural representation and analysis  

Based on the DmsAL binding effect of each DmsD variant, the residue was 

coloured accordingly and structures were rendered using Pymol (DeLano 2002). The 

surface electrostatics analysis was performed with the adaptive Boltzmann-Poisson solver 

plug-in (Baker et al. 2001) and displayed using PyMOL (DeLano 2002).  B-factor 

analysis was performed by the program B average within the CCP4 suite of programs 

(CCP4 1994). 

Chain A of the EcDmsD asymmetric unit and a de novo generated polypeptide 

corresponding to the EcDmsA leader peptide sequence:  (MKTKIPDAVL 

AAEVSRRGLV KTTAIGGLAM ASSALTLPFS RIAHA) in an extended conformation 

were submitted to 3D Garden using the default set of parameters (Lesk and Sternberg 

2008). After docking, the leader peptide was truncated at residue 29. The package 

GROMACS version 3.3.3 (Van Der Spoel et al. 2005) was used to perform the 

simulations. The docked EcDmsA-leader peptide / EcDmsD complex was processed 

using the GROMOS96 G43a2 force field and simulations were run in an environment 
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that keeps the number of atoms, the pressure and temperature constant (NPT). The 

simulation was run on the Westgrid computing cluster “matrix” at variable intervals for a 

total of 63,500 ps followed by steepest descent energy minimization to an Fmax of 250.0 

kJ mol−1 nm−1 prior to analysis. Analyses of the simulations was carried out using Visual 

Molecular Dynamics (VMD) (Humphrey et al. 1996), and the GROMACS suite of 

programs (Van Der Spoel et al. 2005).  

 

3.3 Results 

3.3.1 Bioinformatic and THEMATICS analysis for mutation selection 

Sequence alignment of the DmsD/TorD/NarJ family of REMPs as in (Turner et al. 2004) 

identified two conserved motifs: 72WQRLF and 123EPEDH (numbered according to the 

EcDmsD sequence).  The 6 conserved residues (indicated in bold font) within these 

motifs were targeted for mutation.  Further sequence analysis of DmsD homologues 

(Figure 3.1) revealed another set of conserved residues that were also targeted for 

mutation (Table 3.1).  L75, F76, E123, P124 and E126 were identified to be identical in 

greater than 80% of the REMP and DmsD sequences, while W72 and H127 were 

conserved among the REMP sequences but showed more variability in the DmsD 

sequences (Figure 3.1).  Other targeted residues based on DmsD sequence analysis 

included Y22, P86, W87, D93, L151, H154 and Y175.   
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Figure 3.1 Sequence alignment of DmsD homologues.  

Conserved residues are boxed and coloured based on percent equivalence: black, 100% 
identical; grey, 100% similar; white, 80% identical. The ten α helices (α), two 310 helices 
(η), and one strict β turn (TT) of EcDmsD based on its modeled structure are indicated 
above the sequence.  The REMP conserved motifs WxxLF and E(P/x)(x/P)DH are 
indicated by black triangles below the sequence.  This figure was reproduced with 
permission from (Chan et al. 2008a).  
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Table 3.1. Residues in DmsD selected for mutation 

Bioinformatics Pocketc Loopc Residue REMPa DmsDb THEMATICS   
G18  ✕    
Y22  ✕  ✕  
C64      
H68   ✕ ✕  
W72 ✕   ✕  
L75 ✕ ✕  ✕  
F76 ✕ ✕  ✕  
P86  ✕  ✕  
W87  ✕  ✕  
D93  ✕ ✕   
E95  ✕ ✕   
E123 ✕ ✕  ✕ ✕ 
P124  ✕  ✕ ✕ 
D126 ✕ ✕ ✕ ✕ ✕ 
H127 ✕  ✕ ✕ ✕ 
C147      
L151  ✕    
H154  ✕    
Y172   ✕   
Y175  ✕    

Twenty residues in DmsD were selected based on bioinformatic alignments and 
THEMATICS electrostatics analyses for site-directed mutagenesis (✕).  a REMP, 
conserved residues from the two motifs identified in the REMP family of proteins 
(Turner et al. 2004). b DmsD, residues >80% identical based on sequence alignment of 
prokaryotic DmsD sequences (Figure 3.1). c Pocket/Loop, residues found within the 
pocket (indentation) or loop (residues 113-128) of the EcDmsD model and/or structure. 
 
 

In total, 20 residues were targeted for mutation using bioinformatics and 

THEMATICS analyses  (Table 3.1).  16 residues were chosen based on bioinformatics 

and 6 based on THEMATICS (H68, D93, E95, D126, H127 and H172) .  Four residues 

were in common between Bioinformatics and THEMATICS  such that only 2 residues 

(H68 and H172) were based exclusively on THEMATICS.  Both cysteine residues (C64 

and C147) were also selected for mutation.  
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The DmsD residues chosen based on the various analyses (Table 3.1) were 

mutated using site-directed mutagenesis and the resulting DmsD variant proteins were 

expressed and purified.  Cell yields and soluble protein yields for His6-T7:DmsD WT and 

all 20 DmsD variants were approximately equal.  Pure protein yields for most mutants 

were similar to WT with notable exceptions being G18S, W72S, L75A, P86Q, D126A, 

H127Y, L151A, and H172Y. These eight DmsD variant proteins were produced at levels 

of less than 25% that of WT DmsD protein.  A more thorough discussion of DmsD 

variant protein yields is included in Chapter 5. 

3.3.2 EcDmsD homology model. 

After beginning our mutation selection in EcDmsD, the StDmsD structure was 

resolved to 1.38 A resolution (1S9U.pdb).  StDmsD has an alpha-helical bundle protein 

fold comprised of 9 alpha-helices and one 310 helix.  StDmsD shares high sequence 

identity (78%) with EcDmsD, allowing a homology model of EcDmsD to be made 

(Figure 3.2).  The homology model was made based a ClustalW sequence alignment 

between StDmsD and EcDmsD, along with structural information provided by the 

template structure (1s9u.pdb).  Many of the conserved residues were found near a 

indentation or pocket in the structure, near the C-terminus of the protein (Figure 3.2).  In 

the EcDmsD model a six-residue portion (117-122) that was not resolved in the StDmsD 

structure was generated as described in the methods and is shown in Figure 3.2 as a 

purple strand.   
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Figure 3.2.  Structural alignment of E. coli modeled DmsD and the template S. 
typhimurium DmsD to which EcDmsD was modeled.   
EcDmsD is colored cyan, StDmsD is colored red and the six-residue portion (117-122) 
that was not available from the StDmsD model template but was modeled for EcDmsD is 
shown in purple.  This figure was reproduced with permission from (Chan et al. 2008a). 
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3.3.3 Analysis of interaction between DmsD variant proteins and DmsA leader peptide 

To assess the effect of each dmsD mutation on binding DmsAL, a dot-blot far-

Western immunoblot assay was developed.  Purified WT and variant DmsD proteins 

were spotted onto a membrane at equivalent concentrations. To quantitate the binding of 

each DmsD variant protein relative to WT, the pixel intensities over a range of applied 

DmsD protein, were normalized to that of WT at the maximum amount. This generated 

binding curves for each DmsD variant (sample curves are shown in (Figure 3.3A).  All 

binding curves (variant and WT) reached saturation with between 5 to 10 µg of applied 

protein and corresponded with the maximum amount of protein able to bind to the surface 

area of the membrane. To compare each DmsD variant for the ability to bind DmsAL the 

relative binding at 25 µg (more than 2 times the saturation point) was plotted on a bar 

graph (Figure 3.3B).  Of the twenty single mutants assayed for binding, eleven were 

shown to bind to the DmsAL peptide below 0.5-fold of WT DmsD, eight were shown to 

bind at approximately WT levels (0.75-1.25-fold) and one ‘hyper-binder’ was identified 

(bound at ~1.5-fold as compared to WT).  DmsD residues with a strong reduction in 

binding (less than 0.5-fold relative to WT) included G18S, W72S, L75A, F76A, P86Q, 

P124Q, D126A, H127Y, C147S, L151A, and H172Y. Residue changes that caused  a 

0.25-fold reduction or enhancement relative to WT (i.e. little or no effect on binding) 

included Y22F, C64S, H68Y, D93A, E95A, E123A, H154Y, and Y175F. The hyper 

binder was W87Y DmsD (Figure 3.3 B).   
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Figure 3.3.  DmsA leader peptide binding to DmsD and single substitution DmsD 
variants.  

A. Sample Binding Curves showing representative behaviour of various DmsD variants; 
W72S (diamonds), W87Y (triangles), E123A (closed squares), P124Q (circles) compared 
to DmsD WT binding (open squares). B. Binding of 20 single DmsD variants at 
saturation relative to WT DmsD (dashed line). Tris buffered saline (TBS) showed no 
binding.  This figure was adapted  with permission from (Chan et al. 2008a). 
 



94 

 

Using the DmsAL binding information for each of the DmsD variants, the residues 

were highlighted on the structural model of EcDmsD and colored according to their 

binding effect (Figure 3.4 A and B). Surface residues with a strong negative effect on 

binding included W72, F76, P86, P124, H127, C147, L151, and H172.  A cluster of 

residues showing a putative interaction “hot pocket” included W72, F76, P86, P124 and 

H127 (Figure 3.4 A). Residue H172 is near this pocket, while C147 and L151 are found 

on opposite side of the structure (Figure 3.4 B). Furthermore, three non-surface residues 

were also found to have a strong negative effect on binding: G18S, L75A, and D126A.  

Within the EcDmsD modeled structure L75A and D126A are located just behind 

the hot pocket surface residues F76 and H127 of the model while G18S is close to the 

core of the protein. Residues with little or no effect on binding were found primarily on 

the surface of the protein (Y22, C64, H68, D93, E95, E123 and H154). Y175 was the 

only non-surface residue in DmsD that showed a very small reduction in binding DmsAL.  

Most of the residues affected in binding were found to cluster within a pocket on the 

model structure (Figure 3.4 C-E). 

3.3.4 E. coli DmsD Structure, protein fold and comparison to other REMPs 

Following our initial publication which identified the putative DmsAL peptide 

binding site in the EcDmsD model (Chan et al. 2008a) our collaborators were able to 

solve the EcDmsD crystal structure with 2.0 Å resolution (3EFP.pdb) (Stevens et al. 

2009). Clear electron density was observed for all 204 amino acid residues for both 

molecules within the asymmetric unit. The two molecules in the asymmetric unit  
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Figure 3.4.  E. coli DmsD model of the putative DmsA Leader binding pocket.  

A. Surface model of EcDmsD model with mutants showing less than 0.5 fold relative 
binding colored red, WT binding (0.75-1.25 fold) colored lime and mutants showing 
binding above 1.25 fold were colored green. B. 160° rotation about the y-axis of structure 
shown in A. C. Cα trace of EcDmsD model with the molecule surface for a pocket (side 
view) that maps to many of the mutations that effect signal peptide binding rendered in 
blue. The pocket residues are shown as sticks. D. A close up (top) view of the pocket 
with the portion that is part of a six-residue stretch (117-122) not available from the 1s9u 
template but was modeled for E. coli DmsD is shown in magenta. E. Electrostatic surface 
of the pocket with red representing negative charge, blue representing positive charge and 
grey neutral.  This figure was adapted with permission from (Chan et al. 2008a). 
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superimposed with an RMSD of 1.11 Å for all atoms, or 0.68 Å when the 

superimposition was restricted to the polypeptide backbone.  The EcDmsD structure 

contains 11 α-helices and one 310-helix arranged in a single globular domain (Figure 3.5 

A).  The EcDmsD fold can be classified within the TorD-like family of proteins 

according to the SCOP data base (Murzin et al. 1995) and similar to the StDmsD 

structure, there were no domain swapping interactions in this EcDmsD structure as were 

observed in the S. massilia TorD crystal structure (Tranier et al. 2003).  

Superimposition of EcDmsD on StDmsD yields a Cα RMSD of 0.71Å. A notable 

difference between the two structures is the presence of an N-terminal 310-helix in the 

EcDmsD structure, the corresponding residues in the StDmsD structure are part of the 

neighboring α-helix (helix 1). Also, the EcDmsD structure shows the path of a 

presumably flexible solvent exposed loop that was unresolved in StDmsD (residues 117-

122).  These residues lie on one of three conserved surface loops (Figure 3.5).  In the 

SmTorD structure a homologous loop is involved in bridging the two domains that are 

swapped to form the dimer (Tranier et al. 2003). This loop is shown in green in Figure 

3.5 B and C.  The EcDmsD structure is the first structure of a DmsD molecule to have 

experimental electron density for the complete protein sequence and therefore the 

complete refined model. 



97 

 

 

 



98 

 

Figure 3.5.  The protein fold of E. coli DmsD. 
A. Cartoon rendering colored from the N-terminus (Blue) to the C-terminus (Red) with 
the amino and carboxy termini labelled. The 11 α-helices are also numerically labelled.  
B. A schematic diagram of the EcDmsD topology and cartoon representation of 
EcDmsD. Helices represented as cylinders are labelled, as are the amino and carboxy 
termini, shaded and white helices correspond to the domain swapped dimer conformation 
observed in SmTorD and the conserved loops (5, 6 and 7) that make up the putative 
leader peptide binding site are colored red, green and blue. C. A cross eye stereo view of 
EcDmsD. Every 20th residue is labelled with a sphere.  This figure was adapted with 
permission from (Stevens et al. 2009). 
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When the EcDmsD structure is compared with the TorD structure from S. 

massilia (SmTorD), there are a number of significant differences. Superimposition of 

EcDmsD with a single domain swapped monomer of SmTorD, containing residues 1-129 

from one chain and residues 130-211 from the complementary chain, yields a RMSD of 

2.6 Å. The differences arise primarily in the bridge point between the two domains, 

(Figure 3.5B, green loop) and at the C-termini.   

When comparing EcDmsD with the AF0173 (NarJ) protein from A. fulgidus, the 

two structures superimpose with a Cα RMSD of 2.4 Å despite sharing only 17% 

sequence identity, and AF0173 being 45 amino acids shorter.  The structure of AF0173 

was solved such that the AF0173 protein was bound to the TEV protease recognition 

sequence.  Despite limited homology between the TEV protease cleavage sequence: E-N-

L-Y-F-Q-S and the twin-arginine motif from the preAF0174 sequence: S-R-R-D-F-I-K 

(Kirillova et al. 2007), the TEV protease cleavage sequence binds into a region of 

AF0173 that is on the opposite pole of the structure from the putative binding site 

described above. 

Alignment of the EcDmsD amino acid sequence with that of sequences for DmsD 

molecules from other species shows a moderate level of sequence identity (15.7%) as can 

be seen in Figure 3.6.  The alignment also reveals two highly conserved regions that map  
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Figure 3.6.  Sequence and Structure Representation of Conserved Regions of 
EcDmsD.    

A. Sequence alignment of EcDmsD with homologous proteins. The secondary structure 
as calculated by DSSP (Kabsch, 1983) is shown above the alignment. The sequences 
were acquired from the Swissprot/TrEMBL database, the accession numbers for each 
sequence follow: Escherichia coli DmsD (P69853); Salmonella typhimurium DmsD 
(Q8ZPK0), Actinobacillus. succinogenes TorD family protein (A6VPI1), Haemophilus 
influenzae DmsD (A5UD55), Pasteurella multocida DmsD (Q9CK76), Shigella flexneri 
DmsD (P69855), Shigella boydii DmsD (Q320U8), Escherichia albertii DmsD 
(B1EN93), Enterobacter sp. 638 DmsD (A4WA71), Yersinia pseudotuberculosis TorD 
family protein (B1JJB8), Vibrio fischeri DmsD (Q5E1E3).  Absolutely conserved 
residues are colored white with red fill, similar residues within groups are colored red and 
similar residues across groups are surrounded by a blue box. Sequences for which three-
dimensional coordinates are available are highlighted in green. B. A view of DmsD 
conservation mapped onto the EcDmsD surface generated using the above alignment. 
Individual amino acid residues are colored according to the degree to which they are 
conserved: Absolutely conserved residues are colored maroon while highly variable 
residues are colored green. This figure was reproduced with permission from (Stevens et 
al. 2009). 
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to 3 loops (residues 77-88, 93-100 and 113-128) on the surface of the protein. When the 

conservation is mapped on to the molecular surface of EcDmsD (Figure 3.6 B), it is clear 

to see that the region of high conservation corresponds with many of the residues that 

were previously determined by mutagenesis to be important for Tat leader peptide 

binding (Chan et al. 2008a). This conserved region on the surface of EcDmsD also 

corresponds to the location of the most significant depression on the EcDmsD molecular 

surface.  

3.3.5 Putative leader binding pocket of EcDmsD 

The work described within this chapter identified a number of residues on or near 

the surface of EcDmsD that are important for EcDmsA leader peptide binding.  Most of 

these residues map to a pocket on the surface of EcDmsD (Figure 3.7). This putative 

leader peptide binding site is comprised of sections of three conserved loops. The first 

loop is made up of residues 77-88 and is located between helix α5 and α6. The next loop 

lies between helices α6 and α7 and encompasses residues 93-100. The third loop lies 

between helix α7 and α8, and is made up of residues 113-128 (Figure 3.7 A). These loops 

form a curved trench along the surface of the protein. The pocket is predominantly 

hydrophobic with small regions of positive charge (Arg 204 and Lys 120) as well as a 

region of negative charge (Glu 29) near the periphery of the pocket (Figure 3.7 B). In the 

crystal structure of EcDmsD there was strong electron density for five small molecules 

(three glycerol molecules and two tris (hydroxymethyl) aminomethane molecules) within 

the proposed leader peptide binding pocket of EcDmsD (Figure 3.7A). Electron density 

for a PEG molecule was found in a similar region on the structure of StDmsD (Qiu et al. 

2008).   
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Figure 3.7.  The putative DmsA leader peptide binding pocket on EcDmsD. 
A. Ribbon diagram of EcDmsD with stick representation of the glycerol and 
tris(hydroxymethyl)aminomethane molecules bound in the putative leader peptide 
binding site. The conserved loops that make up this pocket are shown in red, green and 
blue B. Surface representation of the putative leader peptide binding pocket on a ribbon 
rendering of EcDmsD. The electrostatic potential is mapped onto the surface. The 
residues that make up the proposed pocket are shown within the semi-transparent surface. 
Residues previously shown, by mutagenesis, to be important for leader peptide binding 
are labelled with a larger font and an asterisk. This figure was adapted with permission 
from (Stevens et al. 2009). 
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3.3.6 Docking and molecular dynamics simulations with DmsAL peptide 

The mutagenesis studies discussed above identified several residues that, if 

mutated, disrupted the interaction between EcDmsD and the EcDmsA leader peptide. 

These residues were mapped onto the surface of the EcDmsD crystal structure (Figure 3.8 

A). Our collaborators used the docking server 3D-garden (Lesk and Sternberg 2008) to 

dock an EcDmsA leader peptide, modeled in an extended conformation, onto the crystal 

structure of EcDmsD (Figure 3.8 C).  Previous work with Tat leader peptides had shown 

them to be unstructured in aqueous solution (San Miguel et al. 2003). The docking 

procedure repeatedly resulted in the leader peptide oriented across the EcDmsD surface, 

with the twin-arginine motif placed between the three conserved surface loops. This is 

roughly the position taken by the glycerol and tris molecules that were modeled into the 

electron density in the putative leader peptide binding pocket of the EcDmsD crystal 

structure (Figure 3.7 A). The position of the docked peptide is consistent with several 

studies that have highlighted the importance of the twin-arginine motif of the leader 

peptide in REMP-substrate interaction (Hershey et al. 1999; Li et al. 2006a; Stanley et al. 

2002).  

The docked peptide was used as a starting point for a molecular dynamics 

simulation. After 63.5 ns of simulation the EcDmsD-EcDmsA leader peptide complex 

became considerably more integrated (Figure 3.8 D), with a series of hydrogen bonds and 

van der Waals interactions formed between the EcDmsA leader peptide and EcDmsD 

(data not shown here).  The dynamics simulation experiment resulted in small  
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Figure 3.8. Docking and molecular dynamics simulation experiments to predict 
EcDmsD – EcDmsA leader peptide interactions.  

The molecular surface of EcDmsD is shown in white with red highlights for those 
residues previously shown by mutagenesis (Chan et al., 2008) to be important for DmsA 
signal peptide binding. A. Surface representation of the X-ray crystal structure of 
EcDmsD (chain A). B. Molecular dynamics simulation of chain A of the EcDmsD 
protein. The simulation was carried out for 36.5 ns. C. The DmsA signal peptide docked 
onto the surface of EcDmsD crystal structure (chain A). The full length 45 amino acid 
residue signal peptide was docked, and the C-terminal 16 residues were removed. D. 
Molecular dynamics simulation of EcDmsD with the region of the DmsA signal peptide 
that includes the twin arginine motif. The docked peptide in panel C was used as the 
starting point for the simulation which was carried out for 63.5 ns.  This figure was 
adapted from (Stevens et al. 2009). 
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adjustments in the EcDmsD structure at helices 2, 3, 4, 7, the N-terminal coil, and various 

side chain rotamers on the EcDmsD molecular surface.  The regions that moved the most 

in the simulation corresponded to the sites of intermolecular contact within the crystalline 

lattice. Some of the residues that were previously shown by mutagenesis to be important 

for leader peptide binding are not seen on the molecular surface of the crystal structure 

(Figure 3.8 A). After the simulation, more of the proposed functionally important 

residues can be seen interacting with the bound peptide (Figure 3.8 D).  

3.4 Discussion 

Two conserved motifs were previously identified in EcDmsD (WxxLF and 

E(P/x)(x/P)DH) (Turner et al. 2004) and were found in close proximity on the model and 

structure, localized to an indentation or pocket on the surface of the protein.  All three of 

the conserved residues within the first motif were mutated (W72S, L75A and F76A) and 

shown to have a detrimental effect on DmsAL binding.  W72 and F76 are located one 

rotation apart on the same helix face (helix 5).  Four residues within the second motif 

were mutated (E123A, P124Q, D126A and H127Y) and only E123A DmsD binding to 

DmsAL was not affected while the other three DmsD variants bound DmsAL at less than 

0.5-fold relative to WT DmsD.  In addition to being found within the pocket region, these 

four residues are part of a highly conserved loop and are homologous to residues which 

compose the hinge region between the N and C terminal domains on the SmTorD domain 

swapped dimer structure.   

The structure of the Archaeoglobus fulgidus protein AF0173 (pdb 2O9X) which 

has sequence and structural similarity to the REMP family of proteins found certain 

residues of the N-terminal tag to mimic a portion of a twin-arginine leader and appeared 
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to contribute to dimer formation within the crystals (Kirillova et al. 2007).  In the 

AF0173 (NarJ homologue) protein structure, a funnel was observed to be lined with 

conserved residues and these formed contacts with the tag. Four homologous residues 

within this funnel were also shown to be important for binding in this study – F76, P86, 

D126 and H127.  D126 and H127 homologous residues within EcTorD were shown to be 

important for binding the leader peptide TorA, as mutation to either residue caused the 

binding to be reduced greater than 2-fold that of the wild type TorD protein (Hatzixanthis 

et al. 2005).  This suggests that the hot pocket identified in EcDmsD may be a common 

theme for leader peptide binding in other REMPs, but especially the DmsD/TorD 

subfamily of proteins.  

A tyrosine residue in the AF0173 protein sequence, aligned with a tryptophan 

residue (W87) in EcDmsD.  In our study, mutation from tryptophan to a tyrosine (W87Y) 

enhanced binding 1.5-fold relative to WT EcDmsD.  An independent study based on 

antibody-antigen interactions, showed that tyrosine residues are very important for 

protein-protein interactions due to their ability to form multiple types of contacts 

including: H-bonds, polar and hydrophobic interactions (Fellouse et al. 2004).   

DmsD variant proteins W72S and W87Y were both found to have an effect on 

binding DmsAL.  W72S DmsD showed a relative binding of 0.08-fold, while W87Y 

DmsD bound at 1.5-fold of WT level. These two tryptophan residues are both found 

within the identified “hot pocket” and are located right across from each other in the 

EcDmsD model structure (Figure 3.4), yet have opposite effects on DmsAL binding.  This 

could be due to the choice of mutation as one tryptophan was mutated to a serine and the 
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other a tyrosine, with the tyrosine mutation identified as the hyper-binder, possibly due to 

the retention of aromaticity while the serine variant almost abolished binding.   

Sixteen residues were selected based on bioinformatic analyses along with the 

two cysteine residues in DmsD. According to the results obtained from the immunoblot, 

all except one (E123) of the seven residues identified from the bioinformatic alignment of 

REMP family (Turner et al. 2004) were shown to be important for DmsA leader binding. 

Using the alignment of DmsD close homologue sequences we identified seven residues 

(G18, L75, F76, P86, P124, D126, and L151) important for binding, with residues G18, 

P86, and L151 to be uniquely predicted by this alignment. The THEMATICS analysis of 

the protonation properties predicted six ionizable residues to be involved in DmsA leader 

binding, four of which were in common with those predicted by bioinformatic analyses 

(D93, E95, D126, and H127).  Of the two remaining residues predicted by THEMATICS, 

H172 was shown to be important for DmsA leader binding.  Residues localized around 

the identified “hot pocket” in the structure may also be involved in DmsA leader binding.  

Another EcDmsD structure was resolved (3cw0.pdb) and published (Ramasamy 

and Clemons 2009) shortly after our manuscript.  There were four DmsD molecules in 

the asymmetric unit of this structure.  The authors attempted to co-crystalize DmsD with 

a short peptide encompassing the twin-arginine motif of DmsA (SRRDFLK).  While the 

peptide improved the crystal size and quality, no density was present for the peptide in 

the final structure.  The authors noted that during the preparation of DmsD, the protein 

was monomeric on size exclusion chromatogram, however, multiple bands were observed 

on a native-PAGE, similar to our previous results (Sarfo et al. 2004).  The authors 

suggest that the crystal packing contacts might give insight into potential multimers that 
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are seen on the native-PAGE (Ramasamy and Clemons 2009). Recently, a complex of 

unlabeled DmsAL and 2H/13C/15N-labeled DmsD was prepared and multi-dimensional 

NMR spectra showed some differences between the free and bound DmsD (Stevens et al. 

2012). The areas on DmsD that showed the greatest chemical shift perturbations in the 

presence of peptide were near the proposed binding site and many of the residues within 

the binding site could not be assigned in the complex.   

3.5 Conclusion 

Twenty single substitution DmsD variant proteins were produced and assayed 

using an in vitro immunoblot assay.  Eleven residues within DmsD were shown to be 

important for DmsA leader binding and upon mapping these residues onto a modeled 

structure, most clustered within a pocket on the surface of the molecule, providing a 

putative twin-arginine leader peptide binding site on EcDmsD.  Meanwhile, a long time 

collaboration led to successful crystallization and determining a 2.0 A resolution crystal 

structure of EcDmsD with observed electron density for all 204 residues of the protein.  

This was the first structure of a Tat chaperone from the model organism E. coli, with 

EcDmsD being one of the most thoroughly biochemically characterized Tat chaperones 

to date.  Subtle differences were seen between the EcDmsD structure and the model made 

from StDmsD.  When a DmsAL peptide was docked with the EcDmsD structure and a 

simulation was run, the pocket residues previously shown to be important aligned with 

the location of the twin-arginine peptide binding.   
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3.6 Contributions and Acknowledgements 

The research presented in this chapter began in 2004, prior to the start of my 

doctorate.  Sequence analysis and the resulting residue selection, mutagenic primer 

design and plasmid preparation was done under the supervision of Cathy Chan (a 

graduate student at the time) with the technical assistance of Charles Stevens (an 

undergraduate project student) and Matt Workentine.  Dr. Mary Ondrechen (Northeastern 

University, Boston) and her graduate student Ying Wei identified target residues for 

mutation using their THEMATICS program.  Cell growth, protein expression and 

purification of DmsAL:GST and all 20 DmsD variant proteins was done by myself.  All 

dot blot far Western experimental design, method development and subsequent analysis 

was done by myself.  Charles Stevens went to pursue his PhD with Dr. Mark Paetzel’s 

crystallography group at Simon Fraser University and completed the homology model of 

EcDmsD.  This work led to the publication in which I shared first authorship with Cathy 

Chan:  Chan CS, Winstone TML, Workentine ML, Chang L, Stevens C, Li H, Wei 

Y, Ondrechen MJ, Paetzel M, Turner RJ. 2008.  Identification of residues in DmsD 

for twin-arginine leader peptide binding, defined through random and 

bioinformatics-directed mutagenesis.  Biochemistry, 47:2749-2759.   

Although the homology model worked well for evaluation of our immunoblot 

binding data, we continued to pursue the structure of the E. coli protein.  After more than 

4 years of collaboration with Dr. Mark Paetzel’s crystallography group, the structure of 

EcDmsD was resolved to 2.0 Å resolution.  A significant challenge in preparation of 

REMP chaperones is that many, including DmsD, show multiple folding forms.  My 

contribution to solving the structure was to optimize the purification and handling to 
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allow for large amounts of homogeneous EcDmsD at high concentration for 

crystallization and provide suggestions for crystallization conditions (buffers and co-

solvents).  The success of this structure came from carefully optimized and consistent 

purification preparations.  More than 1 gram of pure protein was prepared for this study.  

I also participated in the interpretation of the functionality of the structure as well as the 

writing of the manuscript.  The successful crystallization, crystal structure refinement, 

docking and molecular dynamics simulation experiments were performed by Charles 

Stevens.  As I did not contribute to the analysis of the diffraction data this data is not 

included in this chapter but is included in Appendix A.  Stevens CM, Winstone TML, 

Turner RJ, Paetzel M.  2009. Structural analysis of a monomeric form of the twin-

arginine leader peptide binding chaperone Escherichia coli DmsD. J. Molecular 

Biology. 389:124-133.   
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Chapter Four: DmsA twin-arginine leader peptide binding to DmsD 

 

4.1 Introduction 

As introduced in chapter 1, prokaryotic pre-proteins with an N-terminal twin-

arginine (RR) leader peptide are translocated in a fully folded state by the twin-arginine 

translocation (Tat) system (Berks et al. 2000b; Sargent et al. 1998; Weiner et al. 1998).  

Most Escherichia coli Tat pre-proteins are components of multi-subunit respiratory 

enzymes that acquire cofactors, fold, as well as associate with partner proteins in the 

cytoplasm, prior to the translocation event.  The system specific chaperone or redox 

enzyme maturation protein (REMP) is believed to play a role in assessing the folded and 

cofactor-loaded state of the Tat pre-protein prior to translocation (Jack et al. 2004; Turner 

et al. 2004).  While the exact mechanism of REMP activity is yet to be defined, it is 

known that each REMP interacts specifically with its Tat pre-protein substrate prior to 

translocation (Chan et al. 2009) and deletion of the REMP significantly reduces the 

activity of the final holo enzyme (Oresnik et al. 2001; Ray et al. 2003).  

Understanding the specificity and affinity of the interaction between each REMP 

and Tat substrate pair has been the focus of studies over the past number years (Buchanan 

et al. 2008; Chan et al. 2009; Chan et al. 2010; Chan et al. 2006; Chan et al. 2008a; 

Guymer et al. 2009; Hatzixanthis et al. 2005; Maillard et al. 2007; Tranier et al. 2002; 

Winstone et al. 2006; Zakian et al. 2010).  Most REMPs bind to only their Tat substrate 

RR-leader peptide in vitro but some cross specificity does occur (Chan et al. 2009).  
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Additionally, these chaperones can interact with different portions of the Tat pre-

protein; either the twin-arginine leader peptide, the mature protein or to the entire pre-

protein (composed of the leader peptide and mature protein) in vivo (Chan et al. 2009; 

Chan et al. 2010).  Binding affinities between REMPs and their leader peptides vary 

depending on the Tat substrate construct and technique used but consistently range from 

nanomolar to micromolar dissociation constants (Kd) (Chan et al. 2009; Chan et al. 2006; 

Hatzixanthis et al. 2005; Winstone et al. 2006; Zakian et al. 2010).   

The E. coli REMP DmsD binds to the DmsA pre-protein, the catalytic subunit of 

the Dimethylsulfoxide (DMSO) reductase molybdoenzyme (DmsABC) through an 

interaction with the twin-arginine leader peptide (Oresnik et al. 2001) and not the mature 

portion of the DmsA protein (Chan et al. 2009; Chan et al. 2010).  DmsD has some cross 

specificity and was shown to interact with the RR-leader peptides of DmsA homologues 

YnfE and YnfF (Chan et al. 2009) as well as pre-TorA (the catalytic subunit of 

trimethylamine N-oxide reductase) (Oresnik et al. 2001).  The DmsA leader (DmsAL) 

peptide consists of 45 amino acids and, similar to other RR-leader peptides, is composed 

of 4 regions (Berks 1996): the amino terminal N-region (residues 1-14), the twin-arginine 

motif -SRRGLVK- (residues 15-21), the hydrophobic H-region (residues 22-39) and the 

carboxy-terminal C-region (residues 40-45) with residues 43-45 composing the cleavage 

recognition site (Figure 4.1).  The interaction between DmsD and the N-terminal 43 

amino acids of the DmsA RR-leader peptide (DmsAL1-43) has been characterized with a 

variety of in vitro techniques in which the leader peptide was fused to the N-terminus of 

either glutathione S-transferase (GST) or streptavidin binding peptide (SBP)  
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Figure 4.1 DmsA Twin Arginine Leader Peptide Regions 
The DmsA twin arginine leader peptide is composed of 45 amino acids.  The amino 
terminal N-region (blue), the twin arginine (RR) motif, the hydrophobic H-region (green) 
and cleavage C-region (red) residues are highlighted accordingly.   
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(Chan et al. 2009; Chan et al. 2008a; Oresnik et al. 2001; Sarfo et al. 2004; Winstone et 

al. 2006).  The dissociation constant between DmsD and the GST fusion (DmsAL1-

43::GST), Kd = 0.22 µM and the SBP fusion (DmsAL1-43::SBP), Kd = 0.06 µM, were 

found to be similar (Chan et al. 2009; Winstone et al. 2006).  

The primary goal of this thesis chapter was to identify the region(s) of the DmsAL 

peptide capable of interaction with the chaperone DmsD and further define residues of 

DmsAL which enable specificity of binding.  To this end, peptides composed of various 

portions of the DmsAL peptide were synthesized and ITC was used to characterize the 

affinity and thermodynamics of the interaction with DmsD.  Circular dichroism (CD) 

spectroscopy was used to investigate the secondary structure of the DmsAL peptides in 

aqueous solution as well as a more hydrophobic environment of 50% trifluoroethanol 

(TFE) to determine whether secondary structure of the peptide might play a role in 

binding.  Differential scanning calorimetry (DSC) was used to examine the 

thermostability of DmsD alone and in complex with each of the DmsAL peptides to 

examine if DmsD undergoes a conformational change upon binding the DmsAL peptide.   

4.2 Methods 

4.2.1 Standard Protocols 

Recombinant E. coli DmsD purification and storage procedures are described in 

Chapter 2 and elsewhere (Chan et al. 2008a). 

4.2.2 Protein and Peptide Preparation for Isothermal Titration Calorimetry 

Prior to ITC experiments recombinant DmsD protein was thawed and exchanged 

into ITC buffer (25 mM Tris-HCl, pH 8.0, 100 mM NaCl) by application onto a 5 mL 

HiTrap column and collection of eluted fractions. Protein concentration was determined 
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from absorption at 280 nm (extinction coefficient = 72 085 M-1 cm-1).  DmsD protein was 

diluted to 25 µM with ITC buffer, prepared in 10 mL batches to allow for triplicate 

titrations and stored at 4°C prior to titration experiments.  For each titration 3 mL DmsD 

was degassed with a thermovac at 28°C for 10 minutes with stirring. The ITC sample cell 

was loaded with 1.5 mL degassed DmsD sample and the sample remaining in the syringe 

after fill was used to confirm protein concentration with a Bradford assay and absorbance 

at 280 nm.   

DmsAL peptides were chemically synthesized and purified to 95% purity by 

GenScript. As none of the DmsAL peptides contain a tryptophan residue, concentrations 

could not be determined through absorption spectroscopy. 1H NMR spectroscopy of 

selected peptides, compared to an internal standard was used to determine that 70% of the 

lyophilized peptide mass corresponded to peptide mass.  Thus, this conversion was used 

to set the concentration.  Peptides were weighed on an analytical balance and dissolved in 

distilled water to concentration of 1 mM, diluted to 0.5 mM concentration with 2x ITC 

buffer and stored at 4°C prior to titration.  For each titration, 0.5 mL peptide sample was 

degassed and equilibrated to 28°C for 10 minutes with a thermovac. The ITC syringe was 

loaded with degassed and temperature equilibrated peptide.  

4.2.3 Isothermal Titration Calorimetry    

ITC experiments were conducted with a MicroCal VP-ITC microcalorimeter at 

303.15 K (30°C). Thirty 10-µL injections of 500 µM DmsAL peptide were added to 25 

µM DmsD protein while stirring at 300 rpm with a spacing of 300 seconds.  The 

reference power applied was 10 [units] and an initial delay of 300 seconds was used.  

DmsD titration experiments were performed in triplicate. Heat of dilution was determined 
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by injection of each peptide ligand into buffer and the resulting values were subtracted 

from the individual heats of reaction to obtain the observed heat of binding.  Origin 7.0 

was used for data fitting with single binding site model.  The mean and standard error of 

binding constants and corresponding thermodynamics of binding were reported.  Buffer 

ionization enthalpies (Goldberg et al. 2002) were used to determine if protonation or 

deprotonation occurred during complex formation.   

4.2.4 Secondary structure prediction of DmsAL Peptides    

Three algorithms were used to predict the secondary structure of DmsAL peptide 

sequences shown in Figure 4.4. JPRED (Jnet version: 2.2, UniRef90 release: 15.4) 

available at http://www.compbio.dundee.ac.uk/www-jpred/index.html (Cole et al. 2008); 

PSIPRED (v. 3.0) available at http://bioinf.cs.ucl.ac.uk/psipred/ (Bryson et al. 2005); and 

Prof available at http://www.aber.ac.uk/~phiwww/prof/  (Ouali and King 2000).  

4.2.5 Circular Dichroism Spectroscopy   

Circular dichroism spectroscopy experiments were conducted with a Jasco (J-810) 

spectrometer in 0.1 nm pathlength quartz cells.  1 mg/mL peptide solutions were prepared 

in water and diluted to 0.1 mg/mL for analysis in water (pH ~5.0), ITC buffer (pH 8.0) or 

50% (v/v) TFE.  For each sample, six scans were collected at 20 nm/min from 260 

through 170 nm with 0.1 nm bandwidth and averaged. Peptide samples in water (pH 5) 

and buffer (pH 8) were identical with the exception of higher absorbance below 200 nm 

for the ITC buffer, therefore only the water spectra were included. The DICHROWEB 

server available at http://dichroweb.cryst.bbk.ac.uk/html/home.shtml (Whitmore and 

Wallace 2004; 2008) was subsequently used to approximate the helical content of each of 

the peptides in aqueous and TFE environments.  Helical content values (%) were reported 
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as the mean (+/- standard error of the mean (SEM)) of 3 different predictive algorithms 

(SELCON3, CONTIN, CDSSTR).  For the CD spectra of DmsD in the presence of each 

of the peptides, DmsD concentration was 25 µM and peptide concentration was 50 µM.  

Six scans were collected at 20 nm/min from 260 through 180 nm, 0.5 nm bandwidth and 

averaged.  

4.2.6 Differential Scanning Calorimetry 

The heat of denaturation of DmsD in the absence and presence of DmsAL 

peptides was carried out on a VP-DSC microcalorimeter (MicroCal Incorporated) at a 

scan rate of 40°C/hr. Samples were degassed using a ThermoVac (MicroCal 

Incorporated) for 10 minutes at room temperature prior to loading. Buffer (25 mM Tris-

HCl, 100 mM NaCl, pH 8) scans were performed in order to generate isotherms to 

subtract from protein scans. The isotherms were normalized to the concentration of 

protein used as determined by A280. Prior to each protein scan, 5 buffer scans were run to 

equilibrate the system and the fifth scan was used as a reference to subtract from the 

protein scan. Typically, by the second or third scan the system was equilibrated. Protein 

samples were only scanned once since the denaturation is irreversible and a second scan 

did not produce a transition peak over the temperature range. 25 µM DmsD was mixed 

with 50 µM DmsA leader peptide, incubated for one hour at 4°C prior to loading into the 

thermovac.  
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4.3 Results 

4.3.1 The entire contiguous hydrophobic region of the DmsA twin-arginine leader 
peptide is required for DmsD to bind.  

To determine the minimal region of the DmsAL peptide important for binding to 

DmsD, various portions of the 45 amino acid DmsAL peptide were synthesized and 

assayed for binding to DmsD using ITC (Figure 4.2).  Our previous research 

demonstrated that the DmsAL peptide (DmsAL1-43), which included the twin-arginine 

motif (15SRRGLVK21) and all three regions (N-terminal, Hydrophobic and C-terminal) 

bound tightly to DmsD with a dissociation constant of 0.2 µM when it was fused to GST 

(Table 4.1,  (Winstone et al. 2006)).  Here, the ITC results indicated that DmsD could not 

bind to the DmsA RR-motif alone (DmsAL15-21) or if the N-terminal region was also 

present (DmsAL2-20) (Table 4.1).  DmsAL peptides which included the RR-motif in 

addition to portions of the hydrophobic region (DmsAL15-27, DmsAL15-33) also did not 

bind DmsD (Figure 4.2).  Only when the amino acids of the entire hydrophobic region 

were added to the RR-motif (DmsAL15-41), could binding be observed by ITC (Kd = 1.7 

µM) (Table 4.1).  Leaving the hydrophobic region intact but removing amino acids from 

the RR-motif at the N-terminus of the peptide, caused binding to DmsD to become 

progressively weaker.  Specifically, removing the N-terminal serine (S15) and the first 

arginine (R16), reduced the dissociation constant to 2.1 µM (DmsAL17-41), and removing 

the RR-motif completely, reduced the affinity further to 3.9 µM (DmsAL21-41), 

corresponding to 1.2 and 2.3 fold reductions in the affinity for DmsAL17-41 and DmsAL21-

41 respectively relative to DmsAL15-41. When the arginines of the tightest binding peptide 

(DmsAL15-41) were changed to lysines (DmsAL15-41 KK) the dissociation constant was  
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Figure 4.2.  Isothermal titration calorimetry thermograms of DmsAL peptides 
added to DmsD. 

DmsAL peptides containing residues (A) 2-20; (B) 15-21; (C) 15-33; (D) 15-41; (E) 17-
41; (F) 21-41; (G) 15-41 KK; (H) 34-45; (I) 15-27 were added to DmsD WT protein and 
ITC thermograms are shown.  Experiments were performed in triplicate in cases where 
binding was observed and the results tabulated.   
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Table 4.1.  Evaluation of regions of the DmsA twin-arginine leader peptide for 

binding to DmsD. 

Region ------------N-----------   RR        ----------------H-------------- ----C----  

 MKTKIPDAVLAAEVSRRGLVKTTAIGGLAMASSALTLPFSRIAHA  
   

Peptide Peptide Sequence Kd (µM) 

DmsAL1-43 MKTKIPDAVLAAEVSRRGLVKTTAIGGLAMASSALTLPFSRIA~a 0.2 ± 0.1a 
DmsAL2-20  KTKIPDAVLAAEVSRRGLV NBb 
DmsAL15-21               SRRGLVK  NB 
DmsAL15-27               SRRGLVKTTAIGG  NB 
DmsAL15-33               SRRGLVKTTAIGGLAMASS   NB 
DmsAL15-41               SRRGLVKTTAIGGLAMASSALTLPFSR  1.7 ± 0.2 
DmsAL17-41                 RGLVKTTAIGGLAMASSALTLPFSR  2.1 ± 0.5 
DmsAL21-41                     KTTAIGGLAMASSALTLPFSR  3.9 ± 2.4 
DmsAL34-45                                  ALTLPFSRIAHA NB 
   
DmsAL15-33 + 
DmsAL34-45 

              SRRGLVKTTAIGGLAMASS 
                                 ALTLPFSRIAHAc                                  NB 

   
DmsAL15-41 KK               SKKGLVKTTAIGGLAMASSALTLPFSR  2.9 ± 0.9 

 
a DmsAL1-43 fused to the N-terminus of GST (Winstone et al. 2006). b NB, No binding 
could be detected by ITC with the conditions utilized. c Mixture of two peptides as 
indicated to give DmsAL peptide region for evaluation.  H-region residues are indicated 
in bold. If the complete and contiguous H-region is present the residues are underlined. 
 

reduced to 2.9 µM, a 1.7 fold reduction in affinity from the native peptide sequence 

(Table 4.1).  Overall, these results indicate that the entire hydrophobic region of the 

DmsAL peptide is necessary to allow DmsD to bind and the RR-motif contributes little 

additional affinity (Table 4.1). 

To further understand the importance of the H-region of DmsAL to the binding of 

DmsD, a peptide mixture of DmsAL15-33 + DmsAL34-45 was assayed for binding.  

Individually, each of these peptides showed no binding (Figure 4.2), but the peptide 

mixture provides all the amino acids of the DmsAL peptide necessary for binding (15-45) 
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and the single polypeptide composed of similar amino acids (DmsAL15-41) was able to 

bind tightly (Kd = 1.7 µM).  The peptide mixture showed no binding to DmsD and this 

provided further proof that the entire H-region of the DmsAL peptide is necessary to 

allow binding to DmsD, additionally it appears that the H-region must be contiguous.  

Only DmsAL peptides with the complete and contiguous H-region (residues 22-39) 

showed binding to DmsD (Table 4.1).   

4.3.2 Interaction between DmsD and DmsA RR-leader peptides is promoted by 
favorable enthalpy.   

To further understand the nature of the binding between each of the DmsAL 

peptides and DmsD, the thermodynamic contributions were analyzed for all peptides 

capable of binding.  All DmsAL peptides that bound to DmsD had a 1:1 stoichiometry 

(Table 4.2).  Overall, each of the four DmsAL peptides assayed for binding to DmsD 

showed similar free energy values (minimum of -7.4 kcal/mol for DmsAL21-41 and 

maximum of -8.0 kcal/mol for DmsAL15-41); however the contributions from enthalpy 

and entropy differed substantially (Figure 4.3, Table 4.2).  When discussing “entropy” the 

values refer to the entire “-TΔS” term so that the equivalent units of kcal/mol may be 

compared with enthalpy.  The three native DmsA RR-leader peptides, which showed 

binding to DmsD, have similar association constants, ranging from 2.6 to 6.0 x105 M-1 

and as such there is only 0.7 kcal/mol difference in the overall apparent free energies 

(ΔGapp) (Table 4.2).  When considering the native DmsAL peptides, the most favorable 

binding reaction occurred between DmsD and DmsAL15-41 (ΔGapp= -8.0 kcal/mol), this 

reaction showed the largest favorable enthalpy (-11.7 kcal/mol) combined with the most 

unfavorable entropy (+3.7 kcal/mol) (Table 4.2, Figure 4.3).  When the first 2 amino  
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Figure 4.3.  DmsA Leader peptides capable of binding DmsD have similar free 
energy. 

Thermodynamics of binding between DmsA Leader peptides (listed in Table 4.1) and 
DmsD were determined by ITC at 30°C, pH 8.0.  Mean values with corresponding SEM 
of triplicate titrations are reported.  See Table 4.2 for numerical values.   
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acids of the RR-motif were removed (DmsAL17-41) the entropy became more favourable 

(difference of 2.0 kcal/mol) at the cost of enthalpy (2.2 kcal/mol), and the overall free 

energy became 0.2 kcal/mol less favourable due to a net loss of enthalpy (Table 4.2, 

Figure 4.3).  Removal of the entire RR-motif, leaving only the H-region of the DmsAL  

peptide (DmsAL 21-41) caused enthalpy to be reduced to only -4.3 kcal/mol (a further loss 

of 5.2 kcal/mol) while entropy again became more favorable (by 4.8 kcal/mol), such that 

more than one third of the overall free energy was from entropy (-3.1 kcal/mol).  

Changing the twin-arginines to twin-lysines reduced the overall free energy by 0.4 

kcal/mol due to a loss of enthalpy (1.7 kcal/mol), which outweighed the gain of favorable 

entropy (1.3 kcal/mol) when compared to the twin arginine peptide (Table 4.2, Figure 

4.3).  

 

 

Table 4.2.  Thermodynamic parameters of DmsA Leader peptide binding to DmsD  

DmsAL 
Peptide 

n ΔG 
(kcal/mol) 

ΔH 
(kcal/mol) 

-TΔS 
(kcal/mol) 

 DmsAL21-41  1.14 ± 0.09  -7.4 ± 0.2  -4.3 ± 0.9  -3.1 ± 1.1 
 DmsAL17-41  1.04 ± 0.04  -7.8 ± 0.1  -9.5 ± 0.8   1.7 ± 0.8 
 DmsAL15-41  1.04 ± 0.03  -8.0 ± 0.1  -11.7 ± 0.2   3.7 ± 0.2 
 DmsAL15-41 KK  1.09 ± 0.04  -7.6 ± 0.1  -10.0 ± 0.2   2.4 ± 0.2 

Thermodynamic parameters were determined from ITC experiments in which each 
peptide was titrated into DmsD protein solution at 30°C, pH 8.0. The mean of triplicate 
experiments is presented with the corresponding SEM. Gibbs Free energy (ΔG), Enthalpy 
(ΔH), Entropy (-TΔS) and stoichiometry of binding (n) are shown.  
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In some cases buffer ionization can contribute to apparent enthalpy.  To determine 

the buffer-independent enthalpy of binding (ΔHbind) and the net number of exchanged 

protons (between bulk solution and the complex) ITC experiments were repeated for the 

four DmsAL peptides capable of binding to DmsD under the same conditions, in 

phosphate buffer, which has a very different ionization enthalpy (0.5 kcal/mol) from that 

of Tris (11.3 kcal/mol) at 30°C. The free energy and apparent enthalpy determined in 

phosphate buffer did not change from that determined in Tris buffer, therefore the 

apparent enthalpy values were considered to be equivalent to the buffer-independent 

binding enthalpy.  Additionally, by plotting the apparent enthalpy against the ionization 

enthalpy and seeing a slope of approximately zero , it was determined that upon binding 

the various DmsAL peptides at pH 8.0, the DmsD::DmsAL complexes do not have a net 

gain or loss of protons for any of the peptides (Appendix A.2).   

4.3.3 DmsA Leader peptides able to bind DmsD are unstructured in aqueous solution 
but acquire helicity in a hydrophobic environment.  

Having determined the portion of DmsAL peptide capable of binding to DmsD, 

the potential of secondary structure change with binding was investigated.  Could 

secondary structure of the DmsAL peptide play a role in binding?  Does the sequence of 

the DmsAL peptide influence its ability to adopt a helical structure? To answer these 

questions two methods were utilized; secondary structure predictions were performed on 

DmsAL peptide sequences and circular dichroism spectroscopy was performed on 

DmsAL peptides in aqueous solution (representative of the peptide in solution) and in a 

50% TFE solution (a solvent known to influence secondary structure and mimic that of a 

hydrophobic environment) (Buck 1998; Kentsis and Sosnick 1998). 
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Secondary structure prediction of the DmsAL peptides showed a range of helical 

content.  If the hydrophobic H-region is intact (such as in DmsAL21-41, DmsAL17-41 and 

DmsAL15-41) then amino acids near the center (28LAMA31) are predicted to be in a helical 

conformation (Figure 4.4, left column). Extension of the H-region towards the twin 

arginine motif residues increased the number of residues that are part of this predicted 

helical region.  If the H-region is not intact such as in DmsAL15-33 then no helical 

structure was predicted to occur (Figure 4.4).  The results of the circular dichroism 

experiments of the DmsAL peptides supported what was found in the predictions.  All 

DmsAL peptides were found to contain minimal helical content (3 to 7%) in aqueous 

solution (Figure 4.4).  However, in 50% TFE solution, peptides with the complete H-

region adopted increased amounts of helical content (DmsAL21-41 15%; DmsAL17-41 21%; 

DmsAL15-41 24%).  If the H-region is incomplete, no helical content was found regardless 

of the environment (DmsAL15-33; 3% in water, 5% in 50% TFE).   

Since only DmsAL peptides containing the intact, contiguous H-region were able 

to bind as well as form helical structure, it is possible that the DmsAL peptide adopts a 

helical structure upon binding to DmsD.  To investigate this question further, CD 

spectroscopy was performed on DmsD alone as well as in complex with each of the 

peptides that were investigated above.  A good correlation was observed in that, if the 

peptide was shown to have helical content in TFE, then there was increased helical 

content in the complex with DmsD (Figure 4.5 and Table 4.3)   
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Figure 4.4.  DmsA Leader peptides are predominantly unstructured in aqueous 
solution but adopt helical content if the complete hydrophobic region is intact and 
placed within a hydrophobic environment. 

Secondary structure predictions were performed on DmsA Leader peptide sequences 
using PSIPRED (1), Prof (2) and JPRED (3) programs.  Regions of the peptide predicted 
to be helical (H) by each algorithm are indicated below the peptide sequence.  Regions of 
the peptide predicted to be helical by any of the 3 programs are underlined while regions 
of the peptide predicted to be helical by all three programs are indicated in bold on the 
peptide sequence. Far UV circular dichroism spectra were collected for DmsA Leader 
peptides in water (dashed line) and 50% TFE (solid line). The amount of helical content 
of each peptide was approximated using Dichroweb analysis (see methods for more 
information). Helical content (%) is listed for each peptide (in water  in 50% TFE). 
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Figure 4.5.  DmsA Leader peptides shown to bind and form helical structure in 
hydrophobic environment increase the helicity of complex with DmsD. 
Far UV CD were collected for 50 µM DmsAL peptide (dashed line), 25 µM DmsD 
(dotted line), and 25 µM DmsD in complex with 50 µM DmsAL peptide with the 50 µM 
DmsAL peptide spectra subtracted (solid line). A, DmsAL15-33; B, DmsAL15-41; C, 
DmsAL17-41; D, DmsAL21-41. 
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Table 4.3. Molar Ellipticity of DmsD alone and in complex with DmsAL Peptides 

mdeg @ 225 nm DmsD Complex Difference 
DmsAL15-33 -76.7 -76.8 -0.1 
DmsAL15-41 -75.5 -81.5 -6.0 
DmsAL17-41 -76.8 -83.6 -7.2 
DmsAL21-41 -75.4 -78.7 -3.3 

 
The raw molar ellipticity (mdeg) at 225 nm recorded from circular dichroism experiments 
of DmsD alone or in complex with DmsAL peptides is shown above.  
 
 
4.3.4 DmsD conformational change is small upon binding DmsA Leader peptide .   

E.coli DmsD is a globular single domain protein consisting of 11 alpha helices 

(Stevens et al. 2009).  A region of the protein has been identified as a possible interaction 

site of the DmsAL peptide and was shown to contain many hydrophobic residues (Chan 

et al. 2008a).  Differential scanning calorimetry was used to investigate the thermal 

stability of DmsD in the absence and presence of various DmsAL peptides (Figure 4.6).  

The melting temperature (Tm) of DmsD alone is close to 61°C (Figure 4.6 and Table 

4.4).  When peptides shown not to bind (see Table 4.1) were added, the Tm showed no 

change.  When DmsAL peptides that did bind were added, the melting temperature 

increased to 61.5 °C (DmsAL21-41), 61.8°C (DmsAL17-41), 61.7 °C (DmsAL15-41) or 61.9 

°C (DmsAL15-41 KK). These small increases (within 1°C) in the thermal stability of DmsD 

in the presence of bound peptides suggest the conformation of DmsD does not change 

upon binding the DmsAL peptide.  
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Figure 4.6.  The melting temperature of DmsD increases in the presence of DmsAL 
peptide shown to bind. 

Differential scanning calorimetry (DSC) of DmsD alone (A) presented a melting 
temperature of 61.0°C while in the presence of DmsAL15-41 (B) the melting temperature 
increased to 61.7°C.  The DSC results of DmsD in the presence of other DmsAL peptides 
is tabulated in Table 4.4.    
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Table 4.4.  Melting temperature of 2:1 DmsAL:DmsD complexes. 

DmsAL Peptide Tm (°C) 
DmsD alone  60.9 ± 0.2 
DmsD + DmsAL15-41  61.7 
DmsD + DmsAL17-41  61.8 
DmsD + DmsAL21-41  61.5 
DmsD + DmsAL15-33 + 34-45  60.8 
DmsD + DmsAL15-41 KK  61.9 

Differential scanning calorimetry was used to determine temperature of melting (Tm) for 
DmsD (25 µM) and the mean and standard error of the mean of triplicate experiments is 
reported.  The Tm of single trials of 2:1 DmsAL:DmsD complexes (50 µM:25 µM) are 
also reported. 
 
 
4.4 Discussion 

In this chapter, I have determined that the complete and contiguous hydrophobic 

region of the DmsAL peptide is the minimal sequence recognized by DmsD.  Previous 

research has shown that DmsD can interact with four RR-leader peptides: DmsA, YnfE, 

YnfF and TorA.  The H-region within these leader peptides shows the most homology 

(Figure 4.7) aside from the RR-motif, and is likely the determinant of specificity.  

DmsAL21-41 was the smallest peptide shown to bind DmsD and was almost exclusively 

composed of the H-region.  Binding of this peptide was driven almost equally by 

favourable enthalpy and entropy.  As portions of the twin-arginine motif were added to 

the N-terminus, the entropy became more unfavourable, such that the interaction was 

driven exclusively by enthalpy with an entropic cost.  A previous study showed that it 

was the kinetics of dissociation (off rate) that had the greatest ability to differentiate 

between EcDmsD binding to the DmsA leader peptide (koff= 2.0 ms-1) and the YnfE 

leader peptide (koff= 127 ms-1) with a 60 fold greater propensity to dissociate even though 
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DmsA    MKTKIPDAVLAAEVSRRGLVKTTAIGGLAMASS-ALTLPFSRI-- 42 
YnfF    MKIHTTAELMKAEISRRSLMKTSALGSLALASS-AFTLPFSQM-- 42 
YnfE    MSK---NERMVG-ISRRTLVKSTAIGSLALAAG-GFSLPFTLRN- 39 
TorA    MNN---NDLFQA--SRRRFLA--QLGGLTVAGMLGPSLLTPRR-- 36 
        *.       : .  *** ::    :*.*::*.  . :*  .  
 
 
Figure 4.7.  Comparison of Twin-arginine Leader peptides capable of binding DmsD 

Twin-arginine leader peptide sequences capable of binding DmsD are aligned with the 
twin arginine (RR) motif and hydrophobic H-region shown in bold font.  The consensus 
is indicated below with identical (*) and similar (:) residues indicated.   
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the rate of association (kon) for YnfE was 6 fold higher than for DmsA (Chan et al. 2009; 

Winstone et al. 2006).   

DmsD and TorD REMPs are often considered to behave in an almost identical 

manner with regards to their respective substrates DmsA and TorA.  In a study performed 

with the REMP TorD and various TorA leader peptides some similar results were indeed 

found.  The TorA leader peptide that included the entire H-region as well as the RR-motif 

bound with almost identical affinity (Kd = 1.8 µM) (Hatzixanthis et al. 2005) to that  

shown here for DmsD and DmsAL15-41 (Kd = 1.7 µM).  However, TorD was able to bind 

to a TorA leader peptide devoid of half of the hydrophobic region while DmsD had no 

interaction with the DmsA leader peptide unless the complete and contiguous H-region 

was present.  Also, TorD is able to bind to the mature portion of the TorA protein, while 

DmsD only binds pre-DmsA if the leader peptide is present (Chan et al. 2009; Chan et al. 

2010).  Thus, while the REMPs DmsD and TorD both appear to bind to the hydrophobic 

region of their RR-leader peptide, the overall recognition of substrate and function of 

DmsD and TorD appear to be different.   

Recently, GFP fusion proteins to various regions of DmsA and TorA leader 

peptides were used to determine if an interaction occurred with DmsD or TorD 

(Shanmugham et al. 2012).  Similar to what was found here, the H-region of DmsA and 

TorA determined binding to either DmsD or TorD.  Interestingly, how the H-region was 

defined in that study eludes to the 38PFSR41 portion of DmsAL being important for 

binding to DmsD.  Further evidence that the hydrophobic region of Tat leader peptides 

are important for REMP binding was seen when 3 different leucines within the 
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hydrophobic region of the TorA Leader peptide were changed to the polar amino acid 

(glutamine); this abolished binding to TorD in vivo (Buchanan et al. 2008).   

DmsD affinity for the DmsAL peptide which included the RR-motif increased 

from that of the hydrophobic region alone.  This was also shown for TorD binding to a 

similar region of the TorA leader peptide, where the affinity of TorD for TorAL (Kd = 1.8 

µM) (Hatzixanthis et al. 2005), was almost identical to that shown here for DmsD (Kd = 

1.7 µM).  The nitrate reductase REMP NarJ, behaves differently in that it is able to bind 

to the amino terminal 15 residues of its substrate NarG with more than ten fold tighter 

affinity (Kd ~ 0.1 µM) than either DmsD or TorD (Chan et al. 2006; Zakian et al. 2010).  

The N-terminal 15 residues of NarG contain a remnant RR-motif (Ize et al. 2009; Turner 

et al. 2004) and nitrate reductase has been shown to be Tat dependent; however, the 

enzyme complex (NarGHI) remains on the cytoplasmic side of the membrane.  The N-

terminal 28 residues of NarG have a slightly greater affinity than the N-terminal 15 

residues and reducing the pH was also shown to have an affect on affinity of NarJ for 

NarG (Zakian et al. 2010).   

The display of the RR-Leader peptide likely plays a role in the determined affinity 

for the REMP.  Since the substrates of most RR-Leader peptides are labile, due to the 

complex cofactors that must be incorporated, most studies investigating the interaction 

use fusion proteins at the N- or C- terminus of the leader peptide.  When a variety of RR-

leader peptide fusion proteins were used in combination with far-Western blot assays, it 

was shown that the fusion partner of the leader peptide was critical for some interactions 

between REMPs and their leader peptide (Chan et al. 2009).  Identical DmsAL peptide 

constructs have been fused to either GST or SBP.  When placed at the C-terminus of GST 
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(GST::DmsAL1-43), no interaction with DmsD was observed, while at the N-terminus 

(DmsAL1-43::GST) a tight interaction could be characterized, Kd= 0.2 µM (Winstone et 

al. 2006).  Subsequently the Kd of a DmsAL1-43::SBP construct with DmsD was 

determined to be 0.06 µM (Chan et al. 2009). The slightly increased affinity of the 

DmsAL1-43::SBP fusion as compared to the DmsAL1-43::GST fusion (Kd = 0.2 µM) is 

possibly due to the fusion partner choice and resulting peptide display.  Here, we chose to 

synthesize various portions of the peptide to investigate the interaction; however, it is 

likely that the peptides behave differently in isolation than within a fusion or the larger 

native construct.   

It has been suggested that depending on the region of the twin-arginine leader 

peptide that is present, a structural component may also play a role in binding to the 

REMP (Hatzixanthis et al. 2005).  The effect that the peptide sequence alone may have 

within the bound structure is hard to determine in the absence of a structure of the 

complex itself.  Two E. coli RR-Leader peptides (HiPIP and SufI) with no known system 

specific chaperone (REMP) have been studied, and both peptides were shown to have 

almost no secondary structure when in aqueous solution (Kipping et al. 2003; San Miguel 

et al. 2003). Here, our results have demonstrated the same for the DmsAL peptide but 

further show that the ability to form helical structure may be dependent on the portion of 

the peptide sequence that is present, specifically, the entire hydrophobic region. Only 

those DmsAL peptides which had a complete and contiguous hydrophobic region became 

helical when examined in a more hydrophobic environment, such that might be found at 

the binding site of DmsD.  The intrinsic propensity of these peptides to form helical 

structure correlated with the DmsAL peptides that were also able to bind to DmsD.  It is 
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possible that each RR-leader peptide may adopt secondary structure within a portion of 

its primary sequence, that further defines the specificity towards the REMP.   

The N-terminal portion of NarG (catalytic domain of the cytoplasmic nitrate 

reductase), contains a remnant RR-Leader peptide that is not cleaved and remains 

attached to the mature protein (Li and Turner 2009). The NarG RR-leader peptide 

(residues 1-50) was shown to have a helical conformation in solution at pH 4.5 when 

investigated by NMR spectroscopy (Zakian et al. 2010). Two NarG peptides were studied 

(NarG1-15 and NarG1-28) and when the pH was increased to 7, both peptides’ helical 

content was reduced but the effect was most pronounced in the shorter peptide (Zakian et 

al. 2010).  The structure of the N-terminal alpha helix (residues 2-11) of the NarG1-28 

peptide was similar to that found within the mature NarG protein structure, as part of the 

NarGHI complex (Bertero et al. 2003).  There was almost no change in the structure of 

the NarG peptide when the NarJ REMP chaperone was added, suggesting that the NarG 

leader peptide also maintains a helical conformation between residues 2-11 within the 

NarG-NarJ complex. This same helix (residues 2-11) is then maintained within the final 

NarG structure after assembly into the NarGHI nitrate reductase complex and NarJ has 

been released (Zakian et al. 2010).   

DmsD was shown to have a melting temperature of approximately 61°C at pH 

8.0.  In the presence of DmsAL peptides capable of binding, the Tm increased up to 1°C. 

While in the presence of DmsAL peptides that did not bind, the Tm was unchanged.  The 

NarJ homologue has a melting temperature of 50.9°C alone, at pH 7.0, and the Tm is 

increased to 61.6°C when in complex with the NarG1-15 peptide (Zakian et al. 2010).  We 
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have been unable to determine a melting temperature for DmsD below pH 7.5 (Winstone 

and Tran, unpublished results).   

A high-resolution structure of any of the DmsD/TorD/NarJ family of REMPs 

bound to their twin-arginine leader peptide has not been accomplished.  However; NapD, 

the REMP for the periplasmic nitrate reductase NapA, which has a very different fold to 

that of the DmsD/TorD/NarJ family, has had an NMR solution structure solved 

(2JSX.pdb) (Maillard et al. 2007) and a second structure in complex with the NapAL1-35 

peptide (2PQR.pdb, unpublished).  In the NapD-NapA complex structure, NapA residues 

5 through 22, encompassing the twin-arginine motif and the H-region, form an alpha 

helix and bind within a hydrophobic pocket of NapD.  Additionally, the NapD protein 

shows very little structural change upon binding the NapA RR-leader peptide (Maillard et 

al. 2007).   

4.5 Conclusions 

The redox enzyme maturation proteins DmsD and TorD recognize and bind to the 

H-region of their twin-arginine leader peptide sequence.  This interaction is promoted by 

favourable entropy and enthalpy between DmsD and DmsAL.   While DmsD does not 

appear to change conformation upon binding, the H-region of the RR-leader peptide may 

form a helix upon binding to a hydrophobic pocket on DmsD.  It is known that TatC 

binds the N-region of RR-leader peptides, and for this to occur the RR-motif is critical.  

This binding then recruits TatB and TatA, which then allows translocation of the RR-

leader peptide substrate protein.  The NarJ homologue binds tightly to the N-region of 

NarG, however, NarG remains on the cytoplasmic side of the membrane, therefore the 
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TatC protein likely plays a different role towards the atypical vestige RR-leader peptide 

of NarG. 
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Chapter Five: Thermodynamic and hydrodynamic characterization of DmsD 

variant proteins  

 

5.1 Introduction 

The DmsD redox enzyme maturation protein allows for maturation of 

dimethylsulfoxide (DMSO) reductase enzyme.  The interaction between DmsD and its 

substrate, the DmsA RR-leader peptide has been characterized (Chapters 3 and 4).  A 

putative twin-arginine leader peptide binding site was identified using an immunoblot 

technique to assess binding of DmsD single substitution variant proteins and a modeled 

structure of DmsD (Chapter 3).  The crystal structure of the E. coli DmsD protein was 

solved and amino acids previously shown to be important for binding were found 

clustered within a hydrophobic pocket of the EcDmsD structure (Chapter 3).  Next, a 

synthetic peptide composed of residues 15 through 41 of the 45 amino acid DmsA leader 

(DmsAL) peptide was shown to bind with micro molar affinity (1.7 µM) (Chapter 4).  In 

this Chapter, I have used ITC to characterize the thermodynamics of binding between 

fourteen single substitution DmsD variant proteins and the same synthetic DmsA leader 

peptide that bound to WT DmsD in Chapter 4. The goal was to gain further 

understanding of the nature of binding between the DmsD binding site residues and the 

DmsAL peptide. 

DmsD WT protein is predominantly monomeric in solution but has been shown to 

exist as a dimer as well as other folded forms visible on a native PAGE (Sarfo et al. 

2004).  The hydrodynamic behaviour of the DmsD variant proteins was therefore 

investigated with Size exclusion chromatography (SEC) and native-PAGE (nPAGE).   
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5.2 Methods 

5.2.1 Site-directed Mutagenesis 

Two sets of dmsD mutants are defined within this chapter.  Site directed 

mutagenesis methodology for mutant set 1 is explained in Chapter 3.  Set 2 mutagenesis 

was conducted in a similar manner.   

5.2.2 Cell growth and protein expression/accumulation and purification 

Cell growth, protein induction cell harvest were conducted the same as explained 

in Chapter 2.  Washed cell pellets were weighed and yields calculated as g cell/ L of 

culture.   

5.2.3 Anaerobic growth on DMSO  

An E. coli dmsD deletion strain was complemented with plasmids expressing each 

of the 28 dmsD mutants.  DMSO media (recipe in Chapter 2) was inoculated with E. coli 

dmsD deletion strain harbouring each of the dmsD mutant plasmids.  Tubes were capped 

and parafilmed to maintain anaerobic growth conditions and incubated at 37°C for 48 

hours.  The cell density (A600) was measured after 48 hours growth.  Each mutant was 

grown in triplicate and experiments performed from three separate preparations.  The 

mean and standard error of the mean are reported.   

5.2.4 Isothermal Titration Calorimetry 

DmsD protein samples were purified and prepared for ITC as explained in 

Chapter 2.  The synthetic DmsAL15-41 peptide was prepared in distilled water to 0.5 mM, 

then diluted in 2 x ITC buffer (50 mM TrisHCl, pH 8.0, 200 mM NaCl) to 0.25 mM.  ITC 

experiments were performed on a MicroCal VP-ITC microcalorimeter at 30°C.  Thirty 

10-µL injections of 250 µM DmsAL peptide were added to 25 µM DmsD protein.  
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Titrations were performed in triplicate for each DmsD variant protein and the heat of 

dilution (peptide ligand into buffer) was subtracted from the individual heats of reaction 

to obtain the observed heat of binding.  Origin 7.0 was used for data fitting with a single 

binding site model.  The mean and standard error of association and dissociation 

constants and corresponding thermodynamic parameters were reported.   

5.2.5 Size Exclusion Chromatography 

DmsD WT and variant proteins prepared for ITC were also subjected to size 

exclusion chromatography (SEC) on an AKTA Purifier system.  Where possible, samples 

with peptide added (collected after ITC experiment), were also analyzed by SEC.  Prior 

to SEC, samples were centrifuged at 10,000 rpm for 10 minutes at 4°C to remove any 

trace precipitation.  150 µL sample was pushed through a 100 µL loop which was then 

loaded onto Superose 12 column equilibrated with ITC buffer (25 mM Tris-HCl pH 8.0, 

100 mM NaCl) at 0.5 mL/min and elution was monitored at 220 nm.  Superose column 

was calibrated with globular proteins of known molecular mass (Albumin, 67 kDa; 

Ovalbumin, 43 kDa; α-Chymotrypsinogen, 25 kDa; Ribonuclease A, 13.7 kDa), Blue 

dextran was used as a marker of void volume and methyl-Trytophan-ester was used to 

determine the total volume of the column.   

5.2.6 Native Poly-Acrylamide Gel Electrophoresis 

DmsD variant protein samples were resolved on a 12%T separating acrylamide 

gel.  Sample loading buffers and electrode buffers were much the same as typically used 

for PAGE analysis with the omission of sodium dodecyl sulfate (SDS) and in some cases 

the reducing agent dithiolthreitol (DTT).  More detail is provided in Chapter 2.   
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5.3 Results 

5.3.1 DmsD Variant protein selection, accumulation and purification 

Twenty eight DmsD variant proteins were made and are listed in Table 5.1.  

Initially 20 residues were selected for mutation based on homology to DmsD proteins and 

other REMP family proteins (DmsD Mutant Set 1).  Eleven of the 20 residues were 

shown to impact binding the DmsA leader peptide and were clustered together in a 

pocket on the surface of the EcDmsD structure (Chan et al. 2008a) (Chapter 3).  Eight 

more single substitution dmsD mutants were made (DmsD Mutant Set 2) based on 

homology of DmsD sequences as well as proximity to the putative binding site pocket.  

The residues that were mutated included those with 100% sequence identity with other 

DmsD proteins (G78, S89 and W158) as well as those sharing 80% identity (F21, P85, 

V90) or 100% similarity (S102).  Also, a residue with 100% similarity (W87) that was 

previously mutated to a Tyrosine was mutated to a Serine.  The sequence alignment is 

included in Chapter 3.   

 After the EcDmsD protein crystal was solved, our collaborators performed a 

docking experiment and 63 ns simulation was conducted with the protein and the DmsAL 

peptide (Stevens et al. 2009).  From the simulation, certain residues in DmsD were 

predicted to interact with the DmsAL peptide through hydrogen bonding or Van der 

Waals interactions. These residues are indicated in Table 5.1.   

During the preparation and purification stages, I noticed that the DmsD variant 

proteins had different characteristics.  While cell yields and total soluble protein yields 

were very similar for all DmsD variant proteins, the accumulation and purification yields 
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Table 5.1. EcDmsD Variant Proteins selected for Characterization 

Variant Seta Selectionb Locationc Simulationd Purificatione ITCf 

G18S 1 D   2  
F21A 2 D P  *  
Y22F 1 D P V(L19) 3 X 
C64S 1 C   3  
H68Y 1 T P H(T22) 3 X 
W72S 1 R P V(V20) 1 X 
L75A 1 R D P  1-2 X 
F76A 1 R D P HV(G18/L19) 1-2 X 
G78A 2 D P  3 X 
P85Q 2 D P  2  
P86Q 1 D P  2 X 
W87Y 1 D P  2 X 
W87S 2 D P  1 X 
S89A 2 D P  2  
V90N 2 D P  3 X 
D93A 1 D T P H(D7) 3  
E95A 1 D T P  2  
S102A 2 D P  2  
E123A 1 R D P L HV(R16) 3 X 
P124Q 1 D P L  2 X 
D126A 1 R D T P L  1-2 X 
H127Y 1 R T P L V(L19) 1-2 X 
C147S 1 C   3  
L151A 1 D   2  
H154Y 1 D   3  
W158L 2 D   *  
Y172Y 1 T   1  
Y175F 1 D   2  

a Mutant Set 1, Twenty residues selected from early studies beginning with 
bioinformatics in 2004 (Turner et al. 2004) and later published (Chan et al. 2008a) 
(Chapter 3); Mutant Set 2, Eight residues selected in 2008.  b Selection of residue for 
mutation was based on R, REMP homology; D, DmsD homology; T, THEMATICs; C, 
cysteine removal. c Location of amino acid residue in EcDmsD structure (3EFP.pdb). P, 
binding Pocket; L, Loop 7. d Simulation experiment with DmsA leader peptide proposed 
interactions. H, H-bond; V, Van der Waals to DmsAL peptide (DmsAL Residue) 
(Stevens et al. 2009). eAccumulation/Purification levels. 3, 16-20 mg/L; 2, 8-15 mg/L; 1, 
4-7 mg/L; *, unable to purify. f ITC, Variant proteins selected for further characterization 
by ITC. 
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Figure 5.1.  DmsD Variant location in structure and sequence of protein. 
A.  E. coli DmsD tertiary structure (3EFP.pdb) cartoon diagram with 13 amino acid 
residues shown as space filling representation. B. Primary sequence of DmsD with 13 
amino acids shown in bold with substitutions indicated below. Tryptophan (W) 87 was 
changed to both a serine (S), shown in figure and a tyrosine (Y), not shown.  Amino acids 
located within alpha-helical structure are underlined.  Three regions of the protein 
contained multiple substitutions and were the focus of this chapter - alpha helix 5 (H68, 
W72, L75, F76);  loop 5 (G78, P86, W87) and loop 7 (E123, P124, D126, H127).   
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of the target proteins varied from 4 mg/L to over 16 mg/L (Table 5.1).  Fourteen DmsD 

variant proteins were selected for further characterization with ITC and are indicated in 

Table 5.1.  The location of the amino acid residues within the protein sequence and 

structure are illustrated in Figure 5.1.   

5.3.2 DmsD variant binding (immunoblot) and anaerobic growth on DMSO - 
Complementation Assay 

The first step to evaluate the DmsD variant proteins was to purify them and assess 

binding with the immunoblot Far-Western binding assay.  Additionally it was important 

to evaluate the effect of the dmsD mutation on the in vivo activity of DmsD in DMSO 

reductase maturation.   

Cell growth, protein expression and purification of each of the single substitution 

DmsD variant proteins was performed identically; however, the expression/accumulation 

levels varied greatly.  Two variant proteins could not be purified.  F21A DmsD 

accumulated to quantities similar to WT DmsD as viewed on an SDS-PAGE of the cells 

following induction, but consistently fractionated into the low speed pellet (unbroken 

cells) following cell breakage, likely due to inclusion body formation.  W158L also 

accumulated similar to WT and was present in the cytoplasmic fraction but upon 

purification the protein degraded (proteolysed) and precipitated.  The remaining 26 single 

substitution DmsD variant proteins could be expressed, purified and assessed for DmsAL 

binding using the far-Western dot blot method.   

The initial set of 20 variant proteins DmsAL binding was determined and reported 

earlier (Chapter 3); here, relative DmsAL binding for all 26 variants are shown in Figure 

5.2B. In Chapter 3 eleven residues from set 1 (20 residues) were identified to be 
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important for binding the DmsA leader peptide.  Here, four additional residues were 

shown to affect binding and included G78, P85, S89 and S102.  The G78A variant bound 

greater than 1.1-fold relative to WT DmsD, while P85Q, S89A and S102A bound less 

than 0.75-fold relative to WT.  In the earlier study of Chapter 3, the W87Y variant 

protein was produced and shown to bind DmsA leader peptide greater than 1.2-fold 

relative to WT DmsD.  Here, the W87S variant protein was produced and shown to bind 

DmsA leader peptide less than 0.1-fold relative to WT.   

To verify that each dmsD mutation did not abolish protein activity in vivo, a 

complementation growth assay was used.  The DmsD protein acts as a chaperone within 

the bacterial cell and facilitates the maturation of the DMSO reductase enzyme 

(DmsABC) which enables anaerobic growth using DMSO as the final electron acceptor.  

E. coli cells lacking dmsD, on the chromosome were complemented with empty vector 

(control), WT dmsD, or each of the dmsD mutants, were grown anaerobically for 48 

hours.  The optical densities of each culture were normalized to cells complemented with 

WT dmsD (Figure 5.2A).  Most single substitutions complemented growth similar to that 

of dmsD WT (90-110% relative growth). Only three single substitutions caused growth to 

be reduced below 90%, F21A (85%), W72S (77%) and D126A (57%).  One dmsD 

mutant (G18S) complemented growth beyond 110%.  No single dmsD substitution 

caused growth to be reduced equivalent to the empty plasmid control (no dmsD) (Figure 

5.2A). 
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Figure 5.2.  Relative binding and growth of DmsD mutants. 
A.  Anaerobic growth after 48 hours of E. coli dmsD deletion strain complemented with 
each of 28 single dmsD mutants relative to cells complemented with WT dmsD.  The 
control growth curve was complemented with empty vector plasmid (pRSET(A)).  B. 
Binding of 28 single DmsD variant proteins to DmsAL:GST at saturation relative to WT 
DmsD.  Variant proteins that were unable to be expressed and purified are indicated (*).   
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5.3.3 Comparison of binding affinities of DmsD variant proteins for DmsAL15-41 

To further understand the nature of binding between DmsD and DmsAL, ITC 

experiments were used.  Fourteen DmsD variant proteins were selected for ITC 

experiments based on localization of the residue to the binding pocket on the structure 

(Figure 5.1, Table 5.1).  A synthetic peptide derived from the DmsA RR-leader  

(DmsAL15-41), shown previously to bind WT DmsD (Chapter 3), was chosen as the probe 

for evaluating the selected DmsD variant proteins (Table 5.2).  Fourteen single site 

substitution variants of DmsD were analyzed for their ability to bind the same DmsAL 

peptide.   

The DmsAL15-41 peptide binds to WT DmsD with a dissociation constant of 1.7 

µM.  The weakest affinity observed was for two DmsD variants which had Kd values 

above 3 µM; P86Q DmsD (Kd = 3.60 µM) and L75A DmsD (Kd = 3.27 µM). The 

weakest binding P86Q and L75A DmsD variants show at least 2.0 fold weaker binding 

than WT DmsD. Other variant proteins found to have reduced binding affinity included 

W87S and W87Y, with Kd values of 2.6 and 2.2 µM respectively. These variants bound 

about 1.5 fold weaker than WT DmsD.  Seven DmsD variants bound with similar affinity 

to that of WT; P124Q, H68Y, E123A, F76A, H127Y, Y22F and V90N. These DmsD 

variants had Kd values ranging from 2.0 to 1.4 µM and were all less than 1.2 fold weaker 

or tighter than WT DmsD.  Three DmsD variants had Kd values that were 1.4 fold tighter 

than WT; D126A, G78A and W72S DmsD variants all had Kd values of 1.2 µM.    
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Table 5.2. Dissociation and association constants and stoichiometry of binding of 
DmsD variant proteins for DmsAL15-41 peptide 

Variant Kd (µM) Ka 
(x 105 M-1) N 

P86Q 3.60 ± 0.2 2.78 ± 0.1 0.93 ± 0.12 

L75A 3.27 ± 0.7 3.06 ± 0.7 1.06 ± 0.04 
W87S 2.58 ± 1.1 3.87 ± 1.3 0.96 ± 0.09 

W87Y 2.24 ± 0.4 4.47 ± 0.8 1.03 ± 0.07 
P124Q 1.98 ± 0.1 5.06 ± 0.3 0.76 ± 0.04 

H68Y 1.80 ± 0.2 5.56 ± 0.5 1.01 ± 0.05 
F76A 1.68 ± 0.3 5.97 ± 1.0 0.81 ± 0.03 

E123A 1.66 ± 0.8 6.03 ± 1.6 0.94 ± 0.06 
WT 1.65 ± 0.2 6.05 ± 0.8 1.04 ± 0.03 

H127Y 1.62 ± 0.2 6.18 ± 0.8 0.76 ± 0.09 
Y22F 1.54 ± 0.2 6.48 ± 0.5 1.00 ± 0.03 

V90N 1.40 ± 0.2 7.12 ± 0.5 0.99 ± 0.05 
W72S 1.20 ± 0.2 8.36 ± 1.1 0.74 ± 0.12 

G78A 1.19 ± 0.1 8.44 ± 0.6 0.87 ± 0.06 

D126A 1.16 ± 0.1 8.65 ± 0.6 0.66 ± 0.06 
 
DmsD variants are listed from weakest to tightest binding (largest to smallest Kd).  Rows 
are colored according to effect on binding; grey, similar to WT; blue, greater than 1.3 
fold tighter binding than WT; orange, greater than 1.3 fold weaker binding and red, 
greater than 2 fold weaker binding than WT.  Stoichiometry of binding (N) indicates 
number of peptide binding sites per molecule of DmsD.  Experiments were performed at 
30°C in Tris buffer pH 8.0 in triplicate, SEM are indicated.   
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DmsD WT and most DmsD variants showed binding of one peptide per protein molecule 

(Table 5.2).  Of the DmsD proteins that showed 1:1 binding, the range was 0.93 to 1.06.  

Six DmsD variants consistently showed binding of less than one peptide per protein 

molecule, ranging from 0.66 to 0.87.  These variants included W72S, F76A, G78A, 

P124Q, D126A and H127Y.  This would suggest that some portion of the variant protein 

population may exist as multimers (possibly a dimer) in solution.  The three DmsD 

variants that showed the tightest binding all bound with stoichiometry of less than one.  

These results will be discussed further in relation to the hydrodynamic characterizations.  

Next the thermodynamic parameters of binding were calculated for each of the 

DmsD variants (Table 5.3).  WT DmsD binds to DmsAL peptide with a free energy of -

8.0 kcal/mol.  The weakest binding variant proteins P86Q and L75A bound with free 

energy of  -7.6 kcal/mol, a 0.4 kcal/mol reduction from WT.  The tightest binding DmsD 

variant proteins D126A, G78A and W72S bound with free energy of -8.2 kcal/mol; a gain 

of only 0.2 kcal/mol favourable free energy.   

WT DmsD free energy of binding was -8.01 kcal/mol, the enthalpy of binding 

was -11.7 kcal/mol while entropy (considered as “–TΔS”) was +3.7 kcal/mol.  The 

binding of DmsAL15-41 to DmsD at pH 8.0 is therefore exothermic and driven by enthalpy 

with an overall entropic cost.  When the thermodynamics of each of the DmsD variants 

were compared and aligned from most favourable free energy to least favourable free 

energy and shown with corresponding enthalpy and entropy values, an overall trend was 

not immediately apparent (Figure 5.3A).  This is likely because less than 0.5 kcal/mol of  
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 Table 5.3.  Thermodynamics of binding between DmsD variants and DmsAL15-41  

Variant ΔG 
(kcal/mol) 

ΔH 
(kcal/mol) 

-TΔS 
(kcal/mol) Location a 

E123A -8.01 ± 0.2 -6.2 ± 0.7 -1.75 ± 0.5 L7 
W87Y -7.83 ± 0.1 -9.1 ± 0.6 +1.31 ± 0.7 L5 

Y22F -8.06 ± 0.1 -10.3 ± 0.2 +2.24 ± 0.2 α1 
V90N -8.11 ± 0.1 -10.4 ± 0.3 +2.30 ± 0.3 α6 

H127Y -8.03 ± 0.1 -10.6 ± 0.2 +2.58 ± 0.2 L7 
D126A -8.23 ± 0.1 -10.8 ± 0.3 +2.59 ± 0.3 L7 

G78A -8.21 ± 0.1 -10.9 ± 0.8 +2.66 ± 0.8 L5 
WT -8.01 ± 0.1 -11.7 ± 0.2 +3.71 ± 0.2 - 

W72S -8.21 ± 0.1 -12.4 ± 1.1 +4.17 ± 1.0 α5 
H68Y -7.96 ± 0.1 -12.5 ± 0.2 +4.49 ± 0.2 α5 

W87S -7.75 ± 0.2 -12.2 ± 0.6 +4.50 ± 0.8 L5 
F76A -8.01 ± 0.1 -12.8 ± 0.4 +4.81 ± 0.5 α5 

P86Q -7.55 ± 0.1 -12.4 ± 0.2 +4.85 ± 0.2 L5 
P124Q -7.91 ± 0.1 -12.9 ± 1.4 +5.02 ± 1.4 L7 

L75A -7.60 ± 0.1 -13.0 ± 0.6 +5.44 ± 0.7 α5 
Thermodynamic values are the result of ITC experiments done in Tris buffer, pH 8 at 
30°C. Mean values and SEM are reported for triplicate experiments.  Variants are ordered 
from most to least favourable entropic contribution (-TΔS).  a Location within the 
structure, α (alpha helix), L (loop).   
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Figure 5.3.  Thermodynamics of binding between single substitution DmsD variant 
proteins and DmsAL15-41 peptide. 

Gibbs free energy (ΔG), entropy (-TΔS) and enthalpy (ΔH) values are shown graphically. 
Thermodynamic parameters of each of the complexes were determined with isothermal 
titration calorimetry at 30°C in 25 mM TrisHCl, pH 8.0, 100 mM NaCl.  A. Variant 
proteins ordered by free energy (most to least favorable) with respective enthalpy and 
entropy values.  B. Variant proteins ordered by entropy (most to least favorable, and in 
order of increasing entropic cost) with respective enthalpy and free energy.  Mean and 
standard error of triplicate experiments are shown.  Numerical values are shown in Table 
5.3. ΔG, ΔH and -TΔS values for WT DmsD are indicated as dashed lines across both bar 
graphs. 
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free energy separates all the DmsD variant proteins from WT. With a closer look, it was 

noticed that most of the variants with a more favourable free energy have a smaller 

entropic cost than wildtype.  And most variants that bound with less favourable free 

energy had a larger entropic cost. These trends can be more easily visualized when the 

variant proteins are re-ordered from lowest to highest entropy of binding (Figure 5.3B).   

With the exception of 2 variants with reduced affinity have more favourable 

enthalpy of binding (ie. more exothermic) but this comes at an even greater entropic cost 

of binding (ie. increased order) relative to WT DmsD.  This is mirrored in the DmsD 

variant proteins that have an increased affinity, such that the binding is less exothermic 

but is more favourable due to more favourable entropy (ie. reduced order) of binding. The 

3 exceptions W72S, E123A and W87Y are more affected by enthalpy and show the 

opposite trends to the other variants considered above.  W87Y has a reduced affinity 

relative to WT but this is due to a less exothermic reaction (-9.13 kcal/mol) but with more 

favourable entropy (+1.31 kcal/mol).  Overall, this variant has a reduced free energy of 

0.2 kcal/mol due to reduced enthalpy of binding (ie. less exothermic).  W72S has an 

increased affinity relative to WT owing to 0.2 kcal/mol more favourable free energy 

coming from the increased enthalpy (-12.4 kcal/mol) over the increased entropic cost 

(+4.17 kcal/mol).  And while E123A is only 0.1 kcal/mol less favourable than WT, there 

is a substantial shift in entropy and enthalpy.  A large loss of enthalpy (+5.5 kcal/mol) but 

much more of the binding derived from favourable entropy (-5.4 kcal/mol).   
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5.3.4 Comparison of enthalpy and entropy of binding for each DmsD variant 

The results obtained on the thermodynamics of the peptide derived from the 

DmsA RR-leader showed some apparent exchange of enthalpy to entropy in binding for 

some DmsD variants (Table 5.3 and Figure 5.3).  Here further thermodynamic analysis 

was undertaken to explore additional trends in DmsD variant binding.   

Next the change in enthalpy (ΔΔH) was plotted against the change in entropy 

(ΔΔS) for each variant relative to WT (Figure 5.4).  There is a direct correlation such that 

the most favourable ΔΔS correlates to the most unfavourable ΔΔH, with the slope of the 

line slightly lower than one (slope = -0.94).  In general, if the variant had more 

unfavourable entropy, the favourable enthalpy was unable to compensate and the overall 

free energy was reduced, causing weaker binding.  Alternatively, if the variant showed 

more favourable entropy of binding then this generally meant tighter binding as the 

unfavourable enthalpy was outweighed.  Only 3 exceptions did not match this 

generalization: E123A, W87Y and W72S.  W72S had unfavourable entropy but slightly 

more favourable enthalpy allowed for tighter binding.  Conversely, both E123A and 

W87Y had favourable entropy of binding but the slightly greater contribution of 

unfavourable enthalpy of binding caused reduced free energy of binding and therefore 

weaker binding.   

To observe possible trends of binding behaviour on the molecular structure, 

residues were coloured according to their entropy of binding relative to WT (Figure 5.5).  

The residues with the highest entropic cost relative to WT were found to cluster in two 

regions of the protein structure, cluster 1 was on one face of helix 5 and cluster 2 was at  
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Figure 5.4.  DmsD variant Δ(-TΔS) vs. ΔΔH relative to WT DmsD.  
Open circles (Y22F, V90N, H127Y, D126A, G78A and W72S) indicate those variants 
with more favourable ΔG than WT, closed circles (E123A, W87Y, W87S, H68Y, P86Q, 
F76A, P124Q and L75A) indicate those mutants with less favourable ΔG than WT.  
Three variants with most favourable ΔG are indicated in blue font (0.2 kcal/mol more 
favourable than WT).  Variants that had similar ΔG to WT (within 0.1 kcal/mol) are 
indicated in black font.  Four variants with most reduced ΔG are indicated with orange 
(~0.2 kcal/mol less favourable) or red (0.4 kcal/mol less favourable) font.   
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Figure 5.5.  Comparison of entropy of binding for each DmsD variant relative to 
DmsD WT. 

DmsD cartoon structure with variant protein residues coloured according to A. higher 
(red) or B. lower (blue) entropic cost of binding relative to WT DmsD binding.  
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the intersection of two loops (between helices 5 and 6 and helices 7 and 8).  The residues 

that allowed for more overall disorder (more favourable entropy) were found to overlap 

with the second cluster and at the ends of two helices (helix 1 and 6) arranged anti-

parallel within the structure (Figure 5.5).  

5.3.5 Hydrodynamic Characterization of DmsD variant proteins 

Stoichiometric results from ITC experiments suggested that some DmsD variant 

proteins might have mulimeric protein present.  DmsD WT and variant proteins prepared 

for ITC experiments were therefore resolved on a size exclusion chromatography (SEC) 

column.  The column was calibrated with proteins of known formula weight and globular 

behaviour in solution, allowing determination of the apparent molecular weight and 

hence multimeric state of the eluted DmsD proteins.  All DmsD proteins (WT and 

variants) contained predominantly monomeric protein, eluting with approximately 13.6 

mL.  A smaller peak eluting with approximately 12.2 mL was also present in many 

DmsD protein preparations and corresponded to dimeric protein (Figure 5.6A).  The total 

area under the monomer and dimer peaks was similar for all resolved DmsD proteins and 

did not vary more that 15% of the total (data not shown).  The width at half height of the 

monomeric peak was also consistent for all proteins as can be seen from the sample 

chromatograms in Figure 5.6A.  SEC was also performed on DmsD samples following 

ITC titration with DmsA leader peptide (Figure 5.6B).   

For each chromatogram, the area under the monomer and dimer peaks were 

totalled and the percent contribution of monomer protein was determined (Table 5.4).  

DmsD WT was shown to be 97% monomeric, and ranged as low as 92% to as high as  
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Figure 5.6. Size Exclusion Chromatography of DmsD Proteins 
DmsD proteins were resolved on a Superose 12 column and monitored at 220 nm (mAU). 
The total area under eluted peaks was determined and monomer peak area (%) was 
analyzed for each DmsD variant and tabulated.  A. Sample chromatograms for DmsD 
WT (solid line), G78A (dashed line), W87S (dotted line) are shown above.  B. Sample 
chromatogram for DmsD G78A alone (solid line) and after addition of DmsAL15-41 
peptide (dotted line).   
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Table 5.4.  Size Exclusion Chromatography Analysis of Monomeric Content of 
DmsD Variant Proteins in solution 

DmsD Range a (%) Mean b (%) Mean b (+) c (%) N d 
WT 92-100 97 96 0.98 
Y22F nd nd nd 1.00 
H68Y nd nd nd 0.99 
W72S 76-90 83 80 0.61 
L75A nd nd nd 0.99 
F76A 90-92 91 92 0.76 
G78A 53-84 69 64 0.78 
P86Q 89-95 91 90 0.81 
W87S 98 98 98 0.85 
W87Y nd nd nd 0.94 
V90N nd nd nd 0.99 
E123A 86 86 88 0.80 
P124Q 85 85 87 0.72 
D126A 96-99 97 96 0.58 
H127Y 94-98 96 93 0.58 

a Range of monomeric composition determined from area under size exclusion 
chromatography (SEC) peaks. bMean of monomeric composition determined from area 
under all eluted protein peaks. c (+), Monomeric composition determined in the presence 
of DmsAL15-41 peptide.  d N, lowest number of peptide binding sites determined from ITC 
results.  Yellow shaded rows indicate DmsD variant proteins that contain at least 10% 
dimeric protein (SEC) and ITC binding stoichiometry suggests dimeric protein is present 
(N less than 0.8).  Blue shaded rows indicate DmsD variant proteins that contain less than 
10% dimeric protein (SEC) but ITC binding stoichiometry suggests dimeric protein is 
present (N less than 0.8).  
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100%.  DmsD W87S, D126A and H127Y were also composed almost entirely of 

monomeric protein (Table 5.4).  A higher dimeric content (approximately 10% or greater) 

was found in DmsD W72S, F76A, G78A, P86Q, E123A and P124Q proteins.  DmsD 

W72S and G78A also showed variability in monomeric composition.  In the presence of 

peptide, DmsD proteins showed approximately the same monomeric composition with 

variances of 1-5% (Table 5.4).  DmsD G78A showed the largest shift (5% less monomer) 

and also showed the presence of tetramers in addition to dimers when the peptide was 

present (Figure 5.6B).   

DmsD proteins were resolved on a native polyacrylamide gel in the absence and 

presence of reducing agent (Figure 5.7).   This technique separates proteins on the basis 

of charge but since no denaturing agents are present, multimeric complexes may remain 

intact.  Most DmsD proteins showed 2 bands if no reducing agent was present (Figure 

5.7).  The position of the two bands resolved to approximately the same distance for all 

proteins and the intensity of the two bands were typically equal.  The two DmsD variant 

proteins which remove a single negative charge from the protein (E123A and D126A)  

migrated slightly higher on the gel.  In the presence of DTT, the 2 bands coalesce into a 

single band (Figure 5.7C).   These further migrating bands were assumed to be 

representative of monomeric protein.  Most DmsD proteins also showed another band (or 

2 bands) of lower intensity, migrating slower on the gel. These bands were assumed to be 

dimeric protein and are indicated as such in Figure 5.7. Again, addition of DTT caused 

the multiple bands to resolve as one.  For most DmsD proteins only the aforementioned 2 

or 4 bands were present.  G78A DmsD resolved as 6 bands on the native PAGE, showing 

2 additional slower migrating species above the monomer and dimer bands (Figure 5.7A 
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and B).  W72S DmsD showed variable behaviour on native PAGE.  Often, W72S DmsD 

resolved as the 2 monomeric bands but occasionally the protein resolved as 6 bands, 

similar to that of G78A DmsD.  To help compare the gels from Figure 5.7, the number of 

bands that resolved for each DmsD protein were determined and are included in Table 

5.5.  Native gels were also run of the proteins in the presence of peptide but the position 

and number of bands were too variable between experiments to report any reproducible 

trend (data not shown).   

When the monomeric content determined from SEC and ITC stoichiometry 

results are compared together, a few additional comments may be made.  DmsD variant 

proteins W72S, F76A, G78A, P86Q, E123A and P124Q contain dimeric protein as 

indicated by both hydrodynamic experimental approaches.  DmsD D126A, H127Y and 

W72S contain almost no dimeric protein (similar to WT DmsD) when resolved by SEC, 

but ITC results suggest that there is some dimeric protein in solution or possibly a rapid 

equilibrium that is lost on the timescale of SEC.  When the native-PAGE results are 

compared to the SEC results, many of the same DmsD variants contain dimeric protein 

(W72S, F76A, G78A, P86Q and E123A).  And while native-PAGE results showed W87S 

DmsD to contain dimeric protein, D126A and H127Y DmsD again showed almost no 

dimeric protein, similar to that of WT DmsD.   
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Figure 5.7. Native PAGE resolution of DmsD Proteins 

DmsD proteins were resolved on a 12% native (no SDS) PAGE and Coomassie blue 
stained.  DmsD WT and select DmsD variant proteins are shown above.  Variant protein 
is indicated above lane. Where possible all proteins were run on the same gel and WT 
DmsD was included for reference.  DmsD proteins resolved on a 12% SDS-PAGE is 
included below the native PAGE panel.  A and B, samples were run in the absence of 
reducing agent (DTT). C, Sample loading buffer included reducing agent (DTT).  As 
many as 7 bands (indicated by arrows in panel A) were seen for some DmsD proteins.  
The number of bands present for each variant protein were determined and tabulated.   
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Table 5.5.  Native-PAGE Analysis of DmsD Protein Forms 

DmsD 
# Bands a 

-DTT Dimer b 
# Bands a 

+DTT Dimer b N c 
WT 2 (4) (D) 1 - 0.98 
Y22F 2 - 1 - 1.00 
H68Y 2 - 1 - 0.99 
W72S 2 (6) (D) 2 d 0.61 
L75A 3 D 2 d 0.99 
F76A 3 D 2 d 0.76 
G78A 6 (7) D 2 d 0.78 
P86Q 4 D 2 d 0.81 
W87S 4 D 2 d 0.85 
W87Y 2 (4) (D) 1 - 0.94 
V90N nd nd nd nd 0.99 
E123A* 4 D 2 d 0.80 
P124Q nd  nd nd nd 0.72 
D126A* 2 (4) (D) 1 - 0.58 
H127Y 2 (4) (D) 1 - 0.58 

a # bands often present on native PAGE; (#), # bands present occasionally on native 
PAGE. b Dimer, a dimer band was present, D or absent, - on native PAGE. c N, lowest 
number of peptide binding sites determined from ITC results. Yellow shaded rows 
indicate DmsD variant proteins that often contained a dimeric protein band on native-
PAGE and ITC binding stoichiometry suggests that some dimeric protein is present (N 
less than 0.85). Blue hi-lighted rows indicate DmsD variant proteins that often did not 
contain a dimeric protein band but ITC binding stoichiometry suggests that some dimeric 
protein is present (N less than 0.85). *, E123A and D126A DmsD proteins resolved to 
shorter distance due to loss of one negative charge relative to WT DmsD. nd, not 
determined.   
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5.4 Discussion 

In the earlier study presented in Chapter 3, mutations were made to identify the 

DmsA RR-leader peptide binding site.  With structural information available, an 

additional eight single substitution mutants were made in dmsD.  Added to the 20 

mutants from the first set, combines for 28 total.  One residue (W87) was mutated to a 

tyrosine in the first set, and a serine in the second set, therefore 27 different residues in 

dmsD have been substituted.  Only six of the eight variant proteins of the additional 

variants (set 2) could be purified and assessed for binding using the immunoblot assay, 

but all 28 mutants could be compared in an in vivo complementation assay.   

The immunoblot binding results illustrated a large range in binding ability of the 

DmsD variant proteins.  The complementation anaerobic growth assay showed very small 

differences relative to WT dmsD and no single substitution abolished growth to the level 

of a dmsD deletion.  The most reduced growth was seen for those cells complemented 

with W72S or D126A dmsD mutants, for which the variant proteins showed binding to 

DmsA leader peptide below 0.2-fold relative to WT DmsD.  When the dissociation 

constants (Kd) were determined from ITC, smaller differences were observed.  L75A and 

P86Q DmsD showed less affinity for the DmsA leader peptide as indicated by both 

techniques.  The strongest affinity determined by ITC was found for D126A and W72S 

DmsD variant proteins; however, the immunoblot showed these same proteins to be two 

of the weakest binders.   

The explanation for the differences of the in vivo data to the immunoblot binding 

results is not immediately obvious.  However as pointed out below, solution based ITC 
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experiments using a short peptide derived from the full length RR-leader showed much 

smaller differences, all with reasonable binding affinities that would support a functional 

protein as seen in the in vivo experiments.  Although the Far-Western method has been a 

robust approach used by the Turner lab for some time (Chan et al. 2008b), recent studies 

have shown that the support of the nitrocellulose membrane may influence the ability of 

proteins to interact (Leach 2013).  Yet this possibility was not expected as the 

leader::GST partner was the immobilized protein and thus was constant with all 

experiments.  Each of the DmsD variants were also expected to behave in a more or less 

consistent (constant) manner; however, due to an incubation step of the immunoblot 

assay, some DmsD variants have shown what appears to be kinetic instability, a 

hypothesis that is investigated further in Chapter 6.   

A closely related protein, E. coli TorD, was studied in a similar but less robust 

way (Hatzixanthis et al. 2005).  TorD was shown to bind to its cognate TorA RR-leader 

peptide with a similar affinity (Kd = 1.8 µM) to that of DmsD for the DmsAL15-41 peptide 

used here (Kd =1.7 µM).  However, the D124A and H125A TorD variants both had 

reduced binding affinity for TorA (Kd ~ 5.0 µM) (Hatzixanthis et al. 2005), unlike what 

was found here for sequence equivalent residues in DmsD (D126A and H127Y) variants 

(Kd = 1.2 and 1.6 µM respectively).  The thermodynamics of binding for these TorD 

variants was not reported so no further comparison can be made.   

In a study of the interaction between NarJ and the NarG peptide, ITC results were 

interpreted differently (Zakian et al. 2010).  When the stoichiometry values showed less 

than one binding site, it was thought to be due to two forms of NarJ, each with different 

affinities for NarG and each with a different protonated state (Zakian et al. 2010).  
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Stoichiometry of binding determined by ITC indicated that variant DmsD proteins might 

be present, at least partially, as dimers.  SEC and native PAGE showed that many of the 

DmsD variant proteins did indeed contain some dimer; however, D126A and H127Y 

were exceptions to this finding.  It is possible to suggest that some of the DmsD variant 

proteins investigated here may have different populations of protein forms or multimeric 

states and that each may have a different affinity for the DmsA leader peptide.  This 

hypothesis is further supported in part by the different banding patterns shown on the 

native-PAGE, where differentially exposed residues can give rise to different migrations. 

This effect was observed early on for both DmsD (Sarfo et al. 2004) and TorD (Tranier et 

al. 2003; Tranier et al. 2002). A subtle change in the protonation or the presence of an 

inter or intra-molecular salt bridge would also influence the migration and affect the 

charge/mass ratio on a native-PAGE.  A compensatory entropy/enthalpy effect was seen 

in Calmodulin binding where transient salt bridges alternated between glutamate side 

chains and affected the affinity (Smith et al. 2012). 

DmsD variants W87Y and W87S  have almost identical free energy of binding to 

the DmsA leader peptide (-7.83 and -7.75 kcal/mol) and their binding is thus reduced a 

similar amount relative to WT DmsD.  However, the binding of these two variant 

proteins have very different contributions from enthalpy and entropy. When W87 is 

changed to a tyrosine (W87Y) the enthalpy of binding is less exothermic than WT by 2.6 

kcal/mol.  Changing the same tryptophan to a serine (W87S) increases the enthalpy of 

binding by about 0.5 kcal/mol (enthalpy is more negative).  The entropy of binding is 

more favourable when the tryptophan is changed to a tyrosine (W87Y) by 2.4 kcal/mol 

while the W87S DmsD variant has a higher entropic cost of 0.8 kcal/mol relative to WT.  
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To summarize, when W87 is changed to a tyrosine or a serine it results in a lower free 

energy. When W87 is changed to a tyrosine the loss is due to reduced enthalpy but when 

W87 is changed to a serine the loss in free energy is due to a greater entropic cost (more 

order upon binding).  However, it is known that enthalpy and entropy can compensate 

and create a similar overall free energy of binding (Diehl et al. 2010; Ferrante and Gorski 

2012). 

Apart from the contribution of the stability of DmsD during the protein-peptide 

assay to explain differences in binding there is a possible role of conformational entropy 

(or flexibility) of DmsD in binding.  Free energy (ΔG) of binding can be broken into 

enthalpy (ΔH) and entropy (ΔS) of binding:   

ΔGbind  = ΔHbind – TΔSbind  

= ΔHbind – T(ΔSDmsD + ΔSDmsAL + ΔSsolution) 

Enthalpy of binding can be considered as changes in the formation of bonds 

(number and strength) between the DmsA leader peptide and DmsD compared to that of 

the solvent. Further enthalpy may also arise from bond formation (or changes) within the 

DmsD protein or within the DmsA leader peptide itself upon binding.  Understanding 

where the changes in entropy of binding are occurring is complicated by the fact that the 

total entropy of binding is made up of three individual components that may undergo 

entropic change during the course of the formation of the complex and it is difficult to 

determine where the bulk of the energy would be from (Reichmann et al. 2007).  The 

majority of favourable entropy is often thought to be from the release of water from the 

surface of the binding site.  But unfavourable entropy may be generated from the peptide 

as it changes from an unstructured open or molten state to a structured (partially helical) 
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and bound state. The conformational entropy, or the entropy gained/lost within the 

protein itself (due to reduced/increased freedom) is typically thought to be small as most 

assume that the protein structure becomes more rigid upon binding its substrate but this 

may not be the case especially if DmsD goes on to bind other targets after binding DmsA 

leader peptide.   

For the DmsD variant proteins that showed weaker binding than DmsD WT, the 

higher entropic cost of binding was where the most free energy was lost.  In this case, 

more order is found within the complex and surrounding solvent than the separate DmsD 

and DmsA leader peptide in solution.  It is difficult to make any far reaching conclusions 

from this since we should not assume that each variant protein has the identical structure 

to that of WT but that there is a possible difference of ‘holes’ in the structure as a result 

of the substitution leading to structural changes to compensate.  Additionally, all ITC 

experiments used the same DmsAL peptide, and it follows, from Chapter 4, that the 

DmsAL15-41 peptide is disordered in solution (prior to binding), but that the hydrophobic 

region of the peptide forms an alpha helix upon binding to a hydrophobic pocket on 

DmsD.  Thus perhaps the peptide binds in the same manner for each DmsD variant (ie. 

that the DmsA leader peptide secondary structure, if present, is the same for that of the 

WT DmsD interaction).  From the data presented here, the entropic cost appears to be 

localized to helix 5 residues (H68, W72, L75, F76) where, the substitutions caused an 

increased entropic cost of binding (Figure 5.5).  Thus, given the above arguments and 

limitations within the approaches used here, we can conclude that the role of helix 5 of 

the wild type is that of stabilization of binding through entropic energy. 
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Chapter Six: Comparison of Affinity and Stability of DmsD Variant Proteins 

 

6.1 Introduction 

The research goals of this thesis focussed on investigating the interaction between 

DmsD and the DmsA leader peptide.  However, the research within this chapter arose due 

to two observations while conducting this research.  Twenty eight DmsD variant proteins 

were produced and used to identify a binding site on DmsD as shown in Chapter 3.  The 

immunoblot technique was developed and used extensively to determine relative binding 

of each DmsD variant for the DmsA leader.  Certain DmsD variants which were shown to 

cluster together in a pocket of the structure became the focus of further characterization 

and the thermodynamics of binding were determined (Chapter 5).  Some DmsD variant 

proteins were therefore characterized by both the immunoblot method as well as 

isothermal titration calorimetry (ITC).  The relative binding determined by the 

immunoblot and the association constants determined by ITC showed contradicting 

results for some DmsD variants.  While performing immunoblot experiments a key 

observation was made.  Typically the DmsD proteins are applied to a membrane and 

incubated overnight (~16 hours) at room temperature prior to assessing binding.  When 

this incubation time was reduced to 1 hour some DmsD variants showed very different 

results while others remained much the same.  The questions that arose due to these 

observations included the following.  How does room temperature exposure time and 

immobilization affect the determined relative DmsA Leader binding?  Can a correlation 

be made between the immunoblot relative binding and previously determined association 
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constants?  Can the stability of the binding site be distinguished from the affinity using 

the immunoblot assay?  Is the relative DmsA leader binding result due to differential 

stability of each DmsD variant protein rather than affinity for the DmsA leader peptide?   

In this chapter, these questions are explored utilizing stability assays and 

correlating the stability to the binding assays. The immunoblot approach was modified to 

evaluate the effects of solution or immobilized binding.  Additionally a time course based 

assay was utilized to observe loss of binding with time to determined unstable DmsD 

variants.  To investigate protein stability, a novel thermo-melt assay was developed.  The 

work demonstrates less stable DmsD proteins showed decreased binding with time in the 

immunoblot approach, and taking this into consideration there is good agreement 

between association constant (Ka) values obtained by ITC and this high through put 

protein-protein interaction evaluation method.  Further, this helped to distinguish those 

residues in DmsD that are affected in affinity and those that are more affected in stability.   

6.2 Methods 

6.2.1 Immunoblot Time Course Assay - Immobile and In solution exposure 

DmsD variant and WT protein samples were purified and prepared for the 

immunoblot assay as explained in Chapter 2. The protein concentration of each DmsD 

protein was determined by a Bradford assay (BioRad) and diluted to 0.1 mg/mL.  The 

samples were then serially diluted 1.5-fold ten times across a microtitre plate.  

Nitrocellulose membranes and a BioRad BioDot apparatus were also prepared and used 

as described in Chapter 2.  Protein samples were applied to the membrane with the 

BioDot and rinsed with TBS (25 mM TrisHCl pH 8, 100 mM NaCl) buffer. The 

membranes were blocked with a 10% w/v skim milk solution (TBS) for 1 hour at room 
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temperature.  The membranes were washed twice with TBST (25mM TrisHCl pH 8, 100 

mM NaCl, 0.05% v/v tween-20 detergent) and either incubated with DmsAL::GST 

directly (1 hour exposure) or placed into a sealed container of TBS at room temperature 

with rocking for an additional 3, 15 or 23 hours.  After room temperature exposure each 

blot was incubated for 1 hour with DmsAL::GST solution, washed with TBST, and 

developed with mouse anti-GST antibody (1:3000) followed by goat-anti-mouse-HRP 

conjugate (1:2000).  The blots were developed with horse radish peroxidase (HRP) 

calorimetric solutions as explained in Chapter 2.   

For “in solution” time exposure blots, the protein and membranes were prepared 

as above.  However, only the maximum amount of protein (10 µg) was prepared in 

triplicate for each variant protein (ie. no serial dilutions were prepared).  The protein 

samples within a microtitre plate were placed at room temperature for 1, 4, 16 or 24 hours 

prior to application onto nitrocellulose membrane with the BioRad BioDot apparatus.  In 

solution time course membranes were blocked for 1 hour and developed identically to the 

“immobilized” time course membranes above.  

Photographic images of each developed membrane were captured and the pixel 

intensities and relative DmsAL binding of each spot was determined as detailed in 

Chapter 2.  Relative DmsAL binding was determined by normalizing each spot (mean 

pixel intensity) to the mean pixel intensity of the 10 µg DmsD WT binding after 1 hour.  

Time blots (as in Figure 6.2) were prepared for each DmsD variant protein such that the 

relative DmsAL binding of 10 µg of each variant DmsD protein was determined after 1, 

4, 16 and 24 hours exposure to room temperature while immobilized or remaining in 

solution.   
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6.2.2 Determination of Apparent binding constants (Ka) from immunoblot assay 

The association constant (Ka) of DmsD WT for a portion of the DmsAL peptide 

(DmsAL15-41) was determined previously using the technique of ITC to be 6.05 x 105 M-1.  

To compare binding between the immunoblot assay and ITC, an apparent Ka was 

determined for all DmsD variant proteins, using the results of both the immobilized and 

in solution 1 hour exposure times. The relative binding of 10 µg of DmsD protein was 

multiplied by the WT Ka. 

Apparent Ka DmsD variant = Ka WT,ITC * Relative DmsAL bindDmsD variant 

6.2.3 Determination of Stability from Immobilized Time course Immunoblot Assay 

The results from the immobilized time course immunoblot assay were used to 

determine the stability of binding with time.  The relative DmsAL binding values after 1 

hour room temperature exposure were determined to be the maximum binding “ability” 

for each DmsD variant protein.  The relative binding after 4, 16 and 24 hours for each 

DmsD variant was compared to the relative binding after 1 hour.  The remaining binding 

was plotted for each DmsD protein (including WT) to produce a stability blot.   

Remaining bindingDmsD variant,time x= (Relative DmsAL bind time x)/ (Relative DmsAL bind time 1 hr) 

6.2.4 Differential Scanning Fluorimetry  

Protein samples were purified and prepared as mentioned previously for the 

immunoblot protocol above.  After determining the protein concentration, 50 µL of 10 

µM protein samples were prepared by dilution with buffer (25 mM Tris-HCl, 100 mM 

NaCl, either pH 8.0 or 7.5) .  Next, 190 µL of SYPRO orange dye 5000X stock (Sigma) 

was diluted (D200) to 25X working stock, with buffer.  Each microfuge tube was 

prepared with 2 µL protein sample, 5 µL (25X) SYPRO orange, 2.5 µL 100 mM DTT 
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and enough buffer to have a final volume of 25 µL.  A Qiagen Rotor-Gene Q RT-PCR 

instrument was used to conduct the differential scanning fluorimetry (DSF).  Temperature 

was scanned from 25 to 90°C with 0.2°C increments at a 5 second interval and a Gain of 

6 was used.  Samples were excited at 470 nm and emission was collected at 555 nm.   

DSF experiments were done in triplicate and averaged.  Each experiment 

produces a thermal melt curve with a peak maximum which provides the Tm.  The first 

derivative of the averaged melting curve produces an inflection and this inflection 

crossing the zero intensity level axis defines the Tm.  Data reported are the averages of at 

least 2 technical replicates (with each of the 3 experimental replicates).    

6.3 Results 

6.3.1 Experimental Approach and Binding curve results 

In order to assess the relative DmsAL binding of each DmsD variant protein more 

accurately, a modification was made to our original immunoblot assay.  A blocking step, 

which is necessary for our assay, involved an overnight (16-20 hour) incubation at room 

temperature prior to probing with DmsAL::GST.  With the modified protocol, each 

DmsD variant was immobilized onto a membrane, blocked for 1 hour then probed for 

interaction with DmsAL::GST.  To determine if there was a trend that could be observed 

over time, additional time points (4, 16 and 24 hour) binding curves were also measured.  

Figure 6.1 shows relative DmsAL binding curves for DmsD variant proteins after 1, 4, 16 

and 24 hour room temperature exposure.   
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Figure 6.1. DmsD Relative DmsA Leader binding curves  
Between 0.17 and 10 µg DmsD protein was immobilized on a nitrocellulose membrane 
and exposed to room temperature for 1 (A); 4 (B); 16 (C) or 24 (D) hours prior to 
assessing relative binding to DmsA leader peptide through the immunoblot assay.  
Sample binding curves are shown for DmsD WT (blue), L75A, F76A, G78A and D126A.  
Mean and standard error of the mean are shown.  Binding was normalized to 10 µg WT 
DmsD mean pixel intensity after 1 hour exposure.   
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As can be seen in Figure 6.1A, all DmsD proteins show increased relative 

DmsAL binding as the amount (µg) of DmsD protein on the blot is increased and reach a 

maximum level of binding between 5 and 10 µg.  Similar to our previous results, specific  

DmsD variant proteins bind less than WT DmsD, while G78A DmsD has a higher 

relative DmsAL binding than WT.  After an additional 3 hours at room temperature, the 

relative DmsAL binding has remained almost equal for WT DmsD and G78A DmsD but 

some DmsD variant proteins now have a further reduced interaction.  The relative 

DmsAL binding of DmsD D126A has been reduced more than 6 fold, while L75A DmsD 

binding, which was already very low, was reduced only 1.3 fold.  When the exposure 

time was increased to 16 hours, WT DmsD and F76A relative binding were reduced from 

relative binding after 1 or 4 hours.  G78A DmsD relative DmsAL binding was not 

reduced substantially until after 24 hours, at which point the binding had dropped 1.4 fold 

from that of the initial (1 hour exposure) time.   

6.3.2 Relative DmsA Leader binding over time for immobilized and in solution DmsD 
exposure blot 

In order to view the trends of relative DmsAL binding over time for each DmsD 

variant protein, the relative binding of 10 µg (the maximum amount of the binding curve) 

was plotted for each variant protein over time (Figure 6.2 A and B).  An additional 

experiment was done to determine if the immobilization during the exposure played a 

role.  An “in solution” time course assay was done to investigate the binding of 10 µg of 

each DmsD variant protein that had been exposed to 1, 4, 16 or 24 hour room temperature  
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Figure 6.2.  Relative DmsAL binding of DmsD proteins on blot or in solution after 1, 
4, 16 or 24 hours at room temperature. 

The relative DmsA leader binding of 10 µg DmsD WT and variant proteins after 1, 4, 16 
or 24 hour room temperature exposure while the protein was immobilized (A and B) or 
remained in solution (C and D).  DmsD variants of residues from loop 8 (B and D) are 
separated from other residues to better illustrate trends without overlap. 
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while in solution and are shown in Figure 6.2C and D.  DmsD variants located within 

loop 8 (Figure 6.2B and D) were shown separate from residues elsewhere in the protein 

(Figure 6.2A and C) to better illustrate trends without overlap.   

The immobilized relative DmsAL binding time plots (Figure 6.2A and B) show 

that WT DmsD binding is unchanged within 4 hours.  Many DmsD variants show a 

similar result and the relative DmsAL binding is not reduced until after 16 hours.  D126A  

and H127Y DmsD both showed a large reduction in binding from 1 to 4 hours (Figure 

6.2B).  Initial (1 hour)  relative DmsAL binding for D126A and H127Y was 0.55 and 

0.45 respectively.  After 4 hours, the relative binding was less than 0.2 for both.  This is 

in contrast to L75A DmsD which had a very low initial relative DmsAL binding of 0.16, 

and after 16 hours, reached a minimum of 0.06 (Figure 6.2A).  DmsD variant proteins 

which bound greater than WT throughout the time assayed included G78A, W87Y, Y22F 

and V90N.  E123A and P124Q behaved very similar to WT throughout the time assayed.   

Unlike, the “immobilized” time plots discussed above, the “in solution” time plots 

(Figure 6.2C and D) show that relative DmsAL binding does not change over the time 

assayed for each of the DmsD proteins.  The DmsD variant proteins that bound similar to 

WT (relative DmsAL binding of 1.0) over the 24 hours included W87Y, E123A and 

P124Q.  G78A and Y22F showed a higher relative DmsAL binding than WT.  F76A 

showed slightly lower (0.75) relative DmsAL binding than WT (1.0), while W87S, P86Q, 

L75A, D126A and H127Y all showed relative DmsAL binding less than 0.5 for the entire 

time plot.  For many of the DmsD variants the initial (time, 1 hour) relative DmsAL 

binding was similar whether the protein was immobilized or in solution.   
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6.3.3 Apparent association constants determined by immunoblot assay 

The goal of the immunoblot assay, when it was first developed, was to be able to 

compare binding of each DmsD variant to that of WT DmsD.  The immunoblot is a high 

throughput assay that uses small amount of protein and requires less expertise than other 

biophysical techniques typically used to characterize or quantitate interactions.  However, 

since ITC had already been performed on these DmsD variant proteins, a comparison 

seemed useful.  The association constant (Ka) between WT DmsD and a section of the 

DmsAL peptide (residues 15-41) was determined to be 6.1 x 105 M-1 (Chapter 5).  An 

apparent Ka was determined for each variant DmsD protein by multiplying the initial 

(time, 1 hour) relative DmsAL binding, determined by the immunoblot assay, either in 

solution or immobilized, by the WT DmsD Ka.  The apparent Ka values as well as Ka 

determined by ITC (Chapter 5) are compared in Table 6.1.   

The association constants determined from ITC and apparent Ka, determined by 

the immunoblot assay were comparable for many of the DmsD variant proteins.  If the 

apparent Ka was within the error of the Ka value determined by ITC, this was seen as a 

reasonable comparison.  Seven DmsD variant proteins were comparable between the two 

techniques and included G78A, V90N, Y22F, E123A, F76A, W87S and P86Q (Table 

6.1).  It should be noted that P124Q results were near comparable, but the error from the 

Ka determined by ITC was small, so technically could not be included.  W87Y and 

P124Q apparent Ka values were higher than the Ka determined by ITC while L75A,  
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Table 6.1.  Comparison of Association constants determined from ITC and 

Apparent association constants determined from Immunoblot Results 

DmsD Ka
a (x 105 M-1)  Apparent Ka

b (x 105 M-1) 

 ITC Solution c Immobile d 

G78A 8.4 ± 0.6 7.8 8.6 

V90N 7.1 ± 0.6 nd 6.9 

Y22F 6.5 ± 0.7 7.0 7.2 

WT 6.1 ± 0.8 6.1 6.1 

E123A 6.0 ± 1.6 6.1 6.0 

F76A 6.0 ± 1.0 5.0 5.2 

P124Q 5.1 ± 0.3 6.0 6.1 

W87Y 4.5 ± 0.8 6.0 8.3 

W87S 3.9 ± 1.3 2.6 4.0 

L75A 3.1 ± 0.7 1.9 1.0 

P86Q 2.8 ± 0.4 2.4 3.2 

H127Y 6.2 ± 0.8 1.8 2.2 

D126A 8.7 ± 0.6 1.6 3.3 
aAssociation constant (Ka) determined by ITC (isothermal titration calorimetry) of DmsD 
proteins for the DmsAL15-41 peptide.  bApparent Ka was determined for each DmsD 
variant from the relative DmsAL binding after 1 hour exposure and the WT Ka 
determined from ITC.  Both the immobilec and in solutiond immunoblot results were 
included and compared.  Apparent Ka values within error of determined Ka value are 
underlined.  DmsD variant proteins for which the apparent Ka agreed with determined Ka 
are indicated in bold font. 
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H127Y and D126A apparent Ka values were lower than the ITC determined Ka.  In fact, 

H127Y and D126A were both shown to have tighter association constants than WT with 

ITC, but their apparent Ka values were among the lowest determined (Table 6.1).   

6.3.4 Using Immunoblot Results to determine Stability 

Many of the DmsD variants showed comparable results between the apparent Ka 

and the Ka determined from ITC.  To attempt to understand why some DmsD variant 

proteins were able to maintain binding or lose binding over time, the immobilized 

immunoblot results were turned into a “stability” blot.  The initial relative DmsAL 

binding (time, 1 hour) was set as the maximum binding for the variant protein.  Then the  

remaining binding was determined as a ratio of the initial binding.  In this way, the ability 

of each DmsD variant protein to retain binding, over time was plotted.  Figure 6.3 shows 

the stability blot of the DmsD proteins.  WT DmsD as well as W87Y, G78A, Y22F and 

V90N retained 100% of binding after 4 hours.  WT DmsD retained more than 50% 

binding ability after 16 hours.  Each of the aforementioned DmsD variants retained a 

higher binding fraction than WT after 16 hours.  W87Y and G78A retained greater than 

90% of binding after 16 hours.  In contrast, DmsD D126A and H127Y binding site 

stability was reduced by more than 50% after 4 hours and proceeded to lose more than 

90% of binding ability after 16 hours.   L75A and P86Q lost 25% of their binding ability 

within 4 hours and dropped to 30% binding after 16 hours.  
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Figure 6.3.  Stability Blot for DmsD proteins 

The initial binding of each DmsD protein for DmsAL was determined after 1 hour  
exposure to room temperature and set to maximal binding (1.0 or 100%) for each DmsD 
protein.  After 4 and 16 hours the remaining binding left for each DmsD protein was 
determined, relative to 1 hour.  WT DmsD retained 100% of its binding ability after 4 
hours.  DmsD variant proteins that lost more binding ability than WT after 4 hours were 
termed less stable while those DmsD proteins that retained more binding beyond WT 
were termed more stable.   
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6.3.5 Differential Scanning Fluorimetry to determine Melting temperature of DmsD 
proteins 

The melting temperature of a protein is a measure of its stability.  In a previous 

chapter, the melting temperature of WT DmsD was determined using the technique of 

differential scanning calorimetry (DSC).  However, this technique was not considered an 

option for measuring the melting temperatures of all 12 DmsD variant proteins due to the 

amount of protein and time required for this task.  Instead a more novel technique, which 

requires much smaller amounts of protein and is more amenable to high throughput, was 

used.  Differential scanning fluorimetry (DSF) can be used to determine the melting 

temperature of protein using a real time PCR (RT-PCR) machine.  In the presence of a 

fluorescent dye which binds to hydrophobic portions of the protein, as the temperature is 

increased, the protein unfolds and the fluorescent dye binds to the protein and the 

increased emission can be measured.  DSF was used to determine  the melting 

temperature (Tm) of WT DmsD as well as the DmsD variant proteins in an attempt to 

determine the effect of each substitution on the stability of the variant protein. 

The DSF melt curves of WT DmsD and W87Y DmsD are shown in Figure 6.4.  

The melting temperatures were determined from the first derivative (Figure 6.4, inset).  

The melting temperature of DmsD WT at pH 8 was determined to be 61.2°C, which 

showed reasonable agreement with the melting temperature, 60.9°C, determined by DSC 

(Chapter 4).   
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Figure 6.4. Differential Scanning Fluorimetry of DmsD Protein 

Unfolding of DmsD WT (blue) and W87Y (black) DmsD in the presence of Sypro 
orange.  First derivative of fluorescence intensity over time is shown inset.   
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6.3.6 Assessing DmsD variant stability by melting temperature 

Differential scanning fluorimetry was used to determine the melting temperature 

(Tm) of all 12 DmsD variant proteins at pH 8, the same pH that the immunoblot assay 

and ITC were performed.  The Tm was also determined at pH 8 in the presence of 2  

molar equivalent DmsAL15-41 peptide as well as at pH 7.5 without peptide.  All melting 

temperatures are shown in Table 6.2, with the DmsD variants ordered from highest to 

lowest Tm at pH 8.   

All except 2 DmsD variant proteins had a melting temperature lower than WT at 

pH 8.  W87S showed the lowest Tm, more than 10°C lower than WT.  D126A, F76A, 

L75A, P86Q and H127Y had a Tm more than 5°C lower than WT.  W87Y DmsD was the 

only variant protein that had a higher Tm than WT (63.5°C).  In the presence of 2 molar 

ratio of DmsAL peptide the Tm of most DmsD variants changed less than 1°C, either up 

or down from what was seen in the absence of peptide.  The melting temperature of the 

DmsD proteins was measured at pH 7.5, as previous observations had shown the DmsD 

proteins occasionally precipitated out of solution or showed signs of proteolysis when the 

pH was reduced (T. Winstone, unpublished results).  This was the reason for choosing pH 

8 for many of the experiments.  In fact, all DmsD proteins had a lower Tm at pH 7.5 but 

the variant DmsD proteins with the lowest Tm at pH 8 were most affected by the lower 

pH, with L75A, P86Q, H127Y and W87S DmsD melting temperatures dropping below 

50°C.   
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Table 6.2.  Melting Temperatures of DmsD Proteins 

DmsD Tm pH 8a 
°C 

ΔTmWT
b 

°C 
Tm pH 8(+)c 

°C 
ΔTm(+)d 

°C 
Tm pH 7.5e 

°C 
ΔTmpH

f 
°C 

W87Y 63.5 ± 0.4 +2.3 63.1 ± 0.2 -0.4 61.3 ± 0.1 -2.2 

WT 61.2 ± 0.5 0.0 62.0 ± 0.3 +0.8 60.1 ± 0.7 -1.1 

G78A 59.1 ± 0.3 -2.1 59.0 ± 0.3 -0.1 57.2 ± 0.3 -1.9 

Y22F 58.9 ± 0.3 -2.3 58.9 ± 0.2 0.0 56.4 ± 0.2 -2.5 

V90N 58.5 ± 0.7 -2.7 58.4 ± 0.3 -0.1 58.1 ± 0.4 -0.3 

E123A 58.5 ± 1.2 -2.7 59.4 ± 0.3 +0.9 56.2 ± 0.4 -2.3 

P124Q 57.3 ± 0.4 -3.9 57.5 ± 0.2 +0.2 54.6 ± 0.3 -2.7 

D126A 55.4 ± 0.9 -5.8 56.9 ± 0.3 +1.5 54.3 ± 0.5 -1.1 

F76A 53.4 ± 1.1 -7.8 53.1 ± 1.1 -0.3 50.3 ± 0.6 -3.1 

L75A 52.9 ± 1.1 -8.3 53.5 ± 0.3 +0.6 48.8 ± 0.5 -4.1 

P86Q 52.6 ± 0.8 -8.6 53.2 ± 0.6 -0.4 48.3 ± 0.4 -4.3 

H127Y 52.5 ± 0.9 -8.7 52.1 ± 0.2 -0.4 47.2 ± 1.1 -5.3 

W87S 50.4 ± 2.1 -10.8 49.6 ± 1.2 -0.8 47.7 ± 0.7 -2.7 

Melting temperatures (Tm) were determined from at least 2 independent (triplicate) 
differential scanning fluorimetry experiments.  The mean and standard error of the mean 
are reported.  a Melting temperature in pH 8 buffer.  b Difference between variant and WT 
DmsD melting temperature at pH 8. c Melting temperature in pH 8 buffer in the presence 
(+) of 2:1 molar ratio of DmsAL15-41 peptide:DmsD.  d Difference of melting temperature 
due to the presence of peptide (+) at pH 8.  e Melting temperature in pH 7.5 buffer. 
fDifference of melting temperature of each DmsD protein due to shifting to pH 7.5 from 
pH 8.   
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6.4 Discussion 

In this Chapter, I have developed a modified immunoblot time course assay that 

was able to help distinguish affinity and stability of DmsD variant proteins.  To this end, 

there were two outcomes.  First, the utility of our immunoblot assay has been improved 

such that in the future, immunoblot time course experiments can be used in combination 

with DSF experiments to investigate protein affinity and stability.  Second, and more 

related to the goals of this thesis, is that more information was learned about DmsD 

residues involved in binding to the DmsA leader.   

To better interpret all affinity and stability results for each of the DmsD variant 

proteins determined within this Chapter, Table 6.3 was made.  It becomes clear that the 

immunoblot assay affinity result is not as reliable if the protein is more stable or very 

unstable relative to WT DmsD.  DmsD W87Y is more stable than WT DmsD and has a 

higher melting temperature so when assayed by the immunoblot and therefore, appears to 

have a higher apparent affinity than WT.  Conversely, the DmsD variant proteins that had 

a Tm more than 5°C below that of WT, all showed very low affinity results on the 

immunoblot.  In some cases (L75A and P86Q) the low affinity result was also shown by 

ITC.  While in others (D126A and H127Y), the low stability on the immunoblot, does not 

correlate with the high affinity that was found with ITC.  

To determine if a correlation could be made between the apparent Ka (determined 

from the immunoblot) and the Ka (determined by ITC) the results in Table 6.1 were 

plotted in Figure 6.5A.  After removing the three DmsD variants with stability effects, a 

more clear correlation is apparent as seen in Figure 6.5B.  
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Table 6.3.  Comparison of Affinity and Stability  Results for DmsD Variant Proteins 

Affinity  Stability 
       
Increased Affinity  Increased Stability 
G78A Blot ITC  W87Y Blot DSF 
V90N Blot ITC     
Y22F Blot ITC     
    Reduced Stability 
Affinity Similar to WT  D126A Blot DSF 
E123A Blot ITC  H127Y Blot DSF 
F76A Blot ITC  P86Q Blot DSF 
P124Q Blot ITC  F76A Blot DSF 
    L75A Blot DSF 
Reduced Affinity   W87S Blot DSF 
W87S Blot ITC     
L75A Blot ITC     
P86Q Blot ITC  Conflicting Stability Results 
    G78A Blot > DSF 
Conflicting Affinity Results  Y22F Blot > DSF 
W87Y Blot > ITC  V90N Blot > DSF 
D126A ITC >> Blot  E123A Blot > DSF 
H127Y ITC >> Blot  P124Q Blot > DSF 
             

DmsD variant proteins with evidence from the immunoblot (Blot) or isothermal titration 
calorimetry (ITC) of affinity similar to WT, increased or reduced are indicated on the left.  
Evidence from immunoblot or differential scanning fluorimetry (DSF) of stability that 
was increased or reduced relative to WT is indicated on the right.  If the results were 
conflicting between the two techniques then the results are indicated relative to what was 
seen (ie. Blot>DSF indicates that the blot showed increased stability while the DSF 
showed reduced stability).   
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Figure 6.5. Correlation between Immunoblot and ITC Results for Affinity of DmsD 
variant proteins for DmsAL peptide. 
Association constants (Ka) determined from isothermal titration calorimetry were 
compared to apparent Ka values determined from initial immunoblot results.  
Immobilized (closed circle) and in solution (open circle) immunoblot results are shown. 
A. Values determined for all DmsD variants. B. DmsD variants with conflicting results 
(D126A, H127Y and W87Y) were removed. 
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The DSF method is an effective and useful approach for high-throughput thermal 

denaturation studies of proteins.  The technique is sparsely utilized as only a few other 

studies that have explored its use (Layton and Hellinga 2010; Niesen et al. 2007; 

Senisterra et al. 2012; Senisterra and Finerty 2009; Sorrell et al. 2010).  The assay must 

be optimized for the RT-PCR instrument regarding available wavelengths for excitation 

and emission.  Thus it is key that different fluorophores are explored.  Additionally, 

depending on the type of protein of interest, different dyes may sense changes better than 

others.  In our case a Sypro dye was superior to the anilinonaphthelene sulfonate (ANS) 

that has been used by others.  The experiments here were able to demonstrate that at least 

some of the differences in binding with time in the immunoblot experiments are related to 

the DmsD variant thermal stability.   
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Chapter Seven: Conclusions and Future Work 

 

7.1 Objectives of Thesis 

The objectives of this thesis were to characterize the interaction between 

Escherichia coli DmsD and its substrate the DmsAL peptide.   

7.2 Summary of Thesis Results 

Two types of affinity chromatography were used to purify proteins within this 

thesis.  Through changing the cell growth conditions and reducing the temperature of 

induction, I was able to improve the purification yields of DmsAL1-43::GST and DmsD 

proteins as much as 2-fold.  An immunoblot assay was developed to semi-quantitatively 

investigate the interaction between DmsD and DmsAL1-43::GST.  In the immunoblot 

assay, the DmsD protein is immobilized on nitrocellulose membrane and probed with 

DmsAL1-43::GST fusion protein. The membrane is then probed with mouse anti-GST 

followed by goat anti-mouse-HRP conjugate and developed with HRP colorimetric 

reagents.  Analysis of the pixel intensities of the developed blot allowed quantitation of 

binding up to a saturation of approximately 10 µg per spot, thus providing a binding 

curve.    

Sequence analysis of DmsD homologues was employed to target DmsD residues 

for mutation.  Twenty single substitution mutants in dmsD were made and the respective 

DmsD variant proteins were expressed and purified.  The immunoblot assay was 

subsequently used to determine the relative DmsAL binding of each of the twenty DmsD 

variant proteins.  An EcDmsD homology model structure was successfully made from the 
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StDmsD (1S9U.pdb) structure.  However, the StDmsD structure was incomplete with a 

small string of residues missing.  The improved purification yields of EcDmsD provided 

superior protein for crystallization leading to a structure of E. coli DmsD (3EFP.pdb), 

which showed electron density for all 204 amino acids.  There was very little difference 

between the EcDmsD model and the solved structure, however the missing loop residues 

were now present.  The relative DmsAL binding results were plotted onto the EcDmsD 

structure and those residues with the lowest relative DmsAL binding, clustered on an 

indentation or pocket of the protein surface formed by 3 conserved loops and one helix 

face.  Residues identified to make up the pocket included Y22, W72, L75, F76, P86, 

W87, E123, P124, D126 and H127.  Our collaborators (Charles Stevens and Mark 

Paetzel) then performed a docking experiment with the DmsAL peptide as well as a 

molecular dynamics simulation.  The DmsAL bound in an extended conformation and the 

twin-arginine motif aligned with the identified pocket on the EcDmsD surface.  

Following the simulation, the residues identified as important for binding became more 

surface exposed.   

A variety of synthetic peptides were made based on different regions of the 

DmsAL peptide.  Isothermal titration calorimetry (ITC) was used to assay binding of WT 

DmsD to each of the synthetic peptides.  The affinity and thermodynamic parameters of 

binding were determined.  The complete and contiguous H-region of DmsAL was 

necessary for binding to DmsD, but surprisingly, the twin-arginine motif was not.  When 

the H-region of DmsAL binds, there is both favourable entropy and enthalpy.  Addition 

of the twin-arginine motif to the H-region improves the affinity of binding through 

additional favourable enthalpy but is accompanied by an entropic cost. The DmsAL 
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which included the complete H-region and the entire twin-arginine motif was the tightest 

binder identified (DmsAL15-41) with a Kd = 1.65 µM.  Secondary structure predictions as 

well as circular dichroism spectroscopy of the DmsAL peptides showed that all peptides 

were unstructured in solution.  DmsAL peptides that contained the complete H-region 

formed alpha-helical structure when placed in a solvent (trifluoroethanol) that mimics a 

hydrophobic environment.  If only a portion of the H-region was present, no helical 

structure was predicted or observed in the solvent.  It is likely that the H-region of 

DmsAL peptide binds first in a helical conformation to hydrophobic residues on DmsD.  

The H-region of twin-arginine leader peptides gives specificity of binding, binds first 

then twin-arginine motif binds but the N-region does not bind. 

With the above insights in mind, eight additional mutations in dmsD were made, 

all localized to the identified binding ‘pocket’ of EcDmsD.  This allowed for twenty eight 

dmsD mutants to be assayed for complementation of an E.coli dmsD deletion strain using 

a DMSO anaerobic growth assay. Only two mutants were impaired in growth, W72S and 

D126A.  Six of the 8 additional DmsD variant proteins could be expressed, purified and 

assayed for relative DmsAL binding with the immunoblot assay.  Fourteen DmsD variant 

proteins were then selected for ITC investigation of binding to DmsAL15-41.  While the 14 

residues showed a wide range of relative DmsAL binding on the immunoblot, a much 

smaller binding range was seen with ITC.  The lowest affinity was seen for P86Q and 

L75A DmsD variants, which showed a 2-fold reduction in their Kd relative to WT DmsD.  

Three DmsD variants (D126A, G78A and W72S) bound with 1.4-fold tighter affinity.  

When comparing the overall Gibbs Free energy of binding to DmsAL15-41, less than 0.5 

kcal/mol separated all DmsD variant proteins from WT DmsD.  Entropy and enthalpy 
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values showed a larger range of variance. Weaker binding affinity could be related to 

increased entropic cost of binding that was seen for all except one of the weaker binders.  

Three DmsD variants that showed increased entropic cost of binding relative to WT, 

localized to alpha helix 5 of the DmsD structure.   

The multimeric states of the DmsD variants was determined using size exclusion 

chromatography (SEC) and native-PAGE analysis.  Under the conditions studied, WT 

DmsD was shown to be almost entirely monomeric by both techniques, although a very 

small amount of dimer was usually present.  Most DmsD variants were also shown to be 

monomeric, but a few DmsD variants showed as much as 40% dimer on SEC and 

multiple bands on native-PAGE.  G78A DmsD was shown to contain dimeric protein and 

when in the presence of DmsAL15-41 peptide, tetrameric protein was observed.  Two 

DmsD variants (D126A and H127Y) were both shown to be composed of greater than 

95% monomeric protein on SEC and typically resolved as a single band on native-PAGE 

but stoichiometry of binding with ITC, would suggest that a portion of the protein 

population was dimeric in solution.  Interestingly, two of the DmsD variants that showed 

the presence of dimer (G78A, D126A), also had tighter binding as seen in the ITC results, 

but not in the immunoblot results.   

Time was then spent to further optimize the immunoblot assay, where the removal 

an overnight incubation step provided clues towards the stability of the proteins being 

assayed.  It was found that some DmsD variants were more effected by this time change 

than others.  With this modification it was now possible to correlate the relative DmsAL 

binding determined by the immunoblot with the association constants previously 

determined by ITC.  Extending the time frame of the immunoblot assay and comparing 
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the fraction of binding that remained for each DmsD variant then allowed a ‘stability’ 

factor to be determined by the immunoblot assay.  Differential scanning fluorimetry 

(DSF) was developed for the lab to determine the melting temperatures (Tm) of the 

DmsD variants.  The variant proteins with the lowest Tm, were also shown to be unstable 

by the ‘stability blot’.  D126A and H127Y DmsD were shown to be very unstable by 

both techniques. While, W87Y DmsD was shown to have a higher Tm than WT and was 

the likely reason for giving a high affinity result from the immunoblot assay, but not in 

ITC.  Clearly the stability of the protein plays a role in the determined affinity, especially 

when the time frame of the assay is extended.  This is an important feature to consider 

when making conclusions about residues that may be important for binding.   

7.3 Conclusions 

Within this thesis, the interaction between the REMP, DmsD, and its substrate, 

DmsAL, has been thoroughly characterized while also learning more about the behaviour 

of the DmsD protein itself.  E. coli DmsD is a globular protein composed of 11 alpha 

helices.  An indentation or pocket on the surface of EcDmsD is composed of 3 loops (5, 

6, and 7) and one helix face (helix 5) that are conserved within the DmsD family of 

proteins.  Substitution of many of the residues within this pocket reduced DmsD binding 

to DmsAL.  A structure for the homologous TorD protein from Shewanella massillia 

showed a domain-swapped dimer in which each monomeric domain is composed of 10 

alpha helices and 2 small 310 helices, represented by helices 1-6 from one protomer and 

7-10 from the second protomer (Tranier et al. 2003).  A hinge region between the two 

domains is composed of residues from loop 6 and the second 310 helix.  The hinge 

residues found in the TorD structure correlate with loop 7 residues of the EcDmsD 
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structure.  Four residues (E123, P124, D126, H127) within this loop/hinge region were 

characterized in this thesis and found to play a role in the interaction with DmsAL.  

Possibly more interesting was the result that each of the aforementioned individual 

variant proteins showed a higher proportion of dimeric protein than the wildtype DmsD.  

Unfortunately, with the techniques utilized, there was no way to distinguish domain-

swapped dimers from two associated monomers.  However, the results do support the 

possibility that the dimeric form of REMPs is relevant and important to binding substrate.  

Further, other DmsD variants that were characterized in this thesis, that contained a 

dimeric population, also showed tighter binding to the DmsAL.   

Twenty-six single substitution DmsD variant proteins were assessed for binding 

DmsAL with more than 14 residues clustered within the DmsAL binding pocket.  No 

single substitution in DmsD was capable of abolishing binding to DmsAL completely.  

This suggests that the DmsAL binding site is spread over the surface of the binding 

pocket.  The largest reductions in binding (2 fold) were seen for P86Q and L75A, with 

W87S and W87Y reduced in binding 1.5 fold.  These residues are found on loop 5 (P86 

and W87) and helix 5 (L75). These variant proteins as well as other residues on helix 5 

showed an increased entropic cost of binding the DmsAL.  Favourable entropy is 

generally the result of hydrophobic interactions and desolvation while favorable enthalpy 

results from hydrogen bonds and van der Waals interactions (Chaires 2008).  It is 

possible that upon binding DmsAL, residues within loop 5, neighbouring helix 5 of 

DmsD extend the helix slightly or that the helix rotates slightly, facilitating the 

interaction with the DmsAL over the newly exposed hydrophobic residues.  This would 

also be supported by the hydrophobic region of the DmsAL peptide being the 
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determinant of specificity of binding.  It is possible that the H-region of twin-arginine 

peptides bind to the REMP first, in a helical conformation, and that the twin-arginine 

motif binds later, enhancing the binding affinity.   

7.4 Parting Thoughts 

Overall, the results of this thesis have provided information and understanding of 

a chaperone of a twin-arginine translocase substrate.  The work gives details of 

recognition and binding of the twin-arginine motif leader sequence of the DMSO 

reductase subunit DmsA to its cognate chaperone DmsD.  Further, the work gives us 

insights into the specificity and differences of these redox enzyme maturation proteins 

that are key to the assembly and targeting of their respective enzymes.  The work 

provides the foundation to move towards understanding the chaperone’s role in other 

steps such as competing for the N-terminal leader peptide as it leaves the nascent chain 

exit tunnel of the ribosome (Leach 2013), the interaction with components of the 

molybdenum cofactor biosynthetic and insertion pathway, other general ‘foldase’ 

chaperones and finally, the Tat translocase itself. 

An exciting development in the field is the recent structure of the TatC subunit of 

the Tat translocase (Rollauer et al. 2012).  This is a huge breakthrough, which was an 

initiative of the European Tat Consortium led by Dr. Ben Berks (Oxford, UK).  This 

structure is the result of several labs’ efforts over 10 years before reaching such success.  

Additionally, through contributions from a number of groups, including ours, a structural 

understanding of the TatA subunit is almost complete (Chan et al. 2011; Chan et al. 2007; 

Rodriguez et al. 2013).  This now provides the foundation towards evaluating the 

substrate docking to the translocase where TatC also acts as a twin-arginine binding 
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protein.  Previously in our lab, we have observed DmsD interacting with TatBC 

components (Kostecki et al. 2010; Papish et al. 2003).  With the approaches developed in 

this thesis, and the DmsD structural and functional information that I have contributed, 

we can now evaluate the interaction of DmsD to TatBC and the ‘hand-off’ of the DmsAL 

to TatC.   

Given the function of translocating folded protein complexes across the lipid 

bilayer and the apparent lack of significant energetics to do so (no ABC transporter and 

only a minor requirement for an energized membrane); the Tat system still has some 

hidden surprises that with concerted effort and good luck, will provide excitement to Tat 

system researchers over the next decade. 
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APPENDIX	  A: 	  

 

A.1. Crystallographic Statistics 

Crystal Parameters  
Space group P3121 
a,b,c  (Å) 128.0, 128.0, 78.7Å 
  
Data Collection Statistics  
Wavelength (Å)                                                  1.5418 
Resolution (Å)                                                  30.7-2.0 (2.08-2.01) 
Total Reflections                                     278055 
Unique reflections                             48639  
Rmerge                                                                0.089 (0.362) 
Mean (I)/σ (I)                                                        11.5 (4.5) 
Completeness (%) 97.7 (95.6) 
Redundancy 5.72 (5.58) 
  
Refinement Statistics  
Protein molecules (chains) in A.U. 2 
Residues 412 
Water molecules 411 
Total number of atoms 3860 
Rfact / Rfree (%)  17.8/21.2 
Average B-factor (Å2) (all atoms) 22.7 
Rms deviation on angles (º) 1.1 
Rms deviation on bonds (Å) 0.009 

The data collection statistics in brackets are the values for the highest resolution shell. 
Rmerge = (Σh Σi |Ii - <I>|)/(Σh Σi Ii) 
Rfact =(Σ ||Fobs| - |Fcalc||) / (Σ|Fobs|)     
Rfree is calculated as Rfact; however, a test set of 5% of the total reflections to generate Fobs 
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A.2. Effect of Enthalpy of ionization. 

Phosphate and Tris buffer enthalpy of ionization (Goldberg et al. 2002) was plotted 
against the apparent enthalpy of reaction between DmsD and DmsAL21-41 (); DmsAL17-

41 (); DmsAL15-41 (); and DmsAL15-41KK (triangles).  
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