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ABSTRACT 

 
Presented in this dissertation are studies of protein dynamics and protein/protein 

interactions using solution phase hydrogen/deuterium exchange in combination with 

mass spectrometry (HXMS). In addition, gas phase fragmentation behaviors of deuterated 

peptides are investigated, with the purpose of increasing resolution of the HXMS.  

In the area of single protein dynamics, two protein systems are studied. Studies on 

the cytochrome c2 from Rhodobacter capsulatus indicate its domain stability to be similar 

to that of the horse heart cytochrome c. Further comparison of the exchange kinetics of 

the cytochrome c2 in its reduced and oxidized state reveals that the so-called hinge region 

is destabilized upon oxidation. We also applied a similar approach to investigate the 

conformational changes of photoactive yellow protein when it is transiently converted 

from the resting state to the signaling state. The central β-sheet of the protein is shown to 

be destabilized upon photoisomerization of the double bond in the chromophore.  

Another equally important question when it comes to understanding how proteins 

work is the interactions between proteins. To this end, two protein complexes are 

subjected to studies by solution phase hydrogen deuterium exchange and mass 

spectrometry. In the case of LexA/RecA interaction, both proteins show decreases in their 

extents of exchange upon complex formation. The potential binding site in LexA was 

further mapped to the same region that the protein uses to cleave itself upon interacting 

with RecA. In the sHSP/MDH system, hydrogen/deuterium exchange experiments 

revealed regions within sHSP-bound MDH that were significantly protected against 

exchange under heat denaturing condition, indicative of a partially unfolded state. 
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Hydrogen/deuterium exchange therefore provides a way of probing low resolution 

protein structure within protein complexes that have a high level of heterogeneity.  

Finally, the feasibility of increasing resolution of HXMS by gas phase peptide 

fragmentation is investigated by using a peptide with three prolines near the C-terminus. 

Our data show that deuterium migration indeed occurs during the collision activated 

dissociation process. Caution is required when interpreting the MS/MS spectra as a way 

of pinpointing the exact deuterium distribution within peptides.   
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1 CHAPTER ONE: BACKGROUND AND SIGNIFICANCE 

1.1 Importance of protein dynamics and protein/protein interaction 

Proteins are generally not as rigid and isolated as their crystal structures suggest. 

With very few exceptions, proteins usually undergo a wide range of motions, ranging 

from localized side chain rotation to “breathing” of the secondary structure and even the 

rearrangement of different secondary structure elements relative to each other. Research 

described in chapter three provides a good example of such. Reduced and oxidized 

cytochrome c2 from Rhodobacter capsulatus share essentially the same time average 

crystal structure. The difference in their function stems from the difference in the protein 

dynamics, particularly in a region that is on the pathway of electron transfer between the 

heme iron and their corresponding partners. Another example of how proteins rely on 

dynamics to function properly includes a recently recognized class of proteins that are 

intrinsically disordered [1, 2]. Many proteins in this class are involved in regulation of 

transcription and translation, protein phosphorylation, and regulation of multiple protein 

assembly. It is now proposed that the very nature of flexibility is one ‘trick” nature use to 

help a protein dock to its partner.  

Equally significant to recognize protein motion is to understand that interactions 

of proteins and ligands are essential for the action of nearly every process in a cell and 

organism [3]. To an extreme, some proteins are not functional until they join multiple 

proteins and assemble together to form large non-covalent molecular machinery in order 

to carry out their function. One such protein complex is ribosome, which is the “factory” 
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protein complex involved in protein synthesis. The intact ribosome is a mega-dalton 

protein complex composed of 2 subunits (30s and 50s) with a total of 54 proteins and 2 

rRNA molecules [4].    

 

1.2 Traditional biophysical approaches  

Based on the resolution of the techniques, traditional biophysical approaches can 

be classified into low resolution and high resolution. Low resolution approaches includes 

spectroscopic techniques such as circular dichroism (CD) and fluorescence. High 

resolution techniques are represented by X-ray crystallography and nuclear magnetic 

resonance (NMR) spectroscopy.    

 

1.2.1 Low resolution techniques 

Circular dichroism (CD) is based on the differential absorptions of polarized light 

when passing through chiral molecules. It is typically used to measure the overall 

secondary structural content of the protein (190-250 nm), as well as the chirality due to 

unique aromatics side chain arrangement within the protein (250-300 nm).  Proteins that 

are rich in α-helix content can be recognized by the characteristic double peak at 208 nm 

and 222 nm, while proteins with rich β-sheet structure can be recognized by the single 

peak at 210-230 nm range, depending on the protein. Informative as it is, CD can only 

provide a picture of overall secondary structural content and how it changes; a more 
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detailed picture of where these specific structural changes occur is missing from this 

technique.  

Fluorescence is another optical technique that is widely used to probe protein 

structural information. The aromatic groups of the three amino acids (tryptophan, 

tyrosine and phenylalanine) offer intrinsic fluorescence probes of protein solution 

conformation and interaction. Among the three, tryptophan is perhaps the most popular 

(absorbs at 275-295 nm and emits at 320-350 nm) [5]. Tryptophan fluorescence emission 

is highly sensitive to the environment, providing an excellent probe to detect changes in 

the probe’s local environment resulting from protein conformational changes or protein 

interactions. The information obtained by tryptophan fluorescence, while useful, is 

limited by the presence or absence of the residue within the protein.   

 

 

1.2.2 High resolution techniques 

Because X-ray wavelength is similar to the interatomic distance (~ 1.5 Å), it has 

been widely used to generate electron density map for proteins of interest. The 3-

dimensional structures of the proteins can then be obtained by fitting the protein sequence 

to the electron density map [6]. This method has revealed stunning structure details of 

many proteins, elucidated protein substrates and even revealed enzyme mechanisms. X-

ray crystallography, for example, revealed the structure of GroEl-GroES-(ADP)7 

complex [7], a 800 kDa protein complex that helps prevent protein misfolding [8].   



 38

 
 

X-ray crystallography, however, is not the solution for every single protein 

system as typically a pure and homogenous protein solution is needed to form stable 

diffraction-quality crystals. A significant amount of protein is needed to test appropriate 

crystallographic condition. Although this demand has been decreasing as the technology 

matures, it remains a barrier for some systems. Perhaps a larger drawback of this 

technique is that proteins of high flexible nature generally do not yield diffraction quality 

crystals. In such case, a truncation procedure is routinely carried out to remove the floppy 

regions [9]. This compromised approach has been proven to be extremely informative for 

proteins with small flexible regions. Yet for protein with intrinsic flexible structure [1] 

and for the cases when protein dynamic motions are the key to understanding the 

functions [10], X-ray crystallography is not adequate and solution phase techniques are 

needed.  

Nuclear magnetic resonance (NMR) is a technique that is gaining popularity 

especially in obtaining protein structure in solution and probing dynamics. This technique 

utilizes the distance restraints between assigned hydrogens arising from the nuclear 

overhauser effect (NOE). Further modeling of the protein sequence then gives rise to a 

collection of protein 3 dimensional structures [11]. As of Dec, 2006, the number of 

structures obtained by NMR comprised 15% of the total structures deposited in protein 

databank (statistics obtained from http://www.rcsb.org). Compared with X-ray 

crystallography, NMR excels in that proteins under investigation does not need to be 

perfectly ordered. Protein folding, protein dynamics and catalysis are among the 

problems that can be investigated by NMR [12, 13].  
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 A typical NMR experiment, however, requires a significant amount of protein 

(milligram) at high concentration (high millimolar). If a protein can not be obtained in 

sufficient quantity, or the protein properties of interest vary with concentration, structure 

determination by NMR will fail. In addition, as protein size increases, it becomes more 

difficult to assign hydrogens. Current limitations restrict complete structure determination 

to proteins with molecular weight of ~ 30 kDa of less, although the new TROSY method 

has substantially extends this limit [14].  

 

1.3 Advantages of mass spectrometry 

Although the techniques discussed above all can examine protein structures, none 

has the sensitivity and flexibility mass spectrometry offers. All the advantages of mass 

spectrometry stem from the development of ionization techniques and instrument 

advancements in the past two decades.  

 

1.3.1 Electrospray ionization (ESI) and Matrix assisted laser desorption ionization    

(MALDI) 

The field of mass spectrometry could have been completely different without the 

inventions of ESI and MLADI. Before the 80s, mass spectrometry was mainly used for 

small organic molecules which could be transferred into the gas phase by heating or 

thermo desorption. The emergence of fast atom bombardment (FAB) [15] signified the 

beginning of mass spectrometry being applied to biomolecules. Nevertheless, molecules 
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with molecular weight over 5,000 Da were still difficult to ionize by FAB. The last six 

years of the 80’s was a truly exciting time in the history of mass spectrometry. 1984 saw 

the introduction of ESI by John Fenn [16], which was followed by the demonstration of 

its application for proteins in 1989 [17]. ESI has quickly become one of the two standard 

ionization techniques for biomolecules. The introduction of the other ionization 

technique, however, has led to much debate even to date as to who should be credited 

with the discovery. Both Koichi Tanaka in Japan [18] and the team of Michael Karas and 

Franz Hillenkamp in Germany [19] discovered independently the technique of mixing the 

analyte of interest with matrix to achieve gentle ionization. Only Koichi Tanaka however, 

was awarded the Nobel Prize in chemistry in 2002 for his contribution in MALDI. John 

Fenn and Kurt Wüthrich were also awarded the Nobel prize in chemistry the same year 

for their contributions in ESI and NMR, respectively.  

 

1.3.1.1 Electrospray ionization 

A typical configuration of ESI is demonstrated in Scheme 1-1. In ESI, molecules 

are ionized directly from solution through either direct infusion or a LC system. Typical 

solvents used are mixtures of aqueous/organic (e.g. methanol, acetonitril) with a small 

amount of acid (1-2% acetic acid or formic acid, 0.1% TFA) to help protonate the 

molecules. The metal capillary through which the sample solution flows is kept at 3-5 kV 

relative to the heated capillary [17].  Under the high electric field, a fine mist of charged 

droplets are formed and driven by the electric field to travel toward the heated capillary.  
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 Two mechanisms were proposed to account for the result of solvent-free gas 

phase ions during ESI process. In the “charge residue” model [20], solvent evaporate, 

resulting in higher and higher charge density on the droplet surface. At the point where 

charge repulsion on the droplet surface exceeds the surface tension, a so called “Rayleigh 

limit” is reached. The droplets then explode into smaller droplets. This process repeats 

itself multiple times until the ions are complete solvent free [20, 21].  The “ion 

evaporation” model, in contrast, describes the process as charged ions flying out the 

droplets as charge repulsion overcomes surface tension [21-23].   
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Scheme 1-1 A typical ESI setup (reproduced from [24]) 

 

1.3.1.2 Matrix assisted laser desorption ionization 

 In a MALDI experiment (Scheme 1-2), the analyte is mixed with the appropriate 

organic matrix and co-crystallized on a MALDI plate. Typical matrix molecules include 

α-cyano-4-hydroxycinnamic acid (CCA, for peptides analysis), Sinapinic acid (SA, for 

large peptides and proteins analysis) and 2,5-dihydroxybenzoic acid (DHB, for peptides, 

small proteins and oligonucleotides analysis). They all share two common structural 

features that make them ideal candidates as MALDI matrix. The first feature is the 
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aromatic moiety, which absorbs energy well at the laser wavelength (N2 laser at 337 nm 

is the common wavelength used for MALDI experiment). This is critical as energy is 

now absorbed by the matrix instead of directly by the analyte, preventing decomposition 

of the analyte molecules of interest. The second feature of this class of molecules, which 

is equally important, is the carboxylic acid moiety. The caroboxylic groups in these 

matrix molecules are thought to serve as the proton sources to ionize the analyte 

molecules through proton-transfer reaction [25].  

 Ions generated by MALDI are typically singly or doubly changed, in contrast to 

the multiple charged ions produced by ESI. Consequently, the spectra produced in 

MALDI are simpler to interpret. The m/z’s of the ions generated by MALDI, however, 

are typically larger than those produced by ESI, especially for large protein ions. In this 

regard, the birth of MALDI almost immediately called for the development of a mass 

analyzer that has high upper mass limit. Since the time of flight (TOF) analyzer is the 

only mass analyzer that doesn’t have any theoretical mass limit, MALDI, in a way, has 

accelerated the development of TOF in the past twenty years. TOF is a natural fit for 

MALDI source not just for the high mass limit, but also because of the pulsed ion source 

that MALDI can provide, which is essential for TOF analysis [26, 27].  

 Simple spectra produced by MALDI, coupled with the fast acquisition time of a 

TOF analyzer makes MALDI-TOF an excellent choice for handling complex biological 

samples. MALDI-TOF has been gaining popularity as the instrument of choice for 

analyses such as protein profiling in tissues, or so called MALDI imaging [28].  Although 

still not quite as mature as other traditional imaging techniques, MRI for example, 
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MALDI imaging is unique in the information that is potentially available. After a 

complete scan, the locations of a wide range of different proteins or peptides are 

available. Images for a particular protein can then be reconstructed without doing another 

scan.   

 

 

 

Scheme 1-2 A generalized schematic of MALDI process (Figure reproduced from [29] 

with permission) 
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1.3.2 Mass Analyzers 

A variety of different mass analyzers are available commercially. These include 

Quadrupole (Q) [30, 31], Quadrupole ion trap (QIT) [32], Linear ion trap (LIT) [33, 34], 

Time of flight (TOF) [26, 35] and Fourier transform ion cyclotron resonance (FTICR) 

[36, 37] and the combination of some of them. The reason behind the co-existence of so 

many types of instrumentation is that each type of instrument has its advantages as well 

as disadvantages. It is therefore up to the user to choose the right instrumentation for the 

type of samples under investigation and the ionization method applied. For the research 

presented in this dissertation, majority of the experiments were carried out in either the 

Quadrupole ion trap (QIT) or the Quadrupole-time of flight (Q-TOF), which will be 

discussed in more details in sections 1.3.2.1 and 1.3.2.2.  

 

1.3.2.1 Quadrupole ion trap (QIT) 

The Quadrupole ion trap (QIT) [32] is perhaps the most widely currently used MS 

instrument for the analysis of biomolecules, and for good reasons. It is sensitive, robust, 

easy to use, and relatively inexpensive.  

The basic components of a QIT include a hyperbolic ring electrode and two 

hyperbolic end cap electrodes (Figure 1-1). A DC voltage is applied to the end cap 

electrodes, and a RF voltage is applied to the ring electrode. Ions are guided toward the 

ion trap by electrostatic lenses, accumulated in the octapole right before the trap for a 

short period of time, and then injected into the trap by lowering the front end cap DC 
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voltage. The number of ions injected into the trap each time is optimized for sensitivity 

while minimizing the space charging effect, which occurs when the number of ions in the 

trap becomes so large that the electric fields become distorted. To trap the ions once they 

are inside, a RF voltage is applied to the ring electrode, which focuses the ions toward the 

center of the trap.  A bath gas (helium, typical pressure = 1× 10-3 torr) is used to further 

reduce the kinetic energy of the ions and help focus the ions. The ion trajectory under the 

influence of the RF has a butterfly shape near the center of the trap, and the frequency is 

known as the secular frequency [32]. The stability and secular frequency of the ion in the 

trap depend on a number of factors, including the m/z of the ion, the frequency of the RF 

voltage and the amplitude of the RF voltage. In the MS mode, the ions can be 

sequentially ejected out of the trap through an orifice on the center of one of the end-cap 

by scanning the RF amplitude [32, 38].  A typical resolution of 2,000 can obtained, 

although higher resolution is also available by “Zoom scan”, which scan a much narrower 

mass range and at a slower scanning rate. A typical mass range in QIT is 4,000 m/z, 

sufficient for detection of most peptides and small proteins with multiple charges. In 

addition, QIT is also capable of performing multiple-stage fragmentation (MSn). In the 

simple MS2 mode, an ion of interest can be isolated by ejecting all other ions, and then 

subjected to translational excitation by applying a RF frequency matching the secular 

frequency of the ion (resonance excitation waveform). The kinetically excited ion 

collides with bath gas molecules, converting kinetic energy into internal energy. This 

process repeats itself until the ion acquires enough energy to undergo fragmentation. 

Finally the fragment ions can be detected by sequentially ejection out of the trap and 
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detected by the detector. Alternatively, one particular fragment ion can also be isolated 

and subjected to further fragmentation (MS3).  

 

 
 
 
 
 
 
 
 
 

 
 

 
Figure 1-1 Cross-section view of thermo QIT (Figure reproduced from [24]) 
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1.3.2.2 Quadrupole time of flight (Q-TOF) 

Quadrupole time of flight (Q-TOF) is a tandem mass spectrometer in space. It 

consists of a quadrupole mass analyzer to serve as a mass filter, an enclosed hexapole 

chamber as the collision cell where fragmentation occurs, and a time of flight mass 

analyzer for direct ion or fragment ion analysis. A diagram of the instrument is shown in 

Figure 1-2. The quadrupole is composed of 4 parallel metal rods, which separate into two 

pairs with each pair consisting of two rods opposite to each other. A combination of time-

dependant DC and RF voltages are applied to the rods. As shown in Scheme 1-3, a 

positive DC voltage is applied to a pair of the rod, while a negative DC voltage is applied 

to the other pair simultaneously. Similarly, RF voltages with the same aptitude, but 180º 

out of phase are applied to the two pairs of rods. In order to scan the mass, the ratio of the 

DC and RF voltage is kept constant, but their amplitudes are increased gradually [31]. 

Alternatively, if only an MS spectrum is desired, the resolving DC can be turned off, and 

the quadrupole is operated in the “broad-band” mode [31], in which all the ions are 

allowed to pass through to the TOF analyzer. Although a quadrupole mass analyzer only 

has unit resolution, it is robust and compatible with high pressure. The latter is an 

important reason why it is commonly used as the first analyzer in a tandem mass 

spectrometer coupled to liquid chromatography. The hexapole used in the collision cell 

(Figure 1-2) is used mainly as a focusing device. Argon is used in the Q-TOF instrument 

as the collision gas, similar to helium used in the QIT. TOF is a good choice as the 
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second mass analyzer because of its high resolution and theoretically unlimited 

theoretical mass range [35]. The TOF in the Q-TOF is placed orthogonal to the ion path 

to avoid spatial and kinetic energy spread being carried over to the second stage of the 

analysis. As a consequence, a resolution of 10,000 in the linear mode and 17,000 in the 

reflectron mode [35] can be readily obtained in this instrument.   

 

 

 

 

 

 

 

 

 
Figure 1-2 Diagram of Q-TOF II from waters (Figure adopted from [39]) 

 

 

Transport
Quadrupole

Foc/Steer Tube/
Entrance

Hexapole
Pre & post filters

Collision Cell

TOF

Pusher
Transport

Quadrupole
Foc/Steer Tube/

Entrance
Hexapole

Pre & post filters

Collision Cell

TOF

Pusher



 50

 
 

 

Scheme 1-3 A schematic diagram of a quadrupole mass filter (Figure reproduced from 

http://www.chemistry.adelaide.edu.au/external/soc-rel/content/quadrupo.htm) 

 
 
 

1.4 Methods coupled with mass spectrometry to study protein dynamics and 

protein/protein interactions 

In order to monitor protein dynamics and protein/protein interaction by mass 

spectrometry, the protein molecular weight must be altered in a way that allows a 

distinction to be made between different protein conformations. Various techniques have 

been developed to utilize the capabilities of mass spectrometry. A few of the commonly 

used techniques are discussed below.  
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1.4.1 Limited proteolysis 

Complete proteolysis by trypsin is now commonly used in the field of proteomics 

to identify unknown proteins from a certain biological source. In this kind of experiment, 

some denaturants (e.g. urea, guanidinium hydrochloride) are typically used to unfold the 

protein to ensure high level of proteolysis. Under these conditions, however, proteins’ 

native conformations are lost. Limited proteolysis is different from complete proteolysis 

in that the goal of the experiment is to probe protein conformation under native condition, 

rather than to generate a large number of peptides [40, 41]. The basic principle of limited 

proteolysis is that only the residues that are solvent accessible are open for cleavage by 

the protease. When the digestion pattern of the protein under the condition of interest is 

followed as a function of time, one can obtain information about solvent accessibilities of 

all the theoretically digestible sites. To avoid misleading results about a protein, the ratio 

of protease to protein is typically kept low, and the reaction time should also be 

controlled so that majority of the protein structural integrity is still maintained. Limited 

proteolysis is simple in principle and does not require construction of any specific 

instrumentation. One disadvantage of this technique, however, is that it is a low 

resolution approach. Trypsin, one of the most used protease, only cleaves C-terminal to 

arginine and lysine, which limits the information available. To circumvent this limitation, 

typically a large number of proteases and a library of digestion conditions are tested. 

With proper control of the experimental conditions, limited proteolysis is still a viable 

approach to obtain low resolution information about protein structure or protein/protein 

interfaces.  
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1.4.2 Site-specific covalent modification 

Based on the same principle as the limited proteolysis, a variety of covalent 

modification techniques have been developed to probe protein structure and 

protein/protein interactions. Instead of using a protease to attack specific residues, a 

chemical reagent with chosen reactivity is typically used to react with certain protein 

residues which are solvent accessible. Based on the kind of reaction that is utilized, these 

include lysine acetylation [42, 43], lysine aminidination [44, 45], modification of arginine 

by 1,2-cyclohexanedione [46], histidine modification by diethyl pyrocarbonate (DEP) 

[47] and tyrosine modification by iodination [48]. Since the reactions involved in the 

modification are typically very specific, the reaction products can be predicted, and the 

data interpretation is generally straightforward. Another advantage of the covalent 

modification, which it shares with the limited proteolysis, is that the reaction product is 

stable. This feature that can only be fully appreciated when compared with another 

popular technique, solution hydrogen/deuterium exchange (discussion in session 1.4.4). 

As informative as these techniques can be, experiments should be planned with care since 

harsh reaction conditions or drastic perturbation of the physiochemical properties of the 

target residues can change the native protein structure, leading to artificial outcomes. In 

the case of protein/protein interaction, a large number of the binding interfaces involve 

hydrophobic interactions, which generally doesn’t involve arginine or lysine residues. 

Techniques that are targeting those two residues are apparently not suitable for these 
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protein systems. Recently, hydroxyl radical has also been explored as a reagent to modify 

larger sets of protein residues [49-54]. Hydroxyl radicals can be generated from a variety 

of sources, but perhaps the most promising among them is a technique developed 

independently by Hambly [54] and Sze [53] in which a laser pulse is used to 

photochemically generate hydroxyl radical from hydrogen peroxide. The main 

advantages of this technique include a larger scope of targeting residues and the faster 

reaction time scale, which will be discussed further in chapter six.  

 

1.4.3 Cross-linking 

Limited proteolysis and site specific covalent modification can reveal important 

information about solvent accessibility at particular regions of the protein. One piece of 

information that is missing, which prevents the deduction of a 3-dimensional structure of 

a protein, is the relative positioning of different residues throughout the protein of interest 

[55, 56]. When it comes to studies of protein/protein interactions, it is also valuable if the 

binding interfaces can be caught “in action”, meaning the covalent cross-linking of the 

binding regions in both proteins by a chemical reagent. This is informative either when 

the functional partner of the target protein is unknown, or when one wants to interrogate 

the binding interfaces between the known proteins [57].  

Simple as it is in principle, a cross-linking experiment is generally a labor 

intensive and sometimes very practically difficult approach. First of all, cross-linkers are 

chemical reagents containing a “spacer arm” of a certain length (typically a simple 
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carbon-hydrogen chain) plus two reactive termini that can react with certain amino acid 

side chains within a protein. An example of a commonly used cross-linker that is 

targeting primary amine group is disuccinimidyl suberate (DSS) that one can purchase 

from Pierce (http://www.piercenet.com). The structure of DSS is shown in Figure 1-3. It 

contains two N-hydroxysuccinimide functional moieties that can be attacked by the lone 

pair electrons of the primary amine group in the protein to form stable peptide bonds. The 

spacer arm in DSS is 11 Å, which means there needs to be two amine groups 

approximately at that distance in order to have a successful cross-linking reaction. This 

poses a great challenge for cross-linker selection when the protein system under 

investigation is largely unknown. Luckily, nowadays, Pierce (http://www.piercenet.com) 

stocks a library of different cross-linkers with different reactivity and spacer arm length 

that one can choose from. Nevertheless, preliminary experiments typically need to be 

done to determine which cross-linker/cross-linkers are the best reagents to carry out 

further studies.  
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Figure 1-3 Structure of DSS 
 
 



 55

 
 

The other experimental concern to cross-linking is common to the other 

techniques mentioned in session 1.4.1 and 1.4.2. That is, experiments need to be planned 

carefully to avoid disruption of the protein native conformation. Consequently, the 

amount of cross-linking that can be achieved is typically low, which leads to the real 

challenge in this approach, the detection of the cross-linked region within the proteins. 

The general approach to cross-linking detection involves isolation of the cross-linked 

species, followed by digestion of the protein and finally LC-MSMS experiments to 

identify the cross-linked peptides. The reality, however, is that most of the biological 

systems are structurally heterogeneous, which leads to low level of cross-linking at each 

cross-linked site. Finding the low abundant cross-linked peptides against a large 

background of normal peptides is, without a doubt, a difficult task. Moreover, carboxylic 

groups and primary amine groups are two of the most common candidates for cross-

linking reactions. Amino acid residues containing these two kinds of groups, namely, 

glutamic acid, aspartic acid, lysine and arginine are also, unfortunately, the most common 

sites for enzymatic digestion. Consequently, the regions of the protein that are cross-

linked typically generate longer peptides than those from regions of the protein that are 

not cross-linked. Longer peptides generally don’t ionize as well as, nor do they fragment 

as easily as the shorter peptides. 

To make identification of the cross-linking easier, a typical technique used for 

protein quantification [58] has been extended to the design of cross-linkers [57, 59, 60]. 

Demonstrated by the two cross-linkers shown in table 1-1, the spacer arm of a particular 

cross-linker can be made into two versions, a non-deuterated version and a deuterated 
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version. This pair of molecules has the same reactivity, but a mass difference of 4 Da. 

When non-deuterated and deuterated cross-linkers are mixed 1:1 and used for cross-

linking reaction, the cross-linked peptides will all have a pair mass of M and M + 4 Da. 

This doublet signature certainly facilitates the identification of low abundant cross-linked 

peptides.   
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Table 1-1 The bi-functional, amine reactive cross-linkers, BS2G and BS3 in the non-

deuterated and deuterated version. The spacer arm distances are listed in the right column 

(Table reproduced from [57] with permission) 
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1.4.4 Solution hydrogen/deuterium exchange and mass spectrometry (HXMS) 

Solution phase hydrogen/deuterium exchange coupled with mass spectrometry is 

utilized throughout the work described in this dissertation. Different from the other 

techniques described in sections 1.4.1 to 1.4.3, hydrogen/deuterium exchange wasn’t a 

technique originally developed to be used with mass spectrometry. About half a century 

ago, following Pauling’s discovery of α-helix and β-sheet, a Danish scientist, Kai U. 

Linderstrøng-Lang and his co-workers realized that H-bonded structures might be able to 

be probed by measuring hydrogen exchange rate. In the original experimental design, a 

density gradient column, which can measure mass accurate to one part of million was 

utilized [61, 62].  In the next 50 plus years, the hydrogen/deuterium exchange process has 

been monitored by a variety of analytical techniques, including IR [63], UV [64, 65], 

neutron diffraction [66], NMR [67, 68] and finally mass spectrometry [69]. It is of 

interest to look back into the history of methods used to monitor this process, as the 

beginning method of choice is so similar in concept to the current method of choice, only 

the latter being a much more modern and sensitive.   

 

1.4.4.1 Fundamentals of hydrogen deuterium exchange 

Hydrogens within a protein can be classified into three different categories, based 

on their pKa values, as shown in Figure 1-4. When a protein sample is immersed in a D2O 

environment, all hydrogens start to exchange with deuterium in D2O. Their exchange 

rates, however, are highly affected by the pKa values. The hydrogens that are covalently 
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bonded to carbons are essentially not exchangeable, due to their high pKa. In contrast, the 

hydrogens that are connecting to the heteroatoms on the polar side chains, as well as the 

terminal carboxylic and amine hydrogens exchange extremely fast. Because their 

exchange rates are so fast, they are almost impossible to measure correctly by any 

analytical techniques, rendering no useful information about protein structure and 

dynamics. Finally, the amide hydrogens along the protein backbone have modest pKa 

values that can be readily measured. Consequently, the amide hydrogens are the only 

information rich hydrogens when it comes to hydrogen/deuterium exchange. This is in 

fact beneficial for data interpretation as every peptide bond contains only one hydrogen 

“sensor” (except proline which doesn’t contain any amide hydrogen when it is in a 

protein chain). One distinct advantage of hydrogen/deuterium exchange when compared 

with other techniques is that the whole protein backbone is essentially covered with 

sensor probes. This unique characteristic can be better appreciated when considering 

another important biophysical technique, tryptophan fluorescence [70, 71]. Due to the 

low abundant of tryptophane, it is much more likely that the regions of interest in a 

protein do not contain any tryptophan.  
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Figure 1-4 Different kinds of hydrogens within a protein are color-coded differently. 

Red, amide hydrogens, which have modest exchange rates. Black, hydrogens covalently 

connect to carbon, not exchangeable. Blue, side chain hydrogens connect to hetero atoms, 

exchange too fast to be measured  

 
 
 For an unstructured peptide, the intrinsic exchange rates for different amide 

hydrogens can now be predicted, based on the extensive work that was pioneered by 

Englander and co-workers [72, 73]. Moreover, these numbers are all within the same 

order of magnitude to each other. In reality, the rates of exchange for different amide 

hydrogens in different regions of the protein can vary as much as 5 orders of magnitude 

from each other. This vast difference in the exchange rates is mainly due to the existence 

of secondary structure, and arguably, partially also due to solvent accessibility (the 

contribution of solvent accessibility is still a matter of debate and will be further 

discussed in chapter six). Thus, by obtaining a profile of exchange rates at different 

amide sites, a lot can be learned about protein structure and dynamics. Here, the well 

accepted mechanism of exchange within a protein is illustrated in Scheme 1-4  
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Scheme 1-4 Mechanism of amide hydrogen exchange in a protein. See text for 

explanation of all terms 

 

The exchange reaction is believed to occur only when an amide hydrogen is not 

involved in an internal hydrogen bonding. In order for a hydrogen-bonded amide 

hydrogen to undergo exchange reaction, part or the entire secondary structure element 

needs to be transiently unfold, which is described by the rate constant k1. The reverse 

folding reaction, which is typically much faster than the unfolding process, is described 

by the rate constant k-1. Upon breakage of the hydrogen bond, the amide hydrogen is now 

surrounded by the free D2O solvent molecules. Deprotonation of the amide hydrogen, 
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followed by the “deuteriumation” by D2O, completes the exchange process. This step can 

be described by a rate constant k2 in Scheme 1-4. Finally, the protein undergoes a folding 

process and reforms the hydrogen bond that was broken in the first step [74-76]. In 

summary, the overall exchange rate can be expressed as in equation 1.1.  

 

1.1 eq.                                                       
12

21

−+
=

kk
kk

 kobs  

 

This rate constant expression can change its form based on the relative magnitude 

of intrinsic exchange rate (k2) and the folding rate constant (k-1). Under most 

physiological conditions, exchange rate constant k2, which can be calculated from any 

sequence [73], is much slower than the protein folding rate (termed EX2 kinetics). All 

protein molecules undergoing exchange with EX2 kinetics can be simply pictured as not 

given sufficient time to undergo exchange reaction in the unfolded state before they have 

to fold back to the native state. Hence multiple attempts have to be made before exchange 

can be completed.  Under this kinetics, the equation can be simplified as eq. 1.2, where 

Kunf  is the unfolding equilibrium constant. It can also be considered intuitively as a 

parameter to measure the strength of the hydrogen bond.  

 

1.2 eq. )/(                                                                                             2211 kKkkkk unfobs ×− ==  
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In some rare cases when the protein folding rate is slow, or the protein is 

intentionally denatured using denaturant or by increasing pH, k-1 becomes negligible 

compared with k2 (termed EX1 kinetics). The equation can be simplified into eq 1.3. 

Under these conditions, the protein molecules only need to unfold once before all amide 

hydrogens are replaced by deuteriums. Ultimately the exchange rate is only determined 

by the unfolding rate constant.  

1.3 eq.  )/(                                                                                                        1221 kkkkkobs ==  

 

1.4.4.2 Other experimental factors contributing to exchange rate 

As discussed in the previous section, the exchange step actually involves two 

steps, deprotonation and addition of deuterium. Deprotonation is base catalyzed, while 

addition of deuterium is acid catalyzed. In this sense, k2 can be expressed as eq 1.4 

below.  

1.4 eq.                                                ][][2
−+ ×+×= OHkHkk baseacid  

 

In the equation, kacid and kbase corresponding to the acid and base catalyzed 

reaction rate constant. Studies done by Englander and co-workers indicates that kacid and 

kbase have the values of 41.7 M-1min-1 and 1.12 × 1010 M-1min-1, respectively, at 

temperature of 20 ºC and low salt condition [72, 73]. The intrinsic exchange rate k2 as a 

function of different pH thus can be calculated and plotted in Figure 1-5. From neutral pH 

to pH 2.7, every pH unit decrease leads to a 10-fold decrease in the intrinsic exchange. 



 64

 
 

Hence one can design an experiment to carry out the labeling at physiological pH, but 

drop the pH to pH 2.7 to stop the exchange reaction.   

 

 

Figure 1-5 Intrinsic exchange rate for polyalanine as a function of pH (Figure reproduced 

from [69] with permission)  

 

Unfortunately, even at pH 2.7, the exchange rate is still around 10 sec-1 (see 

Figure 1-6), a reaction rate that is still too fast to stop the back-exchange of deuterium 

once the deuterated protein is in contact with water [73]. To further slow down the 

reaction, temperature can also be manipulated to achieve slower exchange rates.  From 25 
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ºC to 0 ºC, another 10 fold decrease in the exchange rate can be achieved. Under these 

conditions (pH 2.7 and 0 ºC), the half-life of amide deuteriums is somewhere in between 

30 min. to 120 min. depending on the identity of the residues. This is sufficient for a full 

LC-MS experiment to determine deuterium content.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-6 Effect temperature on the intrinsic exchange rate (Figure reproduced from 

[77] with permission)  

 
 

kex (sec-1) t1/2



 66

 
 

1.4.4.3 H/D exchange by MS vs. by NMR 

Since deuterium is an NMR-silent isotope, 1-dimension NMR became a natural 

choice to monitor deuterium incorporation [67, 78-80]. The impact of this approach, 

however, is quite limited since the signals from different amide hydrogens overlap so 

much that it is almost impossible to use this technique to study even the smallest proteins. 

The emergence of two-dimensional NMR, however, completely changed the picture, as 

more amide hydrogen signals could be resolved, more amide hydrogen probes could be 

used to interrogate protein structure and protein dynamics. The 80’s and 90’s saw the 

combination of hydrogen/deuterium exchange and two-dimensional NMR becoming an 

important tool in the biophysics community [81-88]. During this period, Englander and 

co-worker have made significant contribution to the development of this technique as 

they investigated the intrinsic exchange rates of all the amide hydrogens, as well as the 

effect of neighboring groups, salt and pH [72, 73]. Now, one can easily predict the 

intrinsic exchange rate given a particular pH, salt condition and the sequence of the 

peptide. Since NMR by itself can reveal protein solution structure, the combination of 

NMR and H/D exchange experiments can give both structural and dynamics information 

about a protein. 

In 1991, Katta and Chait first demonstrated the use of mass spectrometry to 

follow the global hydrogen exchange pattern of bovine ubiquitin [89]. A portion of the 

amide hydrogens were identified to be highly resistant to exchange, although their exact 

locations could not be pinpointed. Two year later, Zhang and Smith reported a proteolysis 

and LC-MS approach to further resolve the locations of deuterium on the peptide level 
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[90]. Although the sequence coverage was only 59% and a substantial amount of 

deuterium back-exchanged to hydrogen during the LC step, this work clearly showed that 

mass spectrometry can be a powerful tool to follow hydrogen exchange in proteins. 

Further refinements mainly in Smith group continued to improve the sequence coverage 

and minimize the artificial back-exchange during LC and MS analysis. Some of the 

instrumentation details will be further discussed in chapter two. 

Both multi-dimensional NMR and mass spectrometry are powerful tools to follow 

the hydrogen exchange process in protein. Whether to use NMR or mass spectrometry to 

follow the exchange process for a particular protein highly depends on the protein 

system. Mass spectrometry, however, is undoubtedly advantageous over NMR in the area 

of sensitivity, protein solubility, molecular mass, time scale and flexibility in 

experimental conditions.  

The amount of protein needed for an exchange experiment by NMR is in the µmol 

range, compared to the sub-nanomol needed in a typical experiment by MS.  With a state 

of the art LTQ-FTICR instrument, the requirement for MS can be within the pmol range. 

Additional protein is needed for both NMR and MS hydrogen exchange experiments, 

since amide hydrogen peak assignment and peptide identification are a prerequisite for 

NMR and MS experiment, respectively. With a high resolution MS instrument, the 

complete task of peptide identification and optimization of the LC condition can usually 

be accomplished within a couple days. In the case of peak assignment in NMR, it is never 

a trivial task and requires substantial time and personal attention. When it comes to 

protein concentration, typically millimolar is needed for the NMR experiment, while the 



 68

 
 

concentration can be as low as nanomolar in the MS experiment. For proteins that 

aggregate at high concentration or have low solubility, mass spectrometry should be 

considered as the top choice. With respect to the size of the protein, NMR currently still 

limits to proteins with size smaller than 30-40 kDa, even using multi-dimensional NMR. 

In the MS approach, since proteins will be digested into peptides, theoretically the size of 

the protein is not a limitation. The practical limit is in the efficiency of LC separation 

since most of the studies limit the time of separation to be less than 15 minutes to 

minimize the amount of back exchange. Engen and co-worker have demonstrated that 

much better separation efficiency can be achieved using C-18 columns with 1.7 µm 

particle size (ultra high performace liquid chromatography, UPLC) for separation of 

deuterated peptides [91]. Recently, Marshall et al. showed that by using supercritical 

fluid chromatography, the problem of back-exchange can be minimized to as low as 5% 

[92].  Although neither approach is standard procedure for HXMS work, further 

refinement of the technologies will undoubtedly improve the applicability of MS for 

larger and larger proteins. The biggest protein complex that was studied by HXMS has a 

total molecular weight of 16.9 MDa [93].  

In order to understand the advantages of MS in term of time scale, one needs to 

understand how the experiments are performed by both techniques. In the MS approach, 

the labeling step and analysis steps are completely separated (see experimental details in 

chapter two). All the analyses are carried out at pH 2.7 and minimal temperature (0 ºC) 

where the exchange rate is slowed down by 5 orders of magnitudes. In the NMR 

approach, however, the protein needs to be refolded to its native conformation to have 
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consistent proton signals before and after the exchange. Consequently, the lowest pH that 

can be used for quenching varies from protein to protein, and typically around 5-6. Due 

to insufficient quenching, most of the deuteriums on the surface of the protein will 

exchange back into hydrogens. As a result, the detectable amide hydrogens in the NMR 

approach typically have a half-life of 1 hour or longer (at the pH where NMR experiment 

is carried out), which poses limitations for studies of protein/protein interaction or 

regions of protein that have weak hydrogen bonds.    

As will be discussed in chapter two, modern MS experiments typically involve 

desalting and concentrating steps to clean up and concentrate the samples. In return, the 

kind of buffer, salt and concentration conditions that can be chosen is typically not a 

limiting factor in the MS approach, as opposed to the NMR approach.  

Finally, mass spectrometry offers another inherent advantage that is only 

beginning to be appreciated. For a real-world protein sample, structural heterogeneity is 

not an uncommon feature. Imagine a scenario where half of the protein molecules are 

completely unstructured, while the other half of the population is structured. When an 

exchange experiment is carried out, two populations should result. The first population, 

corresponding to the unstructured protein, would exchange quickly and result in a heavy 

mass. The second population, corresponding to the structured protein, would exchange 

more slowly and result in a lighter mass. In another scenario, if all of the protein 

molecules are 50% structured, then the exchange experiment should lead to only one 

population. If mass spectrometry is used to follow these two different scenarios, the first 

scenario will result in two peaks in the spectrum, one higher mass and one lower mass, 
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while only one mass envelop will be generated in the second scenario. In contrast, since 

NMR measures each amide site from all the molecules and give only one signal, 50% ×1 

+ 50% × 0 will be exactly the same as 100% × 0.5, leading to no differentiation between 

the two scenarios. This advantage of MS is exemplified by the work of Miranker et al 

where they study the folding of lysozyme using hydrogen/deuterium exchange and mass 

spectrometry [94]. Three folding intermediates were identified, indicated by the three 

mass envelopes in the mass spectrum.  

Although mass spectrometry excels over NMR in a number of areas when it 

comes to monitoring H/D exchange, NMR does offer one undeniable advantage, site-

specific resolution for deuterium incorporation. For small proteins whose amide 

hydrogen signaling can be readily assigned, H/D exchange by NMR is still the method of 

choice. To achieve better resolution by mass spectrometry, a number of ways have been 

proposed in the past twenty years. The two basic approaches include extensive 

proteolysis or gas phase fragmentation of deuterated peptides in the gas phase, which will 

be the topic of chapter eight.   

 

1.4.4.4 Comparison of HXMS with other labeling techniques 

Hydrogen/deuterium exchange, in a sense, can also be considered a chemical 

modification using D2O as the modification reagent. It has a number of advantages over 

the other techniques discussed in section 1.4.1 to 1.4.3, but also some disadvantages as 

well.  
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First of all, among all the techniques coupled with mass spectrometry, H/D 

exchange is the only technique that can give almost complete coverage of the whole 

protein chain. This is, without a doubt, a big advantage to the technique as it can 

theoretically provide richer information about a protein of interest.  

Another advantage of hydrogen/ deuterium exchange is that the reaction condition 

is mild compared with the other labeling techniques. With the other techniques, the 

protein is either digested (in limited proteolysis) or undergoing drastic local property 

change (in chemical modification and cross-linking). Although some may argue about the 

isotope effect, the fact that the non-deuterated and deuterated peptides typically co-elute 

in C-18 column is good evidence that the hydrophobicity of the residues has not been 

changed substantially. In addition, the majority of H/D exchange work is carried out to 

study proteins under different conditions, in which case both protein samples will be 

exchanged to certain extent. The contribution of isotope effect should therefore be 

minimal.  

Under neutral pH and room temperature, it only takes about 100 ms before an 

amide hyhdrogen in an unstructured peptide is replaced by deuterium. If needed, pH can 

be slightly increased to obtain a faster exchange rate, in which case a stop-flow apparatus 

is typically employed to achieve fast solvent mixing. At the other extreme, the exchange 

reaction can be monitored as long as necessary without the worry of conformation change 

due to protein digestion or modification. As a result, the time scale that can be probed by 

HXMS is ranging from 10 ms (limited by the stop-flow apparatus) to days or even 

months. In contrast, most of the other techniques can only be used to probe time scale 
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from typically a few minutes to hours (depending on how harsh the modification 

condition is). The only other technique that has a time scale faster than H/D exchange is 

photoactive hydroxyl radical modification of protein, a technique that will be discussed in 

chapter six.   

One fundamental difference between H/D exchange and other labeling techniques 

is the target of the reaction. It is often ignored that the target of the exchange reaction is 

the amide hydrogen on the protein backbone, while all the other labeling techniques 

(limited proteolysis as well) target the protein side chain. Moreover, although solvent 

accessibility has been regarded as the basis for limited proteolysis, chemical modification 

and cross-linking experiments, its contribution to hydrogen/deuterium exchange is still a 

matter of debate [95, 96]. When a protein and its partner form a binding interface, 

depending on the nature of the interaction and how tight the interface is, the exchange 

rates of the amide hydrogens on the interface may or may not change (see chapter six for 

more details). The other fact that is equally easy to forget is that when a protein is 

interacting with another protein, conformational changes can occurs not only at the 

binding interface, but also elsewhere in the protein as well. A simple change in exchange 

rate for a particular peptide doesn’t necessarily lead to the conclusion that the region 

where the peptide belongs is involved in the binding interface. In this regard, cross-

linking may be a better alternative, as the distance information is built into the reaction 

mechanism.    

And finally, an experimentalist will likely recognize a practical challenge when 

one starts working on HXMS. That is, the exchange reaction is reversible. Special 
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instrumentation must be built up to minimize the time spent on digestion, desalting and 

peptide separation. Experimental conditions need to be under good control to minimize 

back exchange. These are the very reasons why this technique is still in hands of mass 

spectrometrists, despite the rich information that it can provide for the biophysical 

community.  
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2 CHAPTER TWO: EXPERIMENTAL METHODS AND INSTRUMENTATION 

 
 

This chapter describes the general methods and instrumentation for the 

experiments discussed throughout the next six chapters.  

 

2.1 Materials 

2.1.1 Proteins 

Rhodobacter capsulatus wild-type cytochrome c2 (strain St, Louis) and the K93P 

mutant were prepared by the Cusanovich group as described in the literature [97]. Both 

proteins were concentrated (~ 1 mM) and stored in 10 mM sodium phosphate and 80 mM 

KCl (pH 6.8).  

Halorhodospira halophila wild-type PYP and the M100A mutant (strain BN9626) 

were prepared by the Cusanovich group as described in the literature [98, 99]. Both 

proteins were concentrated (840 µM) and stored in 10 mM sodium phosphate and 80 mM 

KCl (pH 6.8).  

LexA (accession number NP418467) K156A mutant and RecA (accession 

number NP417179) were prepared by the Little group as described in the literature [100, 

101]. Both proteins were buffered exchanged into 25 mM phosphate buffer (25 mM, pH 

7.4). Concentration of K156A and RecA were 230 µM and 71 µM, respectively.  

Small heat shock protein HSP16.9 from wheat (accession number CAA45902), 

HSP18.1 from pea (accession number P19243), HSP18.5 from Arabidopsis, and the 

chimera protein N16C18, N18C16, sN16C18 and sN18C16 were all prepared by the 
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Vierling group based on methods described in the literature [102, 103]. A typical protein 

buffer is 25 mM phosphate with pH 7.5. Pig heart Malate dehydrogenase (Roche, 

Germany, accession number 1MLD_D) and firefly luciferase (promega, CA, accession 

number 1LCI) were purchased from the manufacturers and used without further 

purification.  

Trip-cage proteins were prepared by the Andersen group in University of 

Washington following procedures reported in the literature [104].  

 

2.1.2 Reagents 

D2O (99.9%), CD3OD (99.9%) and D6-Guanidinium hydrochloride were 

purchased from Cambridge Isotope Laboratories (Andover, MA) and used without 

further purification. Guanidinium hydrochloride, N,N-dimethylformamide (DMF), 

anhydrous DMF, dichloromethane (DCM), trifluoroacetic acid (TFA), iodoacetic 

anhydride, sodium bicarbonate (NaHCO3), methanol, acetic acid, bradykinin, leucine 

enkephaline, ubiquitin, and apo-myoglobin were purchased from Sigma-Aldrich (St. 

Louis, MO) and used without further purification. 18 MΩ Milli-Q water was prepared 

(Millipore Cor., Bedford, MA). 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide 

hydrochloride (EDC), N-hydroxysulfosuccinimide (sulfo-NHS), 2-Mercaptoethanol, 

formic acid, bis[sulfosuccinimidyl] suberate-d0 (BS2G-d0)  and bis[sulfosuccinimidyl] 

suberate-d4 (BS2G-d4) were purchased from Pierce (Rockford, IL) without further 

purification.    
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2.2 Spectroscopy in photoactive yellow protein project  

Absorption spectra were obtained with a CARY 300 spectrophotometer. To 

spectrally monitor the signaling state, PYP (wild-type or M100A mutant) was illuminated 

with a tungsten lamp (60W) using a 410 nm cut-off filter (Corning 4-72 stacked with K-

2), and the cuvette was immediately transferred to the spectrophotometer. The absorption 

measurement was determined from 420-460 nm to minimize the impact of dark recovery. 

For the exchange experiments in the dark, the protein stock was incubated in the dark for 

30 minutes prior to exchange, and incubated in a dark room with a dim red light for the 

duration of exchange. In the light experiments, PYP solutions were illuminated with blue 

light for the duration of the sampling period described in the next section. The cuvette 

was thermostated in a copper cuvet holder with circulating water to eliminate temperature 

drift due to illumination for long periods of time.   

 

2.3 Size exclusion chromatography (SEC) in small heat shock protein (sHSP) project  

 Different sHSP and substrate proteins were incubated at concentrations, 

temperatures and time length specified in the project. Protein mixtures were cooled on ice 

after heating and centrifuged for 15 min at 13,000 rpm. The supernatant (100 µl) was 

loaded into a Bio-Sil SEC 400-5 column (Bio-Rad) at a flow rate of 1 ml/min. The 

mobile phase used in all the experiments contained 25 mM sodium phosphate and 150 

mM KCl, pH 7.5. Standards used for chromatography were: thyroglobunlin 670 kDa, β-
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amylase 200 kDa, gamma globulin 158 kDa, BSA 66 kDa, ovalumin 44 kDa, carbonic 

anhydrase 29 kDa and myoglobin 17 kDa.  

 

 

2.4 Circular Dichroism in small heat shock protein project 

 CD spectra were recorded on an Olis DSM 20CD spectropolarimeter. Maltate 

dehydrogenase (MDH) was diluted from the stock solution (151 µM) into a 25 mM 

phosphate buffer with 150 mM KCl (pH 7.5) to a final concentration of 5 µM. A cuvette 

with a 1 mm pathlength was used for the experiment.   

 

2.5  Cross-linking by EDC and BS2G in LexA/RecA project 

The procedure for the formation of LexA/RecA complex was based on the 

protocol previously published [105] with changes described below.  

RecA was activated with the oligo SKBT25 (GCGTATGTGTGGTGTGC). This 

oligo was selected for preferential binding to RecA. RecA activation reaction typically 

contained 10 µM RecA, 2.2 µM oligo (or 40 µM nucleotides), 20 mM phosphate, pH 7.4, 

2 mM MgCl2, 1 mM γATP-S and 1 mM DTT, and were incubated overnight on ice. This 

produced higher activity than incubation of hours or less. Unless otherwise indicated, 

complex formation was initiated by adding RecA to LexA sample.  
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2.5.1 Two step coupling of LexA/RecA complex using EDC and sulfo-NHS 

The procedure is described in the protocol from Pierce (www.piercenet.com), and 

the general reaction schemes are shown below in Scheme 2-1 and Scheme 2-2. LexA 

K156A mutant (20 µM) was first mixed with EDC (2 mM) and sulfo-NHS (5mM) and 

incubated at room temperature for 15minutes. Initial product O-acylisourea is an amine 

reactive intermediate that can be stabilized by reacting with sulfo-NHS (Scheme 2-1). 

Excess EDC can be quenched by reducing agent 2-Mercaptoentanol. Activated RecA was 

subsequently added into the mixture to form the LexA/RecA complex (Scheme 2-2).   
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Scheme 2-1 First step of the EDC cross-linking reaction: Protein 1 reacts with EDC, with 

product stabilized by Sulfo-NHS (reaction adopted from [106] with permission) 
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Scheme 2-2 Second step of the EDC cross-linking reaction:  cross-linking between the 

two proteins (reaction adopted from [106] with permission) 

 
 
 
 
 

2.5.2 Cross-linking of LexA/RecA by BS2G 

BS2G is a homo-bifunctional amine reactive cross-linker (structure shown in 

Table 1-1). The procedure for the cross-linking reaction is described in the protocol from 

Pierce (www.piercenet.com) and briefly described below. LexA K156A mutant and 

RecA were first mixed 1:1 (10 µM each in phosphate buffer, 20mM, pH 7.4) to form a 

stable complex. A  BS2G stock (40 mM) in DMSO was added into the complex solutions 

to a final concentration of 10-fold, 50-fold and 100-fold excess to protein. The cross-

linking reaction was allowed to proceed for an hour, followed by addition of excess 

sodium bicarbonate to quench the reaction.  
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2.6 Hydrogen/deuterium exchange 

2.6.1 General approach for HXMS 

A general experimental protocol is shown in Scheme 2-1 below. The protein 

under investigation is placed in a desired buffer condition. An excess amount of D2O 

with the same buffer condition is added into the protein stock to initiate an exchange 

reaction. At various time points, a small aliquot of the protein sample is taken out from 

the master reaction tube and quenched by either 200 mM deuterated phosphate buffer in 

D2O ( pD read = 2.7 without correction for isotope effect [107]) or 25% deuterated formic 

acid in D2O. Typical protein used for each time point is 100 pmol.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 81

 
 

 
 
 
 
 
 
 

 

 

 

 

 

 
Scheme 2-3 A general experimental protocol for hydrogen/deuterium exchange 

experiment 
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2.6.2 An online digestion, desalting, concentration and separation setup optimized for 

short analysis time 

As discussed in chapter one, the success of a hydrogen/deuterium exchange 

experiment highly depends on a short analysis time to minimize the extent of back 

exchange (the replacement of deuteriums with hydrogens once the deuterated proteins are 

in contact with water). An online digestion-desalting-concentration-separation setup was 

constructed based on Smith’s work in the literature [108]. The schematic of this online 

setup is shown in Scheme 2-2, with a picture of the actual setup shown in Figure 2-1.  

As part of the setup, a pepsin column was prepared by immobilizing the protease 

pepsin on the POROS 20AL polymer column material purchased from Applied 

Biosystems (Foster City, CA) and packed into an empty stainless steel column from 

Alltech (Deerfield, IL). Immobilization of the protease and column packing procedure are 

based on the procedures described in the literature [108]. Online Pepsin digestion 

provides higher digestion efficiency than digestion in solution [108]. More importantly, 

the use of an online column makes it possible to control digestion time reproducibly by 

controlling the flow rate, which is crucial for a successful H/D exchange analysis. Under 

a typical flow rate of 200 µL/min, digestion time is 51 s (based on a column dead volume 

of 170 µL [108], Scheme 2-2A). A commercially available pepsin column was also 

purchased and tested out, although the digestion efficiency was found out to be much 

lower than the home-packed version. Engen et al reported that pepsin columns from this 

particular manufacturer cause excess back exchange [109], a conclusion that has not been 

tested thoroughly by the author.  
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The other key components of the setup include a peptide trap (Michrom 

BioResources, Auburn, CA) and a C-18 column. The peptide trap is used to retain 

peptides after the pepsin column while buffer and salt can be washed away by solvent C 

(H2O with 0.05% TFA). In the case of protein analysis, a protein trap (Michrome 

BioResources, Auburn, CA) is used instead. A typical washing time is 1.5 ~2 min. with a 

flow rate of 500 µL/min. Multiple columns with the same dimension (1mm × 50 mm) 

have been used throughout the research, including 5 µm Magic C-18 column (Michrom 

BioResources, Auburn, CA), 5 µm and 3 µm C-18 columns from Micro-Tech Scientific 

(Vista, CA) and polymer column STYROS R2 from OraChrom, Inc. (Woburn, MA). For 

protein separation, either a 5 µm C-4 column from Micro-Tech Scientific (Vista, CA) or a 

polymer column STYROS R2 from OraChrom, Inc. (Woburn, MA) was used. A typical 

gradient for peptide separation is: 5% ACN for 1 minute, ramp up to 35% ACN in the 

next 6 minutes, then jump to 90% ACN in 2 minutes before coming down and 

equilibrating at 5% ACN. A typical gradient for protein separation is: 10% to 50% ACN 

in 4 minutes then jump to 90% ACN in the next 2 minutes before coming down and 

equilibrating at 10% at 10% ACN.  The switch from washing the peptides/proteins to 

eluting peptides from the trap is controlled by the switching valve B. The two 

connectivity configuration between the six ports in the switching valve B is shown in 

Scheme 2-2 A and B.  During the analysis, the whole online setup was submerged under 

the ice-water bath to maintain temperature close to 0 ºC to minimize back-exchange.  
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Scheme 2-4 Schematics of the online digestion-desating-concentration-separation 

system. A. The system in digestion-deslating-concentration mode; B. The system in 

separation mode   
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Figure 2-1 A picture of the online digestion-desalting-concentration-separation setup 
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2.6.3 Mass spectrometry analysis 

2.6.3.1 Quadrupole ion trap (QIT) 

A Thermo classic quadrupole ion trap (QIT) (Thermo Fisher, Waltham, MA) was 

used for some peptide identification (chapter three through chapter seven) and some of 

the deuterium migration work (chapter eight). In a typical experiment, a voltage of 4.0 

kV was applied between the electrospray capillary and the heating capillary. The heating 

capillary was maintained at 200 ºC. Helium gas was used as the collision gas (typical 

pressure = 1× 10-3 torr). Collision activated dissociation (CAD) MS/MS spectra were 

acquired in the data-dependant mode. A typical sequence included one MS scan, a zoom 

scan for the most intense precursor ion, and a MS/MS spectrum of the same ion. This 

sequence was repeated with dynamic exclusion to limit the number of fragmentation 

spectrum for the same parent ion acquired only once in a 3 minute windows. All ions 

were activated for a 30 ms time windows by resonance excitation with normalized 

collision energy of 35%.  

 

2.6.3.2 Micro quadrupole time of flight (micro Q-TOF) 

A micro Q-TOF instrument (Waters, Milford, MA) was used for the majority of 

the work described in this dissertation. 1 µM Apo-myoglobin was used for calibration 

and re-calibration before each MS acquisition to compensate for mass drift (especially 

dramatic for the first two hours of operation in the beginning of the day). N2 was used as 
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the desolvation and cone gas, which were typically operated at 400 L/h and 10 L/h, 

respectively. A typical voltage of 2.8 kV was applied on the sample capillary (relative to 

the hexapole collision chamber). The sample capillary was typically set for 150 ºC for 

normal direct infusion or regular LC operation, but lower (120 ºC) for H/D exchange 

samples. Typical sample cone and extraction cone voltages were 30 V and 0 V, 

respectively. Collision voltage was set at 8 V for transmission of peptide ions and 10 V 

for protein ions, and 25V-60V for peptide fragmentation. Argon gas was used as the 

collision gas in the hexapole collision chamber, with a typical pressure of 9 × 10-6 mbar 

for ion transmission and 5 × 10-5 mbar for CAD. Detector MCP voltage is typically set at 

2200 to 2600 V.  

 

2.6.4 Data Analysis  

Deconvolution of intact protein spectra were performed with the program 

MaxEnt1 (Waters). The typical error of each data point was determined to be ± 2 Da 

based on multiple measurements. The mass of each peptide was taken as the centroid 

mass of the isotopic envelope with the program MagTran [110]. The typical error of each 

data point was determined to be ± 0.2 Da based on multiple measurements. 

In order to account for the exchange of deuterium during the HPLC step (back 

exchange),  and the use the of only 10-20 fold excess deuterium oxide during the labeling 

step, which limits the forward exchange reaction, an experimental correction is necessary. 

In the experiments, a 100% deuterated protein control was prepared by diluting the 



 88

 
 

protein stock in the labeling solution and quenching buffer, incubating at 60 ºC for 3 

hours, and then incubating at room temperature for > 24hours, or by denaturing the 

protein in 6M D6-guanidinium hydrochloride D2O solution for 24 hours. The corrected 

extent of deuterium incorporation was calculated according to equation 2.1.  

2.1 eq.                                                                    
%0%100

%0.exp N
mm
mmm ×

−
−

=  

where mexp. is the experimental centroid mass of the peptide at a particular time point, 

m0% is the centroid mass of the undeuterated control, m100% is the centroid mass of the 

100% dueterated control, and N is the number of amide hydrogens for the peptide of 

interest. All data presented here have been corrected for back exchange. 

In order to determine the exchange rates in sub-regions of the peptides, amide 

hydrogens with similar exchange rates were grouped together within a particular peptide. 

The overall deuteration level was fit to a general exponential equation D = N1exp(-k1t) + 

N2exp(-k2t) + N3exp(-k3t) + N4exp(-k4t), where N1, N2, N3 and N4 represent the number 

of fast, intermediate, slow and slowest exchanging amide hydrogens in each peptide, and 

k1, k2, k3 and k4 represent their corresponding exchange rate constants [90]. The 

minimum number of exponential terms to describe the time course was typically 3 to 4. 

Because of the wide time range studied and the relatively small number of data points, 

specific rate constants will be reported for only the intermediate and slow exchanging 

hydrogens. Note however, assuming the exchange of hydrogens in any kinetic regime is 

an integer; the number of protons exchanging is well defined.  The fastest exchanging 

hydrogens have rate constants of > 5 min-1, the intermediate, slow and slowest 

exchanging hydrogens have rate constants typically in the range of 0.2- 1.0 min-1 , 0.01- 
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0.05 min-1 and < 0.001 min-1, respectively. The Program Kaleidagraph (Synergy 

software) was used for the nonlinear least-square fit to the kinetic data.   
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3 CHAPTER THREE: LOCAL STABILITY OF RODOBACTER CAPSULATUS 

CYTOCHROME C2 PROBED BY SOLUTION PHASE 

HYDROGEN/DEUTERIUM EXCHANGE AND MASS SPECTROMETRY 

 
 

The content of this chapter has been published in: 

Cheng, Guilong; Wysocki, Vicki H.; Cusanovich, Michael A.   Local Stability of 

Rhodobacter capsulatus Cytochrome c2 Probed by Solution Phase 

Hydrogen/Deuterium Exchange and Mass Spectrometry.    Journal of the American 

Society for Mass Spectrometry  (2006),  17(11),  1518-1525.  

 
 
 
 
 

The hydrogen/deuterium exchange kinetics of Rhodobacter capsulatus 

cytochrome c2 have been determined using mass spectrometry. As expected the relative 

domain stability was generally similar to that of the cytochrome c2 structural homolog, 

horse heart cytochrome c, but we were able to find evidence to support the presence of a 

second, small β-sheet not found in the horse cytochrome, which stabilizes a structural 

region dominated by omega loops. Importantly, we find that the so-called hinge region, 

comprised of 15 amino acids which include the methionine 6th heme ligand (M96), is 

destabilized on oxidation and this destabilization is propagated to a portion of the second 

omega loop, most likely through perturbation of two hydrogen bonds that couple these 

two domains in the three dimensional structure. The mutation of a lysine at position 93 to 

proline amplifies the destabilization observed on oxidation of the wild-type cytochrome 
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c2 and results in further destabilization observed in regions 52-60, 75-82 and 83-97.  This 

suggests that hydrogen bond interactions involving two bound waters, the T94 hydroxyl, 

the front heme propionate and the Y75 hydroxyl are significantly compromised upon 

mutation. In summary, these observations are consistent with the ~20-fold increase in the 

movement of the hinge away from the heme face in the oxidized cytochrome c2 as 

determined by ligand binding kinetics. Thus, H/D exchange kinetics can be used to 

identify relatively subtle structural features and at least in some cases facilitate the 

understanding of the structural basis of the dynamic properties of proteins. 

3.1 Introduction 

A wide range of techniques have been developed to relate structure and function 

in proteins. In recent years there has evolved an increasing interest in the dynamic 

properties of proteins, and in particular understanding the structure of functionally 

relevant conformations that are not necessarily identical with the time-averaged structure. 

Cytochrome c has been of particular interest since it exists in two states (oxidized and 

reduced) that have almost identical structures, but very different properties (e.g., stability 

to denaturation and susceptibility to proteolytic digestion). In elegant studies from the 

Englander laboratory [83, 111, 112], hydrogen-deuterium (H/D) exchange as determined 

by NMR has been used to characterize the stability of cytochrome c domains. Figure 3-1 

shows the five domains that can be resolved. These results are consistent with the native 

structure with the blue regions (N- and C-terminal helices) folding first, stabilizing the 

green regions (Ω loop and 60’s helix) which fold next, then the yellow (Ω loop) and red 
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(so-called hinge, see below) regions (see Discussion for more details) [112]. Thus a 

folding pathway can be described which is consistent with thermodynamic, kinetic and 

structural information. A limitation of the NMR approach has been the need for relatively 

large amounts of material, hence constraining the ability to apply this technique to site-

directed mutants or proteins that are available in limited quantities. As a consequence, the 

application of proteolytic fragmentation followed by mass spectrometry to measure 

localized amide hydrogen/deuterium exchange rates has been developed [90, 113, 114]. 

This approach yields conclusions consistent with the NMR H/D exchange studies, and 

requires relatively small amounts of material (1000 fold less). 
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Figure 3-1 Cytochrome structures. a). Horse heart cytochrome c, colored-coded 

according to Englander’s five “foldons” [112]. The hinge region is in red, the helix 

regions in blue and green, omega loops in yellow or green, and apparent regions of β-

sheet in brown. b). Rb. capsulatus cytochrome c2. Color coding is as in panel a, based 

upon structural homology except for two helices which are in purple, and not clearly 

defined in horse heart cytochrome c 

 
 

 

We have focused on bacterial cytochrome c2 from Rhodobacter capsulatus (strain 

St. Louis), which is a structural homolog of cytochrome c [115], but has quite distinct 

properties and is a subfamily of the class I c-type cytochromes [116]. Cytochrome c2 

functions as an electron carrier between the cytochrome b/c1 complex and cytochrome 
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oxidase (aerobic growth) or photosynthetic reaction centers (anaerobic growth in the 

light) in photosynthetic bacteria. It is larger than cytochrome c (116 vs. 104 amino acids), 

has a neutral isoelectric point (7.1 vs. 9.1), and only 40 % sequence homology with horse 

heart cytochrome c. Figure 3-1b presents the structure of cytochrome c2 with the features 

homologous to horse heart cytochrome c color coded as in Figure 3-1a, based upon 

structural homology.  We have been particularly interested in the so-called hinge region 

of class I c-type cytochromes [117], which is shown in red in both Figures 3-1a and 3-1b. 

This sequence region, positions 88-102 in Rb. capsulatus cytochrome c2, undergoes a 

rapid motion in oxidized, but not reduced, c-type cytochromes. This motion results in the 

breaking of the iron-methionyl sulfur bond, and a movement of the hinge away from the 

heme face, a movement that is sufficiently large that exogenous ligands such as imidazole 

and pyridine can ligate the iron. The heme face is exposed (open form) ~30 times per 

second, a rate constant that appears to be conserved throughout evolution. The 

equilibrium lies strongly on the closed/native side with only ~1% of the molecules in the 

open form at neutral pH and moderate ionic strength. Interestingly, we have been able to 

make hinge mutants which can modulate the kinetics of the movement away from the 

heme face [117]. More recently, we have shown that the hinge kinetics facilitate the 

dissociation of the oxidized cytochrome from the ferri-cytochrome c2-reaction center 

complex, strongly suggesting that the hinge dynamics play a role in turnover under 

physiological conditions [118]. Of particular interest is the mutation of lysine 93 to 

proline (K93P) which results in an increased hinge motion (from ~30 s-1 to 700 s-1), 

presumably as a consequence of the proline ring structure conformationally restricting the 
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peptide backbone in the hinge region which results in weakening the interaction of the 

hinge with rest of the protein.  

 In view of the foregoing discussion, we have initiated H/D exchange studies with 

cytochrome c2, using proteolytic fragmentation coupled to mass spectroscopy. These 

studies were designed to establish if the domain stability patterns of cytochrome c2 are 

the same as those found for cytochrome c, and to determine if H/D exchange can 

facilitate our understanding of the K93P mutation and the resulting dynamic/structural 

changes in the hinge region. 

 

3.2 Identification of the peptides 

Unlabeled cytochrome c2 was digested online by a pepsin column, followed by 

HPLC separation, and detected by mass spectrometry as described. Nineteen peptides 

were identified, which cover 97.5% of the sequence (Figure 3-2). Peptides range from 4 

to 26 amino acids. The average peptide size was 11 amino acids.  
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Figure 3-2 Peptic digestion peptide map for cytochrome c2 from Rb.  capsulatus. Each 

arrow delimits a single peptic peptide. The cytochrome c2 secondary structure, as 

determined from the x-ray crystal structure, is shown above the sequence numbering. 

 

3.3 Exchange comparison of intact wild-type and K93P in two different oxidation states  

The intact protein exchange data are summarized in Table 3-1. As is obvious from 

the data, the exchange time course of the oxidized cytochrome c2 revealed an overall 

increase in deuterium uptake relative to the reduced cytochrome, consistent with 

destabilization in the oxidized relative to the reduced state. This is in agreement with a 

previous H/D exchange NMR study [119], as well as H/D exchange studies on a related 

protein, horse heart cytochrome c [113]. Exchange data of the mutant K93P also revealed 

an overall destabilization compared to wild-type, in both redox states, as well as a 

destabilization of oxidized K93P relative to its reduced state. This result is consistent  
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with the previously reported ~ 28% destabilization of oxidized K93P relative to oxidized 

wild-type, based on guanidine titrations measured at 220 nm using circular dichroism 

[117]. 

Table 3-1 Time Course of Wild-type and K93P Deuterium Exchangea 
 

 0% D 
mass(Da) 

∆ m (5 s) 
Da 

∆ m (10 min)   
Da 

∆ m (8 hr) 
Da 

Reduced 26 59 82 wild-type 
Oxidized 

12,880 
32 64 88 

Reduced 30 64 93 K93P 
Oxidized 

12,894 
36 66 96 

a The error for each data point was determined to be ± 2Da. 
 

3.4 Exchange kinetics, wild-type cytochrome c2 

Among the peptides identified, 10 non-overlapping peptides were selected for 

analysis. For the wild-type, a comparison of the deuterium levels found in these peptides 

as a function of time divided the peptides into two groups. The first group consisting of 

peptides, 1-26, 27-37, 38-51, 61-65, 66-71, 75-82, 98-109 and 110-116, show similar or 

identical exchange kinetics between cytochrome c2 redox states. Three examples are 

shown in Figure 3-3 (panels a-c). In contrast, two peptides, 52-60 and 83-97, showed 

distinctly different time-dependent exchange behaviors in the two redox states (Figure 3-

3, panels d and e). As can be seen in Figure 3-1b, these two regions encompass a portion 

of the hinge region (88-97, 10 amide hydrogens) and a portion of omega loop 2 (52-55, 3 

amide hydrogens). As can be seen from Figure 3-3d, and the summary data in Table 3-2, 

for peptide 52-60, there is an increase in the number of hydrogens exchanging with 

intermediate kinetics and a decrease of hydrogens exchanging in the slowest kinetic 
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regime in the oxidized state as compared to the reduced state. This is consistent with 

decreased stability of omega loop 2 in the oxidized form. In the case of peptide 83-97, 

there are significant increases in both the kinetics and number of hydrogens exchanging 

in the oxidized cytochrome, a consequence of the hinge region becoming destabilized in 

the oxidized state.  
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Figure 3-3 H/D exchange vs. semi-log time plots, wild-type cytochrome c2. Panels a-c 

(peptides 61-65, 75-82 and 110-116, respectively) present typical data for peptides for 

which exchange kinetics in the two redox states are the same within experimental error. 

Panels d and e (peptides 52-60 and 83-97, respectively) show data for the two peptides 

for which the oxidized and reduced data significantly differ. Reduced cytochrome data 

are shown as blue open circles, oxidized cytochrome data are shown as red closed circles. 

Lines are fits using the general exponential equation as described in chapter two 
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3.5 Exchange kinetics, K93P 

Comparing the exchange kinetics for the two K93P redox states yields generally 

similar conclusions as those found for the wild-type cytochrome, that is, no significant 

effect of redox state on 8 peptides, but a significant increase in the exchange kinetics for 

peptides 52-60 and 83-97 for the oxidized mutant as compared to the reduced form. 

Comparing wild-type and K93P and the corresponding redox states, we find that seven 

peptides have essentially identical exchange kinetics. In contrast, three peptides have 

significantly different exchange kinetics. Figure 3-4 (panels a-c) and Table 3-2 compares 

the exchange kinetics for peptides 52-60, 75-82 and 83-97 for reduced wild-type and 

K93P. In the case of peptide 52-60, there appears to be a general destabilization 

apparently involving both the helix-2 and omega loop amide hydrogens. However, in the 

case of peptide 75-82 (the C-terminus of helix-3, a short intervening region, and the N-

terminus of helix-4) the principal effect is on the slow and slowest exchanging hydrogens 

(Table 3-2). This suggests the destabilization of a portion of at least one of the two helix 

elements on mutation, presumably involving slow or slowest exchange hydrogens.  

Finally, in the case of peptide 83-97, the mutation results in a significant increase in the 

exchange kinetics of the three fastest exchange regions as compared to the wild-type 

cytochrome. The comparison of the wild-type and K93P yields a similar pattern to that of 

the reduced state, with the same three peptides exchanging more rapidly in the mutant 

cytochrome (Figure 3-4, panels d-f). Note that in the case of peptide 83-97 there are only 



 101

 
 

13 exchangeable amide hydrogens in the proline mutant as compared to 14 in the wild-

type cytochrome.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4 Comparison of wild-type and K93P cytochrome c2 peptides with significant 

differences in H/D exchange.  Panels a-c are peptides 52-60, 75-82 and 83-97, 

respectively, for reduced cytochrome c2 (blue open circle) and reduced K93P (red closed 

circle). Panels d-f are peptides 52-60, 75-82 and 83-97, respectively, for oxidized 
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cytochrome c2  (blue open circle) and oxidized K93P (red closed circle). Lines are fits 

using the general exponential equation as described in chapter two 

 
 
 
 

Table 3-2 H/D Exchange Kinetics, Wild-type and K93P Cytochrome c2 
 
 

         Reduced/Oxidized Kinetics 
   Fast  Intermediate    Slow       Slowest  
           (>5 min-1)                 (<0.001 min-1) 
Peptide  N/N*  N/N k(min-1) N/N k(min-1)  N/N  
52-60  
 Wild-type 2/2  1/2 0.3/0.2  2/2 0.01/0.01  3/2 
 K93P  3/3  0/3 ---/0.2  3/2 0.01/0.004  2/0 
75-82  

Wild-type 1/1  1/1 0.2/0.2  0/1 -----/0.003  4/3 
 K93P  1/1  1/1 0.3/0.7  1/2 0.03/0.02  3/2 
83-97  

Wild-type  7/8  4/2 0.7/1.5  2/2 0.02/0.05  1/2 
 K93P  11/11  1/1 0.3/0.5  0/0 -----/----  1/1 
* N/N is the number of hydrogens exchanged in the reduced state/number of hydrogens 
exchanged in the oxidized state, as determined by the kinetic analysis describes in chapter 
two 
 
 

 
 

3.6 Discussion 

 
 For wild-type cytochrome c2, and Class I c-type cytochromes in general, it is well 

established that the oxidized state is significantly destabilized relative to the reduced 

state, a consequence in part of burying a formal charge of plus one (due to the ferric heme 

iron) in the hydrophobic protein interior [120]. Moreover, it is also clear that the hinge 
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region is significantly destabilized on oxidation with a corresponding increase in its 

dynamics [117]. Indeed, we find that two peptides have enhanced exchange kinetics in 

the oxidized state as compared to the reduced state and one of these peptides (83-97) 

covers much of the hinge region. Englander and co-workers [112], using exchange 

studies, have proposed five “foldons” which reflect the folding units in the horse 

cytochrome c structure. These are summarized in Table 3-3, and using amino acid 

sequence and structural homology, correlated with cytochrome c2.  The relative stabilities 

of the five foldons are N yellow Ω loop < red unit < outer yellow neck < green unit < 

blue unit in horse heart cytochrome c [112], which is consistent with cytochrome c2 

peptides 52-60 covering a portion of the N yellow Ω loop, and the hinge region (83-97, 

red unit) being the least stable. Our results are also consistent with the H/D exchange 

measurements reported previously using mass spectrometry to compare the two redox 

states of horse cytochrome c [113]. That is, cytochrome c2 peptides 52-60 (counterpart of 

the N yellow Ω loop in horse) and peptide 83-97 (counterpart of the hinge in horse) 

exchange much more readily in the oxidized state, as in the case of horse heart. However, 

in the case of cytochrome c2, the bulk of peptides encompassing the two omega loops 

(positions 28-54), that is, peptides 27-37 and 38-51 are not measurably destabilized in the 

oxidized state. This is in sharp contrast to the horse cytochrome c H/D exchange studies 

[113] where there is significant destabilization in the omega loop on oxidation. 

Presumably, this results from the fact that in cytochrome c2 the omega loop is stabilized 

by the presence of two short regions of β-sheet (positions 19-21 with 25-27 and positions 

43-45 with 65-67), in contrast to only one such region in horse cytochrome c. Thus H/D 
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exchange as determined by mass spectrometry, in spite of being a relatively low 

resolution technique, has in the case of cytochrome c2, resolved relatively subtle 

structural features. 

 

Table 3-3 Horse and Rb. capsulatus cytochromes c. homologous regions and foldons.a 

 
Amino Acid Sequence Position Structural Feature Nomenclature 
   cyto. c2  cyto. c   
 
   3-14   3-12  α-helix 1  Blue unit 
   19-21  NA  β-sheet 1b  NA 
   25-27  NA  β-sheet 1  NA 
   28-35  20-36  Ω-loop 1  Green unit 
   43-45  37-39  β-sheet 2  Outer yellow neck 
   46-54  40-57  Ω-loop 2  N-yellow loop 
   56-62  50-54  α-helix 2  In N-yellow loop 
   65-67  58-61  β-sheet 2  Outer yellow neck 
   69-76  61-68  α-helix 3  Green unit 
   80-87  72-74  α-helix 4  NA 
   88-102  71-85  Hinge   Red Unit 
   104-114  88-102  α-helix 5  Blue Unit 
a Secondary structure as assigned by Swiss-Prot Deep View 
b Cyto. c2 has two small regions of β-sheet (β-sheet 1 and 2), cyto. c has only one (β-

sheet 2) 
 

 

 The destabilization of regions containing peptides 83-97 and 52-60 appears to be 

linked. This results from an extensive hydrogen bond network between these two regions 

as shown in Figure 3-5. These interactions include hydrogen bonds from the backbone 

amide hydrogen of K93 to the S56 hydroxyl side chain, and an indirect hydrogen bond 

from the backbone amide hydrogen of I57 to the K93 carbonyl oxygen through a bound 

water molecule which is also hydrogen bonded to one of the heme propionates. 
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Presumably, when the hinge region is destabilized on oxidation of the heme iron, the 

destabilization is propagated to a portion of peptide 52-60, altering its exchange kinetics.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5 Stereo view of Hydrogen bonding interactions between hinge region and 

omega loop 2 in wild-type cytochrome c2.  Colored coding is standard CPK, with the 

bound waters in red 
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 The K93P mutation has two particularly dramatic effects on the properties of the 

cytochrome c2. First, it leads to a substantial destabilization of the protein relative to the 

wild-type cytochrome, and second, results in a substantial increase in the hinge dynamics 

(~ 20 fold) [117]. Upon K93P mutation, the H/D exchange kinetics of three regions are 

significantly changed relative to the wild-type protein. These include peptides 52-60, 75-

82, and 83-97. Note that these three peptides are affected in both redox states, and are the 

only peptides affected for the time range studied. This strongly suggests that the three 

peptides (and their corresponding domains) form a cooperative structural unit whose 

disruption results in destabilization of the cytochrome. Interestingly, peptides 52-60 and 

83-97 are those that are most affected by oxidation in the wild-type cytochrome, with 

their structural relation described above and shown in Figure 3-5. Presumably the 

mutation destabilizes the 52-60 and 83-97 regions in both redox states, by amplifying the 

destabilization observed in the oxidized state, that is, by structurally altering the 

interaction between the N-terminus of the hinge and the cytochrome c2 omega 2 loop 

which in turn weakens the iron-methionyl sulfur bond. This is consistent with the 

substantially increased hinge kinetics (30 s-1 goes to 700 s-1) in the oxidized state [117] 

and a destabilization in the reduced state. The destabilization of peptide 75-82 in the 

K93P mutant supports the interpretation provided here, since it suggests that interaction 
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of the Y75 hydroxyl, which is  hydrogen bonded to bound water in the wild-type 

cytochrome (Figure 3-5), is weakened. This water is also hydrogen bonded to the T94 

hydroxyl and the front heme propionate. Apparently the change in oxidation state with 

wild-type cytochrome is not sufficient to disturb this interaction, but the mutation at K93 

does.  

 

3.7 Conclusions 

In summary, the studies reported here, using H/D exchange, allow us to draw 

conclusions not readily determined by other approaches. For example, the two redox 

states of Rb. capsulatus cytochrome c2 have been studied by H/D using NMR [14], 

however the data reported for exchange was limited, with the earliest time 50 minutes, 

and the major differences in the slowest exchanging hydrogens at very long times (> 20 

hrs). We find, not unexpectedly that the relative stability of cytochrome c2 domains are 

generally consistent with the horse cytochrome c H/D exchange studies, however, we can 

show that the second short β-sheet suggested by the cytochrome c2 crystal structure exists 

in solution and stabilizes the omega 2 loop. Thus, H/D exchange data are able to detect 

relatively subtle structural differences between the two homologous, but not identical 

cytochromes. Moreover, oxidation and thus changing the formal charge on the heme iron 

to plus one, destabilizes the hinge region (expected) and this destabilization is propagated 

to the omega 2 loop through altering/modifying hydrogen bond interactions. Finally, it 

appears that the K93P mutation alters the hinge dynamics in the oxidized state, and 
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destabilizes the hinge in the reduced protein, in part by amplifying the effect of oxidation 

by disrupting a more extensive hydrogen bond network involving the Y75 hydroxyl, a 

bound water, the front propionate and the T94 hydroxyl, as well as interaction between 

the N-terminus of the hinge peptide and residues 56 and 57 in omega loop 2.  
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4 CHAPTER FOUR: PROPERTIES OF THE DARK AND SIGNALING STATES OF 

PHOTOACTIVE YELLOW PROTEIN PROBED BY SOLUTION PHASE 

HYDROGEN/DEUTERIUM EXCHANGE AND MASS SPECTROMETRY 

 

The content of this chapter has been published in:  

Cheng, Guilong; Cusanovich, Michael A.; Wysocki, Vicki H.   Properties of the Dark 

and Signaling States of Photoactive Yellow Protein Probed by Solution Phase 

Hydrogen/Deuterium Exchange and Mass Spectrometry.    Biochemistry  (2006),  

45(39),  11744-11751 

 

 

The perturbations on conversion from the dark state to the signaling state in 

photoactive yellow protein have been determined by solution phase hydrogen/deuterium 

exchange and mass spectrometry. Both the wild-type and M100A mutant are used in this 

study, with the mutant providing an over 90% conversion to the bleached state under 

steady state illumination. We found perturbations in both the wild-type and the mutant on 

illumination, consistent with a more flexible structure in the long-lived signaling (I2’) 

state. In the case of wild-type, the conformational changes detected are mainly around the 

chromophore region. With the M100A mutant, differences in H/D exchange between the 

light and dark are more extensive as compared to wild-type; not only are the 
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chromophore surroundings affected, but significant increases in deuterium uptake in the 

N-terminus and central β-sheet are observed as well. Based on the data obtained from this 

study and previous findings, a sequence of events that leads to the perturbation of PYP 

following chromophore photo-isomerization is proposed.    

 

4.1 Introduction 

Photoactive yellow protein (PYP) [121] is a small 14 kDa soluble cytoplasmic 

protein originally isolated from the halophilic purple phototrophic bacterium, 

Halorhodospira (Ectothiorhodospira) halophila (strain BN9626). Although the exact 

functions of the protein have not been well characterized, PYP is believed to be a 

photoreceptor protein involved in negative phototaxis [122]. In recent years, PYP was 

subjected to more extensive study as researches used it as a structural prototype for the 

PAS and LOV domains of a large set of receptor proteins [123]. When exposed to light, 

the p-hydroxycinnamic acid chromophore undergoes a trans to cis isomerization, which 

initiates a set of conformational changes, leading to a signaling state (I2’) [124, 125]. The 

fast decay of the signaling state (half-life of ~140 ms) completes the photocycle and 

returns PYP to its dark state.  The structure of PYP in the dark state has been determined 

by X-ray crystallography [126, 127] and NMR [128]. In both structures, the protein is 

composed of a central, twisted, 6-stranded antiparallel β-sheet, flanked by loops and 

helices on both sides. The basic structural motif is termed the PAS fold, which is found in 

many sensory proteins from bacteria to human [129, 130].  Although considerable effort 
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has been invested to probe the changes in conformation leading to the signaling state and 

the pathway through which these changes occur [127, 131-135], and different models 

have been proposed [129, 134-136], no consensus has been reached. This is due, in large 

part, to the short life-time of wild-type PYP in the signaling state, and is further 

complicated by the number of intermediates existing prior to the I2’ state. Among the 

number of intermediate states existing before the I2’ state, only one other state, I2, has the 

chromophore bleached, that is, absorbing at less than 360 nm. Thus, both I2 and I2’ have a 

protonated cis chromophore, with the formation of I2’ coupled to a large structural change 

generating the presumed signaling state [124]. Moreover, it has been recently shown that 

I2 and I2’ are in a salt and pH dependent equilibrium [137, 138]. Intermediates prior to I2 

appear to only involve movement of the chromophore and adjacent amino acids side 

chains and do not result in significant structural changes [139]. Moreover, crystallized 

protein does not undergo the same photocycle as in solution [140], a consequence of the 

large conformational changes required to reach the signaling state being constrained by 

the crystal packing forces. To gain insight into the effect of photoisomerization on the 

destabilization of PYP that are a consequence of  the conversion to the signaling state, we 

have used the PYP M100A mutant, which has a long signaling state lifetime [141] and 

probed its structure with solution phase hydrogen/deuterium exchange coupled with mass 

spectrometry.  
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4.2 Intact Protein Exchange kinetics 

Deuterium uptake by intact wild-type and M100A in the dark and with blue light 

illumination is shown in Figure 4-1. As can be seen, both the wild-type and M100A 

exchange more amide hydrogens under blue light illumination than in the dark. 

Moreover, in the dark, the M100A mutant exchanges more amide hydrogens relative to 

the wild-type protein. Note however, that the steady state level of the signaling state is 

quite different for wild-type as compared to M100A. With wild-type PYP, less than ten 

percent of the protein is estimated to be in the I2 states (I2 and I2’) based on the loss of 

445 nm absorbance on steady state illumination with blue light, a consequence of the 

rapid recovery of the signaling state (lifetime of ~140 ms) back to the dark state [141]. In 

contrast, the M100A mutant is more than 90% in the I2 states in blue light because of its 

relatively long lived signaling state (lifetime of ~5.5 min [141]). Presumably, the 

difference in exchangeable hydrogens with wild-type in the light and dark reflect those 

amide hydrogens whose accessibility and thus exchange, is altered during the duration of 

the I2 states. In the case of M100A, however, the duration of the I2 states is ~2000-fold 

longer than in the case of wild-type, substantially increasing the probability of exchange.  
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Figure 4-1 Deuterium uptake by intact wild-type and M100A PYP as a function of time. 

Filled squares and circles, wild-type and M100A PYP exchanged in the dark, 

respectively. Open squares and circles, wild-type and M100A PYP exchanged with 

steady state blue light illumination, respectively. Filled circles and open squares overlap 

after 30 min. Exchange conditions, 5 mM sodium phosphate, pD 6.8 

 
 

 

4.3 Identification of peptides 

Unlabeled PYP wild-type was digested online by a pepsin column. Peptides were 

separated by HPLC and detected by mass spectrometry as described in the experimental 
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section. Twenty one peptides were identified, which cover 99% of the sequence (Figure 

4-2). Peptides range from 4 to 21 amino acids, with an average peptide length of 10 

residues. The peptides obtained from M100A are identical to those from wild-type except 

for those containing M100.  Also shown in Figure 4-2 are the locations of secondary 

structure in the amino acid sequence.  

 

 

 

 

 

 

 

 

 

 

Figure 4-2 Peptic peptide fragments identified for PYP (wild-type and M100A). Peptic 

fragments are indicated by double-headed arrows under the sequence. Sequence regions 

corresponding to either α-helices or β-strands are shown above gray bar and black line, 

respectively 
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4.4 H/D Exchange of wild-type PYP  

Among the 21 peptides identified following pepsin digestion, 11 non-overlapping 

peptides were chosen for the analysis. The exchange kinetics (30 s to 480 min) of each of 

the 11 peptides characterized is summarized in Figure 4-3. To assist in describing the 

H/D exchange studies in structural terms, Figure 4-4 presents the structure of wild-type 

PYP (dark or resting state), with the various peptides in Figure 4-3 color-coded using the 

extent of exchange at 30 s as the criteria. The detailed exchange data is presented in 

Table 4-1 to Table 4-3 and provides the quantitative basis for our analysis. Note that the 

sum of hydrogens exchanged by the peptides are less than for the intact protein because 

we have 11 peptides with N-termini which undergo back exchange vs. one N-terminus in 

the intact protein. In addition, 5 amino acids were not found in the peptides used 

(positions 91, and 122-125).  
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Table 4-1 Percent deuteron incorporation for peptic peptides as a function of exchange 

time (30 s to 2 min) 

   

            30 s                                       1 min                                      2 min  
              ---------------------------------     ----------------------------------    --------------------------------- 
              WT   WT   M100A  M100A    WT   WT   M100A  M100A    WT   WT  M100A  M100A   
Peptide            hν             hν                  hν           hν      hν     hν 
01-09    82.2   82.6    78.3        80.4       81.2   82.7    79.3        80.7       81.9   82.7   79.1        80.7 
10-15    59.7   61.7    75.3        88.2       77.4   81.2    83.2        91.6      85.7   81.7    88.1        91.6 
16-26    77.6   77.8    78.3        90.1       79.6   80.6    81.6         90.3      84.5   85.1    85.2       90.3 
27-33    18.1   18.0    22.0        33.9       22.0   18.4    26.9        38.3      21.4    21.6   28.8        39.2    
34-42    13.6   12.3    23.5        32.7       17.9   15.9    27.0         37.2     21.2    21.8   30.5        38.6 
43-61    25.9   36.0    50.1        82.5       31.4   44.1    60.3         87.6     36.2    56.8   76.3        90.4 
62-75    13.5   17.3    17.8        45.3       17.0   20.8    22.7          49.0     18.0    27.7   25.6        48.5 
76-90    38.3   39.6    42.2        54.7       45.7   45.1    49.5         61.5     49.6    48.7   53.3     66.9 
92-96    19.5   20.0    34.5        40.8       34.6   37.0    41.3         44.8     42.1    43.3   45.4     48.1 
97-117  43.4   43.1    51.4        57.0       47.6   47.3    54.4         61.3     50.7    51.3   56.4     62.0 
118-121  2.6     1.1      3.3          7.7 3.8     2.7      4.0           8.7        4.2     3.8     7.0       8.2 
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Table 4-2 Percent deuteron incorporation for peptic peptides as a function of exchange 

time (5 min to 30 min) 

 
                                   5 min      10 min                           30 min  
 -----------------------------------   -----------------------------------    -------------------------------  
 WT   WT    M100A  M100A    WT   WT    M100A  M100A    WT   WT  M100A M100A    
Peptide           hν             hν                   hν                        hν                   hν                     hν 
01-09    81.5   83.1     79.8       81.4      81.1   82.7       78.3       79.4      80.4    82.9   78.6      79.4 
10-15    85.4   83.4     92.1       91.7      86.8   89.4       92.6       91.5      84.1    87.0   95.0      92.3 
16-26    86.2   87.3     86.7       89.9      88.5   88.3       87.6       89.2      88.1    90.1   86.8      89.2 
27-33    21.7   21.0     30.9       38.8      22.7   21.0       31.9       41.0      24.2    24.5   32.2      38.0    
34-42    25.8   24.0     32.3       41.3      27.9   26.8       32.6       44.4      30.5    31.1   35.4      44.6 
43-61    45.4   72.2     82.5       96.2      53.4   79.4       85.0       94.9      67.6    83.5   87.4      95.6 
62-75    20.3   35.9     32.3       56.3      24.2   43.7       35.7       58.4      27.2    51.8   45.9      65.2 
76-90    56.4   55.0     59.6       75.2      61.2   62.9       63.9       78.3      70.2    72.2   72.5      82.9 
92-96    42.5   40.7     56.0       60.6      43.7   41.5       62.2       70.0      44.5    43.1   69.9      76.2 
97-117  53.2   52.8     57.5       64.1      54.4   55.8       58.0       64.2      58.3    62.7   61.4      64.9 
118-121  4.3    6.7       6.3          8.2        4.3     2.7         6.0         8.8        5.3      8.0     7.5      5.7 
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Table 4-3 Percent deuteron incorporation for all peptic peptides as a function of 

exchange time (1 hr to 8 hr) 

 
                               1 hr     2 hrs                        8 hr   
 -----------------------------------    -------------------------------    ---------------------------------- 
 WT   WT   M100A M100A     WT   WT   M100A M100A     WT   WT   M100A  M100A    
Peptide            hν           hν                   hν                     hν      hν       hν 
01-09   81.2   83.2     79.9     80.3         83.8   82.9     79.3       81.7        81.2   82.7     81.2      81.2 
10-15   88.6   87.5     96.4     91.7         86.9   89.9     95.2      91.0        90.4   88.5    96.6      90.6 
16-26   90.1   91.7     89.5     92.8         91.8   93.4     88.2       90.6        89.8   93.1    88.9      88.9 
27-33   20.7   28.8     31.2     39.2         21.4   35.7     32.2      39.6        21.6   42.6    38.4    56.4    
34-42   27.3   31.8     31.8     47.5         27.9   27.6     34.0      51.0        27.5   42.9     37.5    69.0 
43-61   74.6   88.0     90.3     96.7         83.0   92.2     91.5      96.1        90.0   93.3    94.3      95.2 
62-75   34.1   55.1     53.9     72.8         43.9   65.1     57.7       66.2        54.5   73.2    65.9    73.3 
76-90   73.3   81.2     75.6     94.4         81.7   86.3     79.9      93.7        84.0   91.6    88.8    93.5 
92-96   44.4   43.7     71.4     83.4         46.5   52.9     71.7      87.4       48.7    61.8    75.4    92.9 
97-117 60.7   63.1     62.4     71.8         63.7   68.3     62.8       68.8        62.8    66.4    66.0      78.7 
118-121 3.6     1.6       3.1       5.8           1.7     3.3       3.0         5.1          3.1      7.2      4.3      9.4 
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Figure 4-3 Time course for deuterium uptake by wild-type PYP peptic peptides. 

Exchange conditions, 5 mM sodium phosphate, pD 6.8 
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Figure 4-4 Color coded three dimensional structure of wild-type PYP. The color coding 

is in % of peptide hydrogens exchanged in 30 s. Peptide 122-125 is gray and was not 

characterized by mass spectrometry. Exchange conditions are as in Figure 4-3. Secondary 

structure (a1-a5, α helices 1-5; b1-b6 β strands 1-6) was assigned by Swiss-Prot Deep 

View, using Protein Data Bank coordinates 2PHY 
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N-terminal peptides 1-9, 10-15 and 16-26, are largely exchanged in less than 5 

min, while the other peptides show more complex kinetics for the time range studied, 

with the exception of peptide 118-121, which is resistant to exchange. Peptide 1-9 is in  a 

very flexible region of the protein, as shown by the X-ray crystallography [126] and the 

NMR solution structures [128] and would be expected to exchange rapidly. Peptide 10-15 

encompasses the α-helix 1 region (Figures 4-2, 4-4, a1). Nevertheless, the temperature 

factors from the X-ray structure [126] and rms deviation data from NMR [128] both 

suggest that this region is highly flexible if not unstable, consistent with our results. Note 

in Figure 4-3 that at very early exchange times (30 s), peptide 10-15 (a1) has somewhat 

slower kinetics than peptide 1-9, indicative of some protection against exchange, but 

exchange is still largely complete within 5 min (Figure 4-3). Peptide 16-26 includes α-

helix 2 (positions 20-24), (Figure 4-2, 4-4, a2) as reported from the X-ray structure [126]. 

However, this helix is one of the poorest defined regions in the NMR solution structure, 

with no evidence of a helix, and is highly accessible to solvent [128]. Our results are 

consistent with the NMR data, as 78% exchange was reached by the first time point (30 

s).  Moreover, we find that the overlapping peptide 16-23 exchanged 95% of its amide 

hydrogens in 30 s (data not shown). It is clear from data for 1-9, 10-15 and 16-26 that the 

N-terminal region of wild-type PYP (positions 1-26) is solvent accessible and provides 

little resistance to exchange.  

 Immediately following the 27 N-terminal residues is the β-hairpin, which is made 

up of β-strands 1 (29-34) and 2 (37-43) (Figure 4-2, 4-4, b1, b2). The H/D exchange data 
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for the two peptides overlapping this region (peptide 27-33 and 34-42) show slow 

exchange kinetics. After 8 hours of exchange, the percentages of exchange of these two 

peptides remain at 22% (peptide 27-33) and 28% (peptide 34-42), an indication of stable 

hydrogen bonds in this region, and low solvent accessibility.  In terms of secondary 

structure, peptide 43-61 includes α-helix 3 (a3), α-helix 4 (a4) and the beginning of β-

strand 3 (b3) (Figure 4-2, 4-4). Importantly, this region includes E46, T50 and R52, all 

with side chains that interact with the PYP chromophore, directly or indirectly, through a 

hydrogen bond network [126]. The H/D exchange data of this region reveal a pattern of 

gradual increase, in sharp contrast to peptide 1-9, whose exchange is essentially 

completed at or before our first time point (30 s), and peptide 118-121, whose exchange 

is extremely slow. This exchange pattern is indicative of intermediate protection against 

solvent exchange for most of the residues located within this region. This is consistent 

with the exchange data from NMR, in which both α-helix 3 (a3) and α-helix 4 (a4) are 

described as having intermediate exchange rates, and the exchange kinetics of β-strand 3 

(b3) was determined to be fast [128].  

 Following 43-61 is a loop containing C69 (62-75, Figure 4-4, chromophore loop), 

which is linked to the chromophore by a thioester bond. H/D exchange kinetics in this 

region is considerably slower than an unstructured region of secondary structure, such as 

in the case of peptide 1-9. This result suggests that in the dark state, the backbone in this 

region is well organized, which is in agreement with the temperature factors in the x-ray 

crystallographic data [126]. Peptide 76-90 is dominated by α-helix 5 (a5, also called the 

connecting helix, residues 76-85), the N-terminus of β-strand 4 (b4), and a small loop in 
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between (Figure 4-2, 4-4). The exchange kinetics in this region also have a combination 

of fast and intermediate exchange rates, consistent with NMR exchange data [128]. The 

location of peptide 92-96, which is within β-strand 4 (Figure 4-2, 4-4, b4), is on the 

external side of the central sheet, consistent with its intermediate protection against 

exchange with deuterated solvent.  

 Peptide (97-117) begins with the loop connecting β-strand 4 and β-strand 5 

(residues 97-102), including the entire β-strand 5 (b5, 103-112), and ends with the 

connecting loop between β-strand 5 and β-strand 6 (113-116) (Figure 4-2, 4-4). Almost 

one half of the amide hydrogens in peptide 97-117 exchange during the 30 s incubation 

with deuterium. These exchanging hydrogens are presumably those in the loop regions (9 

of the 19 amide hydrogens). When the exchange kinetics of peptide 97-117 are compared 

to the overlapping peptide 98-118, the former has 1.2 (1.6 after correcting for back 

exchange) more exchangeable hydrogens than the latter throughout the exchange time 

course. Peptide 97-117 contains one more amide hydrogen from the loop between β-

strand 4 (b4) and β-strand 5 (b5), and one less amide hydrogen from β-strand 6 (b6). 

Because the difference in exchange is basically unchanged throughout the whole time 

course, it appears that a fast exchanging amide hydrogen (position 117) has been replaced 

by a slow exchanging amide hydrogen (position 118), consistent with β-strand 6 (b6) 

being extremely stable compared to loop regions. Peptide (118-121) exchange kinetics 

are extremely slow (Figure 4-3) and do not undergo any significant exchange in 8 hr, 

consistent with β-strand 6 (b6) being very stable. The overlapping peptide 114-120 has a 

very slow exchange component, which is presumably positions 117-120 in β-strand 6 
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(b6), and a fast exchanging component, which would be positions 114-116 in the loop 

between β-strands (Figure 4-2, 4-4).  

  

4.5 Exchange kinetics – wild-type light minus dark  

From the mass shift of the peptide envelops, deuterium uptake was calculated for 

both wild-type PYP and the M100A mutant in both the dark and with blue light 

illumination. To illustrate the quality of the data, mass shift envelopes are shown in 

Figure 4-5 for peptide 43-61, for wild-type and M100A in the light and dark. Light and 

dark deuterium uptakes by the 11 peptides characterized from wild-type protein are 

summarized schematically in Figure 4-6 (panels a-c, wild-type dark, panels d-f, wild-type 

blue light) with the detailed data provided in Table 4-1 to Table 4-3. It is apparent that the 

regions in which significant changes can be observed for dark vs. light include: α-helix 3 

and 4 (peptide 43-61) in 30 s and ten minutes (e.g., compare panels a and d, b and e); the 

chromophore loop (peptide 62-75) in 10 min and 8 hr (e.g., compare panels b and e), and 

to a lesser extent at 8 hr β-strands 1, 2 and 4 (compare panels c and f). The N-terminal 

region was observed to exchange extremely fast in both the light and the dark (Figure 4-

3, 4-4), thus any kinetic differences that occur in the first 30 s cannot be quantified.  
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Figure 4-5 MS spectra of triply charged peptide 43-61. Exchange conditions are as in 

Figure 4-3. Panel a, wild-type PYP with no exchange; Pane f, wild-type PYP under 

denaturing condition and long exchange time to allow complete exchange; panel b-e, as 

indicated on figures 
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Figure 4-6 Color coded three dimensional structure of wild-type PYP and M100A as a 

function of time. Panels a-c, wild-type PYP exchanged in the dark; panels d-f wild-type 

PYP exchanged with steady state blue light illumination; panels g-i, M100A exchanged 

in the dark; panels j-l, M100A exchange with steady state blue light illumination. First 

column, exchanged for 30 s, second column, exchanged for 10 min, third column 

exchanged for 8 hrs. Color coding in % of peptide protons exchanged is as in Figure 4-4 
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4.6 Exchange kinetics – wild-type vs M100A in the dark 

The difference between the wild-type protein and the M100A mutant in the dark 

can be seen by comparing panels a-c to panels g-i in Figure 4-6. Indeed, M100A in the 

dark is more similar to wild-type in blue light, than wild-type in the dark, with increased 

exchange of α-helix 3 and 4 (peptide 43-61) at 30 s (compare panels a and g),  α-helix 3, 

4 and the chromophore loop (peptide 62-75) at 10 min (compare panels b and h), β-

strands 1 (peptide 27-33), 2 (peptide 34-42), 4 (peptide 92-96) and the chromophore loop 

(peptide 62-75) at 8 hr (compare panels c and i). However, differences are observed, with 

peptides 10-15, 92-96 (β-strand 4) and 97-117 (β-strand 5) showing increased exchange 

at 30 s (compare panels a and g). The latter two peptides are in the immediate vicinity of 

the mutation, but clearly the impact of the mutation is propagated to the N-terminus 

(peptide 10-15).   

 

 

4.7 Exchange kinetics – M100A light minus dark  

Following illumination of 20 µM M100A for 30s with blue light, ~90% of the 446 

nm absorbance is lost, with longer illumination having no further effect. Thus, the blue 

light steady state is ~90% I2 states and ~10% dark state.  

The changes in exchange kinetics between the dark and bleached states of M100A 

are shown by comparison of panels g-i with panels j-l in Figure 4-6. Basically, all the 

peptides, with the exception of peptides 1-9 and 118-121 (b6) have increased exchange in 
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the illuminated M100A relative to the dark form at 30 s. Note, that as a consequence of 

the broad ranges of exchange for each color used, peptides 27-33 (b1), 34-42 (b2) and 97-

117 (b5) do not appear to change in Figure 4-6 (panels g and j), but in fact are 

significantly different numerically between the dark state and the signaling states (see 

data in Table 4-1 to Table 4-3). Moreover, at 10 min and 8 hr, a similar pattern is 

observed, with increased exchange on steady state illumination of the mutant except for 

the N-terminal region (1-26), and peptide 118-121. Thus, illumination of M100A with 

blue light results in major changes in accessibility/stability of the secondary structural 

elements, consistent with a global destabilization.  

 

 

 

4.8 Discussion 

Steady state blue light illumination of wild-type PYP significantly alters the H/D 

exchange kinetics with a net of 11 hydrogens exchanging more rapidly in 8 hr (6 of the 

11 in less than 30 s) (Figure 4-1). Using a similar approach, but measuring both backbone 

and side chain exchanges, Hoff and co-workers [142] found a difference of ~16 

hydrogens. Moreover, the mutation of M to A at position 100 results in substantially 

enhanced exchange kinetics, with a net of 11 more hydrogens exchanging in 8 hr (with all 

of the net increase occurring in 30 s) relative to wild-type in the dark. What is most 

striking is the additional net 21 hydrogens that exchange in M100A with blue light 
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illumination as compared to M100A in the dark.  These results are consistent with a long-

lived signaling state in M100A with a significant change in accessibility to exchange in a 

relatively large portion of the protein.  

  As can be seen in Figure 4-6 (panel a) the central sheet is most resistant to 

exchange in the first 30 s in the dark, while the N-terminus (positions 1-26) is most 

accessible. Over the 8 hr period studied, this pattern is maintained with peptides 118-121 

(b6), 27-33 (b1), 34-42 (b2) quite resistant to exchange and peptides 92-96 (b4), and 97-

117 (b5) somewhat resistant. In contrast, peptides 43-61 (a3, a4) and 76-90 (a5) almost 

completely exchange over the 8 hr period. Note that peptide 62-75 (chromophore loop) is 

relatively resistant to exchange for the first hour, but not at later times (Figure 4-3). 

Furthermore, the two N-terminal helices (a1, a2) observed in the x-ray structure, appear 

to be flexible, consistent with the NMR structure [128, 133], suggesting that these 

elements of secondary structure are due to crystal packing forces in the x-ray structures.  

 On exposure of wild-type PYP to steady state blue light, the most significant 

change relative to the dark at 30 s is an increase in the exchange of peptide 43-61 (a3, a4) 

(Figure 4-6, panel d). Residues Glu46, Thr50 and Arg52 are all located in peptide 43-61 

(Figure 4-7), and are hydrogen bonded, directly or indirectly to the chromophore. Y42, 

adjacent to this peptide, is also hydrogen bonded to the chromophore. The changes in this 

region are consistent with the isomerization of the chromophore disrupting the hydrogen 

bonding network in this region. It should be noted that several different scenarios can 

cause this increase in exchange kinetics, including an increase in flexibility of the two 

helices due to the movement of the chromophore and breakage of interactions between 
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the two helices and the chromophore. In all cases, the backbone hydrogen bonds of these 

two helices must be perturbed.   

 

 

 

Figure 4-7 Hydrogen bonding interaction in the chromophore binding pocket. Hydrogen 

bonds as assigned by Swiss-Prot Deep View, using Protein Data Bank coordinates 2PHY 

 

At 10 min and 8 hr (Figure 4-6, panels e and f) the sequence of destabilization of 

the wild-type peptides in blue light is similar, but accelerated relative to the dark state. 

That is, peptides 43-61 (a3, a4), 62-75 (chromophore loop), 92-96 (b4), 27-33 (b1), and 

34-42 (b2) exchange more rapidly and more extensively. Thus, the perturbation in the 

region of the chromophore, resulting from illumination, is propagated to other regions of 

the PYP, but with the β-strands still resistant to exchange. Since the N-terminal peptides 

(peptide 1-9, 10-15 and 16-26) are almost completely exchanged within 30 s in the dark, 

we cannot rule out that their rate of exchange increased on illumination. Indeed, the N-
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terminal region was observed to have a large perturbation upon blue light illumination in 

the NMR studies [131, 133]. 

 Compared with the wild-type in the dark, the M100A mutant’s exchange kinetics 

in the dark changes significantly, as can be seen in Figure 4-6 (panels g-i). However, the 

pattern of alteration is strikingly similar to the effect of illumination of wild-type, with 

the exception of the perturbation of peptides 92-96 (b4) and 97-117 (b5) which contain or 

are adjacent to the mutation at position 100, and peptide 10-15. Thus, the mutation in the 

M100A loop propagates a structural perturbation, presumably due to a structural change 

that modulates the interaction of the M100 loop (residues 98-102 in peptide 97-117) with 

key residues in peptide 43-61, across the central β-sheet and further destabilizes the N-

terminus (peptide 10-15) relative to wild-type. It has been shown independently that  the 

M100A mutant is destabilized compared with the wild-type [143]. The midpoint for 

denaturation by guanidine decreases from 2.73 M in wild-type, to 2.40 M in the mutant. 

Correspondingly, the melting temperature of the PYP decreases from 82 degrees in the 

wild-type to 68 degrees in M100A [144].  

  Steady state illumination of M100A with blue light leads to extensive changes in 

H/D exchange as shown in Figure 4-6 (panels j-k). The regions showing the largest extent 

of change are still the regions surrounding the chromophore, peptides 43-61 (a3 and a4) 

and 62-75 (chromophore loop). Moreover, the N-terminal region 1-26, where no 

differences were observed between the dark and illuminated states of wild-type, reveals a 

destabilization. This is particularly apparent with peptides 10-15 and 16-26 (a1 and a2) at 

the early time points. At 30s, 88% and 90% exchange were achieved at regions 10-15 
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(a1) and 16-26 (a2), respectively, compared with 75% and 78% in the dark. This change 

in kinetics indicates that the weak protection in the resting state is lost in the light. 

Regions 27-33 and 34-42, which encompass β-strands 1 and 2, respectively, and which 

displayed changes in exchange kinetics for the wild-type light and dark only at 8 hr, now 

reveal exchange kinetic changes for M100A light vs. dark after 10 min of exchange 

(Figure 4-6, panel h and k). Peptides 43-61 (a3, a4) and 62-75 (chromophore loop) have 

significant changes in exchange kinetics for wild-type dark and light, and this is 

amplified with M100A, particularly at 30 s, leading to full exchange of both peptides 

within 8 hrs. Regions 76-90 and 92-96 span the connecting helix (a5) and β-strand 4 (b4). 

Unlike wild-type, changes in exchange kinetics on illumination were observed for 76-90 

throughout the whole time course.  The larger extent of difference of exchange kinetics in 

76-90 suggests that the connecting helix (76-86) is affected to a much larger extent when 

there is a substantial population of I2 states (see tables 4-1 to 4-3).    

Combining all the data, the sequence of events on bleaching M100A with blue 

light appears to be photoisomerization, which is followed by perturbation of the 

chromophore binding pocket (α-helix 3, α-helix 4 and the connecting helix). This 

perturbation is quickly (<30 s) propagated to the disordered N-terminus (residues 1-26), 

which presumably swings away from the central sheet. This perturbation is subsequently 

propagated to other elements of the secondary structure. Thus, photoisomerization 

initiates a cascade of events that result in a global perturbation. Presumably with wild-

type PYP (as opposed to M100A), there is sufficient stability retained in the core of the 

protein that the central sheet and the connecting helix remain intact in the relatively short-
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lived signaling state and this is the structure that interacts with the response regulator to 

initiate signaling.   

 

4.9 Models for the formation of the signaling state 

Three different models have been proposed in the literature for structural changes 

upon photo-bleaching. In the “protein quake” model, a proton is transferred from E46 to 

the chromophore upon photo-bleaching, which increases the electrostatic energy of the 

buried E46 and initiates global conformation changes [136]. Further experimental 

evidence, however, has shown that E46 is not directly linked to either protonation of the 

chromophore or  the conformational changes leading to the signaling state [124] since 

mutant E46Q undergoes essentially the same photocycle with formation of the signaling 

state. In the “hydrophobic collapse” model [129], the space vacated by the movement of 

the chromophore aromatic ring on isomerization results in the movement of nearby 

hydrophobic side chains, which leads to distortion of the central β-sheet, and the 

weakening of the interaction between the central sheet with the N-terminus. 

Consequently, the N-terminus moves away. In the “helix cap” model [134, 135], the 

highly conserved N43 plays a  central role in the transduction of structural change from 

the chromophore and surrounding regions to the N-terminus. Upon photo-isomerization, 

the hydrogen bond between the side chain carbonyl of N43 and the backbone amide 

nitrogen of E46 is broken, which in turn weakens the hydrogen bonds between the side 

chain amide hydrogen of N43 to the backbone carbonyl oxygens of both F28 and L23, as 
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well as the hydrogen bond between the backbone amide of N43 and the D24 side chain. 

As a consequence, the interactions between the N-terminus and the rest of the protein are 

substantially weakened.  

  The H/D exchange data suggest a substantial disruption of the hydrogen bond 

network centered at the chromophore on illumination. Thus, interactions involving Y42, 

E46, T50 and R52 (Figure 4-7), and presumably the destabilization of the hydrogen bond 

from the R52 guanidinium group to the Y98 backbone carbonyl and N43 hydrogens 

bonds, are altered on illumination or mutation. It is notable from a comparison of M100A 

in the light and the dark that the hydrogen bonds within the central sheet are destabilized 

on illumination (Figure 4-6, compare panels j, k, l to panels g, h, i).  Thus, increases in 

exchange kinetics in α-helix 3-4 and the central β-sheet, consequences predicted by both 

the “helix cap” and “hydrophobic collapse” model, are observed in our experiment. 

Therefore, our data here suggest that a combination of the two models is likely to be 

closer to the truth. 

 

4.10 Conclusions 

In summary, although the wild-type protein is only in the signaling state less than 

10% of the time during steady state illumination, regions of the protein that are affected 

by the dark to signaling state conversion are revealed by the H/D exchange kinetics. This 

is most striking in the regions hydrogen bonded to the chromophore and the loop 

containing the chromophore attachment site (peptides 43-61 and 62-75), and consistent  
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with the NMR studies [133]. Second, the M100A mutation, in addition to inhibiting dark 

recovery by almost 2000-fold, results in a structural change that perturbs peptide 43-61 at 

30 s of exchange, and peptide 62-75 at 10 min of exchange, consistent with a network of 

easily perturbed interactions between elements of secondary structure. Note that this 

perturbation qualitatively resembles the effect of steady state illumination on the wild-

type protein. Third, the H/D exchange comparison for the M100A mutant in the dark and 

with steady state illumination reveals that the formation of the signaling state perturbs the 

structure of the protein in much the same way as the M100A mutation. However, 

illumination causes more extensive changes in exchange and accelerates the onset of the 

perturbations. Fourth, it is clear that both mutation and light drive a global destabilization 

of PYP. However, given that the signaling state has a relatively short half-life, it appears 

that the biologically relevant changes involve principally the chromophore binding and 

N-terminal regions.  
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5 CHAPTER FIVE: INTERACTIONS OF LEXA/RECA STUDIED BY MASS 

SPECTROMETRY 

 
 

 
The content of this chapter has been presented in:  

Cheng, Guilong; Hermann, Kristen; Perkins, Brittany; Little, John, W; Wysocki, Vicki, 

H.  LexA/RecA Interactions Investigated by Solution Phase Hydrogen/deuterium 

Exchange, Cross-linking and Mass Spectrometry The 3rd Gordon Conference on 

“Biological Molecules in the Gas-Phase”, Bates College, Maine, July 24-29, 2005 

 

 
 

The studies of LexA/RecA interactions are described in this chapter. The 

interactions were first probed by solution phase hydrogen/deuterium exchange followed 

by mass spectrometry. Both LexA and RecA showed decreases in their deuterium uptake 

upon complex formation. Interpretation of these results, however, is not facile because 

multiple reasons can lead to the same results.  On the binding interfaces, changes in 

solvent accessibility and newly formed hydrogen bond between LexA and RecA can lead 

to decrease in amide hydrogen exchange protection. Similarly, the conformational 

changes in LexA in regions other than the binding interfaces can also result in the same 

exchange protection. To directly address this issue, a different approach, cross-linking 

and mass spectrometry was applied to this system, with preliminary results and future 

directions discussed in this chapter.  
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5.1 Introduction 

The basic biological function of LexA/RecA interaction in E.Coli is demonstrated 

in Figure 5-1. Upon condition that damage DNA, single stranded DNA is generated. In 

order for the cell to survive this kind of condition, a set of action needs to be taken, which 

is called the “SOS response” [145]. This whole process of action is initiated with the 

expression of a set of ~20 SOS genes which are repressed by the protein LexA under 

normal conditions.  

Although LexA can undergo self-cleavage, this spontaneous cleavage is slow 

under normal condition. With the appearance of single stranded DNA, the protein RecA 

is activated. This activated form of RecA consequently interacts with LexA, presumably 

changing the conformation of LexA into a state that facilitates self-cleavage. Ultimately, 

self-cleavage of LexA leads to de-repression of SOS genes and the initiation of the SOS 

response.  

 

5.2 Structure and sequence information of LexA  

The general sequence information for LexA is demonstrated in Figure 5-2. Wild-

type protein LexA can be split into two domains, the N-terminal DNA binding domain 

and the C-terminal dimerization and cleavage domain. The DNA binding domain is 

where LexA represses the SOS genes. The cleavage site, Ala84-Gly85 lies close to the 

beginning of the C-terminal domain. The active site involves two key residues that 
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function as the actual “knife” for cleavage, Ser119 and Lys156. Ser119 is thought to be 

the serine nucleophile, which is activated by the neutral base Lys156. Both residues are 

completely conserved within the LexA superfamily. Substitution of either residue also 

leads to blockage of the cleavage action.  Since the wild-type protein undergoes self-

cleavage slowly even under the normal condition, a truncated mutant protein, K156A is 

employed throughout the whole project (Figure 5-2). K156A blocks the cleavage reaction 

of LexA, but was still shown to be a good binder to RecA [100]. Based on previous 

evidence, the N-terminal DNA binding domain of the wild-type protein can also deleted 

without any apparent effect on RecA-activated LexA cleavage [146]. This region was 

therefore deleted in the K156A truncated mutant as well. A His tag was intentionally 

added to the N-terminus of the mutant to facilitate protein purification.  

Based on evidence from crystallography [147], LexA is proposed to adopt two 

different conformations which are interconvertible,  a noncleavable conformation and a 

cleavable conformation (Figure 5-3). In the noncleavable conformation, cleavage site 

Ala84-Gly85 is away from the active site Ser119. The distance between the cleavage site 

and the active site can be measured to around 20 Å. In the cleavable conformation, 

however, the cleavage site moves closer to the active site, with the distance measured 

between Ala84-Gly85 peptide bond and the Ser119 site chain being only 2.6 Å. Under 

normal condition, the noncleavable conformation dominates, hence the self-cleavage 

reaction rate is at a minimum. When LexA is activated by RecA upon interaction, or 

under high pH [146], presumably the cleavage conformation prevails, and cleavage 

reaction occurs at a much faster rate. The mechanism for LexA and RecA interaction, 
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however, is not well understood. The first and the most important question, where are the 

binding interfaces between LexA and RecA, is the focus of this chapter.  

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-1 SOS response in E. Coli: Generation of single stranded DNA activates RecA, 

which leads to interaction of LexA and RecA. This interaction changes conformation in 

LexA, which cause LexA to undergo self-cleavage. LexA cleavage leads to de-repression 

of the SOS gene to initiate a set of responses to help the cell survive the damaging 

condition (Figure Courtesy of John W. Little)  
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Figure 5-2 Diagram of structure and function relationship in LexA and the general 

sequence information for mutant K156A 
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Figure 5-3 Two different conformations for LexA, the noncleavable conformation is 

shown on the left, with the distance between active site and cleavage site being 20 Å. The 

cleavable conformation is on the right, with the distance between active site and cleavage 

site being 2.6 Å (Figure courtesy of John W. Little)  
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5.3 Hydrogen/deuterium exchange of LexA/RecA on the protein level 

 
Before the actual H/D exchange experiment, molecular weights of K156A 

truncated mutant protein and LexA protein were determined to match the theoretical 

molecular weight quite well. As shown in Figure 5-4, the experimental molecular weights 

of K156A truncated mutant and RecA are 16,203 Da and 37,849 Da, respectively. These 

numbers correlate well with the theoretical molecular weight of 16,204 Da and 37, 829 

Da for K156A truncated mutant and RecA, respectively.  

The basic protocol of exchange for protein is outline in chapter two. For this 

particular system, the experimental protocol is described in Figure 5-5. In the control 

experiment, K156A and RecA were mixed without the addition of oligo, which is 

essential for the activation of RecA. Under this condition, no specific interactions 

between K156A and RecA exist. In the complex experiment, oligo was added into the 

RecA solution to activate RecA. The activated RecA solution was then added into the 

LexA solution to initiate the complex formation. H/D exchange was initiated by addition 

of 10-fold excess D2O buffer with the corresponding buffer condition as in the 

LexA/RecA solution.  
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Figure 5-4 K156A and RecA protein mass spectra. a) Mass spectrum of K156A, b) 

Deconvoluted mass spectrum of K156A, c) Mass spectrum of RecA, d) Deconvoluted 

mass spectrum of RecA  
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Scheme 5-1 General scheme for the hydrogen exchange experiment in LexA/RecA 

system 
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Experiment was first carried out at 37 ºC, which is the typical LexA/RecA 

complex formation condition [105]. A 11s pulse labeling was carried out. The exchange 

data for the intact protein (K156A and RecA) is shown in Figure 5-5. For K156A, the 

difference between the overall deuterium uptakes for the RecA-bound sample and the 

control samples was not very obvious. The peak tops of the deconvoluted spectra 

revealed molecular weights of 16,260 and 16.250 Da for the control sample and the 

RecA-bound sample, respectively. Due to the broadness of the peaks, the actual 

difference was certainly less than 10 Da, and thus a more detail look at the data at the 

peptide level is necessary to draw any definite conclusions. RecA, in contrast, showed 

much more drastic difference in its deuterium uptake between the control sample and the 

complex sample. The control sample gave a molecular weight of 37,980 Da. The 

complex sample gave two populations. One population shared the same molecular weight 

of 37,980 Da with the control, the other population showed a molecular weight of 37,940 

Da. There was also a small peak at 37,850 Da, which corresponded to the molecular 

weight of the nonexchange protein. This is likely due to the leftover protein sample in the 

injection valve.  

It was encouraging to observe the two population outcome for RecA protein upon 

complex formation. The lower molecular weight population corresponds well with the 

model that RecA needs to interact with the oligo, and subsequently binds to K156A. It is 

not clear, at this point, which reason is the main cause of this observed change. Further 

experiments to compare the exchange patterns of isolated RecA and RecA and the oligo 

mixture should shed some light on this question.  
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Figure 5-5 Pulse Hydrogen exchange for K156A/RecA for 11s at 37 ºC 
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5.4 K156A exchange data on the peptide level 

 
To further confirm the difference observed on K156A protein level exchange 

data, a proteolysis is necessary. As discussed in previous chapters, the peptide library that 

could be generated from the pepsin digestion needs to be mapped out before any peptide 

level H/D exchange experiment can be carried out.  

 

5.4.1 Identification of K156A peptide peptides 

Unlabeled K156A was digested online by a pepsin column. Peptides were 

separated by HPLC and detected by mass spectrometry as described in chapter two. 

Seventeen peptides were identified, which cover 100% of the sequence (Figure 5-6). 

Peptides range from 6 to 21 amino acids, with an average peptide length of 12 residues. 

Since the mutant used in the experiment was a truncated mutant, the nomenclature used 

in the peptide map followed the old sequence number, hence the starting residue was 

numbered 65 instead of 1.  
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Figure 5-6 Peptic peptide fragments identified for LexA K156A truncated mutant. Peptic 

fragments are indicated by double-headed arrows under the sequence. 

 

 

65 75                        85                   95 105
MHHHHHH     GIRLLQEEEEG  LPLVGRVAAG  EPLLAQQHIE  GHYQVDPSLF

115 125 135                      145 155
KPNADFLLRV  SGMSMKDIGI  MDGDLLAVHK  TQDVRNGQVV  VARIDDEVTV

165 175 185                   195 202
ARLKKQGNKV  ELLPENSEFK  PIVVDLRQQS  FTIEGLAVGV  IRNGDWL
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5.4.2 Peptide level H/D exchange data reveals region with additional protection 

A 10s pulse labeling experiment was carried out for the mixture of K156A, RecA 

and the oligo. A control experiment was carried out simultaneously with the same 

mixture but without the oligo. Both experiments were carried out at 37 ºC. Upon 

quenching, these two samples were subjected to online pepsin digestion, desalting, and 

separation by a C-18 column. The masses of all the peptides from both LexA and RecA 

were recorded using a Waters Q-TOF II. Since our focus of study was the K156A, the LC 

gradient was optimized for K156A peptides only. RecA peptides were generally eluted 

out of column later than K156A peptides, which made the gradient optimization easier.    

Throughout the whole backbone, the region that showed obvious differences 

between the control mixture and the complex included resides 69-104. The exchanges of 

two of the peptides that are within this region are shown in Figure 5-7. For both peptides, 

complex samples appeared to have more lower molecular weight components in the 

corresponding mass envelopes. The actual differences in deuterium uptake for all 

peptides in K156A are shown in Figure 5-8. Since 0.3 Da is the normal errors for the 

peptide work, both 69-89 and 90-104 showed differences larger than the experimental 

errors. Moreover, there are multiple overlapping peptides in region 69-104, including 69-

89, 72-89, 81-89 and 90-104, with all of them showing the same trend.  

In order to further confirm the results, another exchange experiment was 

conducted with shorter exchange time and under lower temperature. Presumably, if the 

interactions between K156A and RecA indeed cause the decrease in the deuterium uptake 



 150

 
 

in the binding interfaces, the effect is going to be more dramatic under a more 

instantaneous “snapshot” labeling condition. 5s is about the fastest that can be reasonably 

carried out by hand, so this was chosen as the time point. Since the exchange reaction is 

also affected by temperature, the lower the temperature, the lower the exchange rate, so 

exchange reaction under 25 ºC is roughly three times slower than the same reaction under 

37 ºC. Again, this should further reduce the chance of labeling the binding interface, 

which should be shielded from exchange if the reaction is only allowed to proceed for a 

short amount of time.  

Indeed, when the exchange reaction was carried out under the second, shorter 

condition, bigger differences in the deuterium uptakes were observed in the same region, 

69-104.  The exchange mass spectra of the same two peptides are shown in Figure 5-9, 

and the exchange information for all peptides is shown in Figure 5-10. It should be noted, 

however, that the number of peptides that was resolvable in the second experiment was 

less than that in the first experiment. This was due to the deterioration of the LC 

condition, which caused a less efficient separation of the peptides. Peptide overlapping is 

the main practical challenge for this kind of system, where more than one protein (and 

one of them is a 37 kDa protein) are present in the target biological system. Individual 

peptide signals decrease substantially when too many peptides compete for protons in 

solution at the same time. Moreover, the chances of having multiple peptides crowd into 

the same m/z are much higher.  
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Figure 5-7 Exchange comparison of K156A peptide 90-104 and 69-89. Both peptides 

from the complex sample contain more lower mass peaks. Exchange condition: pH 7.4, 

pulse labeling for 10s at 37 ºC  

 
 
 
 
 
 
 
 
 
 
 
 



 152

 
 

 
 
 
 
 
 
 
 
 
 

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1
65-68* 69-89 72-89 81-89 90-104 99-104

105-
112

113-
118

119-
130

123-
130

131-
146

147-
154

148-
154

155-
174

175-
181

181-
186

185-
201

191-
202

Peptide

#D
 in

ta
ke

 (a
ct

iv
at

ed
 c

om
pl

ex
 - 

no
n-

ac
tiv

at
ed

 
co

m
pl

ex
)

 
Figure 5-8 Exchange comparison of peptides throughout the whole K156A backbone 

between the simple mixture and the complex. Exchange condition as in Figure 5-7 (65-

68* includes five histidines at the N-terminus, which was not present in the wild-type 

sequence) 
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Figure 5-9 Exchange comparison of K156A peptide 90-104 and 69-89. Both peptides 

from the complex sample contain more lower mass peaks. Exchange condition: pH 7.4, 

pulse labeling for 5s at 25 ºC 
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Figure 5-10 Exchange comparison of peptides throughout the whole K156A backbone 

between the simple mixture and the complex. Exchange condition as in Figure 5-9 (65-

68* includes five histidines at the N-terminus, which was not present in the wild-type 

sequence)
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5.5 Differentiation between binding interface and binding-induced conformational 

changes 

As encouraging as the exchange results for LexA/RecA complex are, the 

interpretation of the data calls for cautions. Although this technique has been successfully 

applied to identify the binding interfaces for homomultimers [148, 149] as well as 

heteromeric protein complexes [150, 151], it remains an indirect approach. 

Hydrogen/deuterium exchange ultimately depends on the involvement of amide hydrogen 

in hydrogen bond and solvent accessibility. The binding of two proteins needs to cause 

either formation/breakage of hydrogen bonds or substantial changes in solvent 

accessibility in order to have a difference in the deuterium uptake. A weak interaction or 

interaction that is dynamic in nature poses a bigger challenge for hydrogen/deuterium 

exchange. Moreover, it is not uncommon to see proteins make global conformational 

changes due to the interactions with their partner proteins. This leads to a difference in 

deuterium uptake in regions of the protein that are not related to the binding interfaces. 

Therefore, it should not be taken for granted that any regions that display changes in 

exchange kinetics are related to the binding interfaces, or that hydrogen/deuterium 

exchange is a universal technique to locate binding interfaces for any protein/protein 

interaction system. In this particular system, since two conformations exist in the LexA 

crystal structure [147], it was hypothesized that a equilibrium exists in solution. 

Interaction with RecA can shift the conformation of LexA to the cleavable form (Figure 

5-3). This conformational change may lead to partial burial of the cleavage site, a 
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phenomenent that can lead to the same change in the exchange kinetics as seen in our 

data.  

 
 
 

5.6 LexA/RecA interaction probed by cross-linking  

As discussed in chapter one, cross-linking in combination with mass spectrometry 

is complementary to the hydrogen/deuterium technique employed in this chapter. There 

are two fundamental differences between the cross-linking and H/D exchange that makes 

the former an attractive technique to complement H/D exchange, especially when it 

comes to the investigation of protein/protein binding interfaces. First, chemistry in cross-

linking experiments involves protein side chains, while the chemistry in H/D exchange 

experiments involves only the backbone amide hydrogen. Engen demonstrated an 

protein/protein interaction example in which the interaction is electrostatic in nature 

[152].  In this case the binding between the two proteins did not lead to changes in 

deuterium uptake.  

A second advantage of cross-linking compared with H/D exchange is that the 

cross-linking reaction indeed connects the two proteins using the newly formed chemical 

bond on the binding interfaces. Conformational changes elsewhere in the protein will not 

cross-link to the partner protein, making the interpretation easier.  

Two different cross-linkers were utilized in this project so far: the zero-length 

cross-linker EDC and the non-deuterated/deuterated cross-linker BS2G. Cross-linking 

with both cross-linkers generated a cross-linked protein complex that appeared to have 
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molecular weight matching 1:1 LexA:RecA complex, which was absent from the control 

experiment in which the oligo was not added into the mixture to activate complexation 

(Cross-linking results for BS2G are shown in Figure 5-11).   

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5-11 K156A/RecA complex cross-linked by BS2G 

 
 
 
 
 

LexA monomer

LexA dimer

RecA

Control Complex

LexA +      - +         +         +        +

RecA - +        +         +         +        +

Oligo - - - +         +        +

Cross-linked complex 
of interest

20

56

96

kDa

Lane       1     2         3         4         5      6



 158

 
 

In an effort to identify the cross-linked peptides, the cross-linked band as 

indicated in the gel shown in Figure 5-11 was cut out and subjected to in-gel digestion by 

trypsin. The peptide mixtures generated were subjected to LC-ESI-MS/MS in the mass 

spectrometry facility and MALDI. Peptides from both K156A and RecA were identified. 

Unfortunately, the amount of peptides recovered was much lower than what was 

expected from a mixture of K156A and RecA. So the in-gel digestion and extraction was 

apparently not very efficient.  

 

5.7 Future directions 

Based on the H/D exchange data, the region that showed decrease in deuterium 

uptakes is the same region where the LexA self-cleavage reaction occurs (Ala84-G85). It 

is impossible at this point to assess the possibility of this region being the LexA/RecA 

binding interface as this is the first experimental evidence to point the binding interface to 

any particular region. The fact that both K156A and RecA exchanged fewer amide 

hydrogens upon complex formation, and the preliminary results to show 1:1 cross-linking 

of K156A and RecA both indicate that experiments described in this chapter might be on 

the right track.  

H/D exchange for RecA is showing some interesting results and worth further 

investigation. Since the binding of RecA to LexA is a two-step process, either interaction 

with oligo or the following interaction with LexA may be the cause of the reduced 
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exchange kinetics obtained in RecA. A different control experiment in which RecA alone 

vs. RecA with oligo probed by H/D exchange, should shed some light on this question.  

When it comes to analyzing cross-linking experiment, it has been well-accepted 

and reviewed in Sinz’s review article [57] that data  are easier to analyze if the cross-

linked protein complex can be isolated by some sort of chromatography, which can then 

be subjected to in-solution digestion. Peptide recovery in this approach is typically much 

higher. The attempts to use reverse phase C-4 column, size exclusion chromatography, 

and a Nickel column to separate the cross-linked species, however, have been 

unsuccessful. This is mainly due to the fact that the percentage of the specific cross-

linked species is low in the total mixture, and the physical properties of the cross-linked 

complex are not different enough from the RecA protein. It remains a question worth 

pursing to determine whether there are any other new approaches to isolate the cross-

linked complex.  

The other aspect of the problem is the protease used for digestion. Since both 

EDC and BS2G involve lysine side chains, the free number of lysines after the cross-

linking certainly is fewer than in the original protein. This brings another issue for trypsin 

digestion, as trypsin cleaves at C-terminal to arginine and lysine. Other proteases, e.g. 

Glu-C, Asp-N and chymotrypsin are currently being evaluated for digestion of cross-

linked protein complex.    
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6 CHAPTER SIX: THE DISCREPANCY BETWEEN STRUCTURE AND 

DYNAMICS: THE CASE OF SMALL HEAT SHOCK PROTEIN SYSTEM 

 
 
 
 

Partial content of this chapter has been presented in:  
 
 

Cheng, Guilong; Basha, Eman; Hamly, David; Vierling, Elizabeth; Gross, David; 

Wysocki, Vicki H  Non-covalent Small Heat Shock Protein Complex Studied by 

Hydroxyl Radical Modification, H/D Exchange and mass spectrometry The 54th 

American Society of Mass Spectrometry Conference on Mass Spectrometry and Allied 

Topic, Seattle, WA, May 28-June 2, 2006 

 
 

Structural and dynamic properties of a series of small heat shock proteins (sHSP) 

were subjected to solution phase hydrogen/deuterium exchange. For HSP18.1, HSP16.9 

and their chimera mutants, the exchange results show discrepancy with the X-ray crystal 

structure of HSP16.9. This discrepancy is further investigated using stop flow apparatus 

to achieve a hydrogen/deuterium labeling time scale of 10 ms, as well as by a new 

approach, hydroxyl radical modification. Although the 10 ms hydrogen exchange did not 

reveal any new information compared with that from 5s labeling, the hydroxyl radical 

approach indeed provided results consistent with the different oligomeric structures of the 

different sHSPs, suggesting that the labeling time scale is critical when it comes to 

understanding protein motion. In addition, a new sHSP without any previous structural 
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information was evaluated by hydrogen/deuterium exchange and limited proteolysis. 

Both approaches suggest this protein to have similar overall secondary structure as the 

HSP16.9. Studies with HSP18.5 also indicate that the use of techniques in combination 

with mass spectrometry could be a very powerful approach to get structural insight for 

unknown proteins.     

 

 

6.1 Introduction 

6.1.1 Current model for sHSP protection mechanism 

The small heat shock proteins (sHSPs) and related alpha-crystallins are a class of 

oligomeric chaperones that have a very large capacity for binding denatured proteins, 

thereby preventing irreversible protein denaturation/aggregation upon heat stress [153, 

154]. In humans, sHSPs have been related to muscle diseases, certain cancers and 

neurodegenerative diseases. Despite their important role in various processes, the 

structure and chaperone mechanism of sHSPs remain poorly understood. A proposed 

model for the sHSPs’ chaperone function is shown in Scheme 6-1. Under normal 

temperature, sHSPs are typically stored in a large oligomeric state, which is in 

equilibrium with smaller oligomers (such as dimers), with the larger oligomer being the 

dominant species. Upon heat stress, the equilibrium between the large oligomer and small 

oligomer shifts toward the small oligomers, which are believed to be the functional 

species for sHSPs’ chaperone function. As shown in Scheme 6-1, under heat stress 
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condition, plant proteins undergo heat induced denaturation, which in the absence of 

sHSP will lead to aggregation and precipitation. At that point, plants die. In the presence 

of sHSPs, however, the small oligomers of sHSPs interact with the denatured 

intermediate of the plant proteins and form stable protein complexes. These complexes 

keep plant proteins soluble in solution and keep them in a refoldable state. Upon removal 

of heat stress, the unfolding intermediates of plant proteins can be released from the 

stable complexes and handed over to the other chaperone system, HSP70/DnaK. In the 

presence of ATP, refolding occurs and the plant proteins can return to their native state.  
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Scheme 6-1 Proposed sHSP substrate protection mechanism 
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6.1.2 Structure of sHSP 

As discussed in the previous section, the sHSPs typically store themselves in large 

oligomeric states under normal temperature conditions. So far only three X-ray 

crystallographic structures are available in this class. HSP16.5 from Methanocaldococcus 

jannaschii is shown to be a 24mers [155], HSP16.9 from Triticum aestivum is shown to 

be a dodecamer [156] and  Tsp36 from parasitic flatworm Taenia saginata is a dimer in 

reducing conditions and a tetramer in oxidizing conditions [157, 158].  

The X-ray structure of HSP16.9 from Triticum aestivum is shown in Figure 6-1, 

with the overall architecture of the protein complex shown in a). The dodecameric 

structure consists of two discs of hexamers right on top of each other with a central 

hollow cavity. Each hexamer disc is composed of 3 identical dimers, which is the basic 

structural unit for this dodecameric complex.  

The structure of one of the monomers is shown in Figure 6-1 b). In the middle of 

the monomer is a β-sandwich consisting of two β-sheets. This structural motif is 

conserved within the sHSP family and it is termed an “α-crystallin domain”. The N-

terminus of the protein is highly variable in sequence between different sHSPs. 

Interestingly, only six of the N-termini of HSP16.9 were observed in the HSP16.9 crystal 

structure, while the other six were missing. This suggests that the N-terminus of the 

protein is highly dynamic and/or disordered.  The C-terminus of the protein is involved in 

the dodecamer interface as it is used to interact with the α-crystallin domain of the next 

dimer to hold the complex together.  
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Figure 6-1 X-ray crystallographic structure of HSP16.9. a) Top view of the dodecameric 

structure, showing dimmer being the fundamental structural unit. b) Structure of one of 

the monomer. Figures created in Viewlite with protein PDB#1GME 
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6.2 Modification on the N-terminus of sHSPs 

6.2.1 Pattern of modification 

When routine mass spectra were taken for sHSPs, it came to our attention that a 

large number of sHSPs were modified on their N-termini. Typical modifications include 

deletion of N-terminal methionine, methylation and acetylation on the N-terminus, and 

truncation at the N-terminus. The MS spectra of HSP16.9 and HSP18.1 are shown in 

Figure 6-2. The N-terminal methionine in HSP16.9 is missing (Figure 6-2 a-b). 

Modification on HSP18.1 is more complicated (Figure 6-2 c-e). The most dominant 

species is the protein with N-terminal methionine missing, but methylation and 

acetylation on the N-terminus were also present. On top of that, two apparent truncations, 

one with residues 2-7, the other one with residues 2-11 missing were also observed in the 

HSP18.1 MS spectrum. Further studies with mutants containing either the N-terminus of 

HSP16.9 or HSP18.1 showed that only proteins containing the N-terminus from HSP18.1 

show extensive methylation and acetylation on the N-terminus. An alignment of HSP16.9 

and HSP18.1 revealed that the major difference in the N-termini of HSP18.1 and 

HSP16.9 is the extra six residues at the end of N-terminus (PSFFSG). Apparently the 

genes that encode the HSP18.1 N-terminus somehow cause this pattern of expression. 
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Figure 6-2 Mass spectra and deconvoluted spectra of HSP16.9 and HSP18.1. a) Mass 

spectrum of HSP16.9. b) Deconvoluted spectrum of HSP16.9, showing molecular weight 
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without methionine. c) Mass spectrum of HSp18.1. d) Deconvoluted spectrum of 

HSP18.1, showing molecular weight without methionine. e) Zoom-in spectrum of d), 

showing methylated and acetylated protein  

 
 
 
 
 
 
 

 
 
 

Figure 6-3 Amino acid sequence alignment of HSP16.9 from wheat and HSP18.1 from 

pea. Sequences were aligned using ClustalW. Arrows above the sequences indicate the 

positions of the chimeric protein (section 6.4) junctions. Below the alignment an asterisk 

(*) represents an identical residue, a colon (:) represents a highly similar residue (D/E, 

D/N, K/R, I/V/L, G/A, S/T, and F/Y/W), and a period (.) represents a similar residue 

(both hydrophobic). Secondary structural features of HSP16.9 are indicated above the 

alignment [156]. The N-terminal arm and C-terminal extension are underlined in both 

sequences, and the conserved α-crystallin domain is the non-underlined segment from β2 
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through β9. Regions shaded gray in the HSP18.1 sequence have been implicated in 

binding MDH [159]. Residues forming the monomer-monomer interface are indicated 

below the alignment by bold, underlined asterisks. Residues involved in intramolecular 

contacts between the N-terminal arm and C-terminal domain are bold and shaded gray in 

the HSP16.9 sequence. (Figure reproduced from [160] with permission)  

 
 

6.2.2 Modification in relation to chaperone function 

The fact that all of the sHSPs under investigation have some kind of modification 

leads to a logical question: How do these different modifications affect the chaperone 

function of the protein? Is a particular modified form of the protein a better or worse 

chaperon compared to the others? To answer these questions, an experiment was carried 

out to determine the modification distribution of HSP18.1 in native protein vs. in the 

HSP18.1/Luciferase (Luc) complex form.  

HSP18.1 and Luc was mixed and incubated at 42 °C for 7 minutes to form a 

stable HSP18.1/Luc complex. At the end of the heating, the sample was cooled to 4 °C on 

ice and centrifuged for 15 minutes at 13,000 rpm. 100 µL of the supernatant was loaded 

into the size exclusion column (SEC). As a control, the simple mixture of the two 

proteins was also loaded separately into the SEC for comparison. The SEC 

chromatograms of both samples were shown in Figure 6-4.  

A fractionation procedure was then carried out to collect only the front end of the 

HSP18.1/Luc complex and the middle of the HSP18.1/Luc complex. Both samples were 
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analyzed by LC-MS to determine the content of the modification content, and this content 

is compared with that of the original protein. No detectable difference can be observed in 

the modification contents for all three samples. It is therefore concluded that the large 

extent of methylation and acetylation do not change the chaperon property of the protein.  

 
 

Figure 6-4 HSP18.1 (24 µM) and Luc (6 µM) in phosphate buffer (25 mM phosphate, pH 

7.5, 150 mM KCl) were subjected to heat shock at 42 ºC for 7 minutes. The initial 

mixture and the sample after heat shock were analyzed by size exclusion chromatography 

(SEC) 
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6.3 Hydrogen/deuterium exchange of HSP18.1 

For the groups of protein under investigation, only HSP16.9 from wheat has its 

structure resolved by X-ray crystallography [156]. Since the dynamics of HSP16.9 has 

been characterized by hydrogen/deuterium exchange [161], a comparison of the exchange 

pattern of HSP16.9 with that of the other sHSPs should yield informative results for the 

sHSPs without crystal structures.  

HSP18.1 was the first one that was used for the analysis. HSP18.1 and HSP16.9 

have high sequence similarity, and these two proteins were shown to be able to switch 

monomers once mixed together [162].  

 

6.3.1 Peptide identification 

Before the actual exchange experiment, a control experiment was carried out to 

determine the peptides generated from peptic digestion. This is done by digesting the 

unlabeled HSP18.1 online using the pepsin column described in chapter two. The peptide 

mixture were then separated by HPLC and detected by a micro Q-TOF. Sixteen peptides 

were identified, which cover 100% of the sequence (Figure 6-5). Peptides ranged from 3 

to 31 amino acids, with an average peptide length of 15 residues.  
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Figure 6-5 Peptic peptide map for HSP18.1. Peptic fragments are indicated by double-

headed arrows under the sequence. Sequence of HSP18.1 was aligned to HSP16.9, with 

the corresponding regions of α-helices and β-strands shown above as gray bar and black 

line, respectively. The α-crystallin domain include sequence from β2 through β9 
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6.3.2 H/D exchange data for HSP18.1 and a comparison to that of HSP16.9 

The peptide level H/D exchange data for HSP18.1 showed a similar pattern to that 

of HSP16.9. The 5s labeling data at pH 7.0 for four selective peptides are shown in 

Figure 6-6, and the overall exchange pattern for all peptides across the backbone is 

shown in Figure 6-7 b. As a point of comparison, HSP16.9 was subjected to the same 

exchange, and the data are shown in Figure 6-7 a.  

In the H/D exchange studies carried out by Wintrode and co-workers on HSP16.9, 

the exchange pattern of HSP16.9 was described as three clean-cut regions [161]. The N-

terminus (first 40 residues in HSP16.9) was shown to exchanged the fastest, which was 

followed by the C-terminus (the last 20 residues). The α-crystallin domain, which 

contains the rest of the residues in the middle, is the slowest exchanged region. Within 

the α-crystallin domain, residues in the first three β-strands (residues 44-79) were shown 

to exchange much slower than the rest of the domain (residues 80-130). This is likely due 

to the presence of long loop connecting β5 and β7.  
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Figure 6-6 After 5s pulse labeling at pD 7.0, HSP18.1 exchange data are shown for 

represented peptides throughout its backbone 
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Figure 6-7 HSP16.9 and HSP18.1 data on the peptide level. a) HSP16.9 5s exchange at 

pH 7.0 b)HSP18.1 5s exchange at pH 7.0 
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At first glance, the exchange patterns of HSP18.1 and HSP16.9 are very similar 

(Figure 6-7). Indeed, the N-terminus of the HSP18.1 is also the fastest exchange region. 

Please note from the alignment between HSP16.9 and HSP18.1 (Figure 6-3) that the N-

terminus of HSP18.1 is longer than that of HSP16.9, so the cut-offs between the N-

terminus and the α-crystallin domain are different between the two proteins. Overall, the 

α-crystallin domain of HSP18.1 also exchanges relatively slow and the C-terminus 

exchanges relatively fast. A close examination of the exchange pattern between the two 

proteins, however, reveals some subtle differences.   

Although both N-termini of the two proteins represent the fastest exchanging 

region within the corresponding protein, exchange on the N-terminus of HSP18.1 appears 

to be faster overall. Secondly, the long loop connecting the β5 and β7 appears to be more 

floppy. The exchange in this region is now slightly faster than even the C-terminus, 

although the difference between the exchange of this loop and the C-terminus in HSP16.9 

was quite small to start with. In the dodecameric structure of HSP16.9, only six of the N-

termini were observed in the electron density map, and they were observed to tangle 

together to serve as one of the dodecamer interfaces. It is possible that the difference 

between the exchange patterns of HSP18.1 and HSP16.9 observed here relates to the 

stability of the dodecamer. In the end, it is impossible to assess these subtle differences in 

their exchange behavior at this point since no other structural information is available.  

 

 

 



 177

 
 

6.4 Chimeric proteins between HSP16.9 and HSP18.1 

It is always puzzling that both N- and C-termini of HSP16.9 exchange faster than 

the rest of the protein because they are involved in the oligomerization, according to the 

crystallographic structure of HSP16.9. This pattern again is shown in the exchange of 

HSP18.1. Wintrode attributed this phenomenon to the equilibrium between the 

dodecamer and the dimer in solution [161]. Transient breakage of the dodecamers expose 

the binding interfaces to D2O, leading to the high level of exchange observed in HSP16.9. 

This essentially means the binding effect is not observed by H/D exchange using a 5s 

labeling. To further investigate this hypothesis, Wintrode and co-workers carried out a 10 

ms pulse labeling experiment at pD 9.0, a condition that has the same labeling strength as 

a 5s labeling at pD 7.0. Under this condition, substantially lower level of exchange was 

observed for both the N- and C-termini, while the α-crystallin domain exchanged to the 

same extent as observed in the 5s labeling experiment.  This result was consistent with 

the idea that by using a shorter exchange time, a truer instantaneous “snapshot” can be 

caught. Within this short time frame, since most of the HSP16.9 molecules occupy 

dodecamer state, the dodecameric interfaces should not get labeled extensively.   
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6.4.1 Sequences and oligomeric states of chimeric proteins 

As shown in the sequence alignment of HSP18.1 and HSP16.9 (Figure 6-3), the 

biggest difference between these two proteins is in the first 40 residues in the N-terminus, 

which has 33% similarity in sequence, compared with 82% and 59% for the α-crystallin 

domain and the C-terminus. The very end of the N-terminus is the most different between 

the two proteins, with HSP18.1 having six more residues than HSP16.9. The N-termini of 

both proteins, however, have been shown to be important in oligomerization [156] and 

substrate binding [159, 163-167].  

In order to further investigate the N-terminus, a set of chimeric proteins were 

prepared and their oligomeric state and chaperon activity were interrogated [160].  

Among the total of four chimeras created, two of them, sN16C18 and N16C18 were 

selected for H/D exchange study. sN16C18 was prepared by switching the first ten 

residues of HSP18.1 with the first four residues of HSP16.9. N16C18 was prepared by 

switching the first 53 residues of HSP18.1 with the first 46 residues of HSP16.9 (Figure 

6-8). The oligomeric states of the chimeras are shown in Figure 6-9. At 36 µM, all 4 

proteins exist predominantly as dodecamers, although a substantial amount of N16C18 

exists as smaller oligomers. At lower concentration (6 µM as shown in Figure 6-9), 

sN16C18 exists as a multimer with stoichiometry somewhere in between dodecamer and 

dimer. N16C18, however, predominantly exists as a dimer at this concentration, while 

both HSP18.1 and HSP16.9 are mainly dodecamers. 

This set of proteins under low concentration thus provides a great testing system 

to investigate the hypothesis proposed by Wintrode et al [161], which stated that a 10ms 
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labeling is sufficiently short to catch a truer representation of what is happening in 

solution. Wintrode [161] proposed that HSP16.9 exist mainly as a dodecamer in solution, 

but the protein can also dissociate transiently into dimers. In a 10 ms labeling, since the 

majority of the protein molecules are still dodecamers, both N-terminus and C-terminus 

exchange slowly. In a 5s labeling, however, the oligomeric interfaces have sufficient time 

to interact with D2O already, leading to a high extent of exchange for both termini. For 

the α-crystallin domain, since no major conformational change occurs from 10 ms to 5s, 

the exchange remains similar under these both time scales. If that theory holds up, 

chimera protein N16C18 should give similar results of exchange for either a 5s or 10 ms 

labeling since the majority of the proteins are dimers in solution to start with. No changes 

in the extent of exchange should be observed in either terminus. For sN16C18, the results 

should be somewhere in between the wild-type protein and N16C18, since it is a 

multimer under this concentration condition.  
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Figure 6-8 Sequences of HSP16.9, HSP18.1, sN16C18 and N16C18. A sequence 

alignment between HSP16.9 and HSP18.1 reveals that the main difference between the 

two protein lies on the N-termini (1-53 in HSP18.1 and 1-46 in HSP16.9). Within the N-

termini of the two protein, the biggest difference is in the very end of the N-termini (1-10 

in HSP18.1 and 1-4 in HSP16.9). sN16C18 was prepared by switching the first ten 

residues of HSP18.1 with the first four residues of HSP16.9. N16C18 was prepared by 

switching the first 53 residues of HSP18.1 with the first 46 residues of HSP16.9 
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Figure 6-9 Oligomeric states of all four proteins determined by size exclusion 

chromatography (Provided by Eman Basha, Department of Biochemistry and Molecular 

Biophysics, University of Arizona) 
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6.4.2 H/D exchange results for the chimera proteins 

6.4.2.1 Experimental concerns 

Since the oligomeric states of sHSPs are affected by the concentration, the 

experiment needs to be designed at a concentration to guarantee that N16C18 has a 

different oligomeric state than the other three proteins. 12 µM was picked as the initial 

concentration for all experiments before addition of D2O.  At this concentration, N16C18 

is clearly a dimer, based on the SEC result, while HSP16.9, HSP18.1 and sN16C18 are 

mainly dodecamers. After 10-fold D2O dilution, the concentrations of all four proteins are 

1.2 µM. At this concentration, the difference between the oligomeric states of four 

proteins should be very apparent.  

The purpose of doing the comparison between a 5s labeling and 10 ms labeling is 

to observe any protein conformational changes happening in between these two time 

scales. At 10 ms, however, H/D exchange can not be carried out at the same pH (pH 7.5) 

since that would lead to no exchange. In order to compensate the difference in exchange 

strength, an adjustment in labeling pH is necessary. Bai and co-workers characterized the 

pH-dependency of intrinsic exchange rate of different amino acids [73]. Based on his 

work, pH 10.0 was chosen as the labeling condition used for 10 ms labeling. 10 ms 

labeling at pH 10.0 is roughly the same labeling strength as 5s labeling at pH 7.5, with 

the former condition being slightly weaker. A similar concept was also employed by 

Wintrode and co-worker in their attempt to study HSP16.9’s dynamic properties [161].  
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6.4.2.2 Pulse labeling results 

The H/D exchange results for all four proteins under the two time scales are 

shown in Figure 6-10. First of all, based on the extents of exchange for the α-crystallin 

domain under the two exchange conditions (central column), it is clear that a 10 ms 

labeling at pH 10.0 indeed shares similar exchange strength as a 5s labeling at pH 7.5. 

More importantly, the protein was apparently still native, otherwise a much higher extent 

of exchange would have been observed in this region under pH 10.0 labeling condition. It 

is obvious by comparing the experimental outcome for the N-terminal (left column) and 

C-terminal peptides (right column) that the results are just the opposite of what were 

expected. N16C18 is a dimer in solution, so no conformational changes should occur 

from 10 ms to 5s. Exchange on its N-terminal and C-terminal peptides, however, still 

show similar patterns between the two labeling conditions (peptide 17-24 in N16C18 

corresponds to 17-24 in HSP16.9, and peptide 131-151 corresponds to 138-158 in 

HSP18.1).  

The fact that even N16C18 showed a decrease in the extent of exchange for its N- 

and C-termini is puzzling. If it is not because dodecamers dissociate into dimers, what is 

the cause of this change between the two labeling time scales then? Is it possible that the 

N- and C-termini of the protein were denatured but the α-crystallin still remained intact 

under the high pH condition (pH 10.0)? A clear indication that these data show is that one 

can not draw conclusions about the solvent exposed area about sHSP based on its H/D 

exchange pattern, even by labeling at 10 ms. 
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Figure 6-10 Mass Spectra for selective peptides from N-terminus (left column), α-

crystallin domain (middle column) and C-terminus (right column) of each protein after 

labeling with D2O at 25 °C for a) 0 s, b) 10ms at pH 10.0, and c) 5 s at pH 7.5  

 
 
 



 185

 
 

 

6.5 Laser-induced hydroxyl radical modification of protein 

6.5.1 Motives behind laser-induced hydroxyl radical modification of protein 

The 10 ms H/D exchange results obtained for the chimera proteins indicate that 

the effect of binding can not be observed by this approach even in the millisecond time 

scale. Although the exact reason is not clear right now, two possibilities can be proposed 

based on the mechanism and time scale of the exchange reaction. First, the H/D exchange 

is essentially a reaction targeting the protein backbone. Effects of binding between 

proteins are only visible if the interacting protein backbones are in close proximity to 

form new hydrogen bonds. In the cases where backbones of interacting proteins are not 

close enough, the effect of binding could be absent from the exchange results. Engen 

reported a case study on protein/protein interaction by studying UBC9 (a member of the 

E2 family of ubiquitin conjugating enzymes) and SUMO-1 (a ubiquitin homologue) 

using H/D exchange [152]. The effect of binding is absent in the exchange of UBC9, an 

outcome that was explained by the electrostatic nature of the interaction.  

The second possibility is the labeling time scale of the exchange. The fastest time 

scale that can be assessed by H/D exchange is roughly 10 ms, which is limited by how 

fast two solutions can be sufficiently mixed. Protein global motion, however, can happen 

in a time scale much faster than the millisecond time scale. In the case of helix collapse, 

it has been shown that time scale as fast as microsecond is possible [168, 169]. If the 

interaction involved in the protein complex is dynamic, with the interface broken and 

reformed constantly in a fast time scale, then the pulse labeling approach employed in 
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session 6.4.2.2 may not be fast enough to catch a real “snapshot” of what is happening in 

solution. Therefore, an ideal technique to approach a highly dynamic protein/protein 

interaction system should be a technique that is both targeting the side chain and acting in 

a much faster time scale.  

Hydroxyl radical has been used as a solvent accessibility probe to probe protein 

structure and protein/protein interactions by reacting with protein side chains, with the 

most common reaction product being addition of oxygen. The techniques that have been 

employed to generate the radicals in solution are summarized in tale 6-1.  

 

Table 6-1 Methods and conditions for generation of hydroxyl radical 
 

Method Reagents Timescale 
Synchrotron Radiolysis [51, 
52, 170] 

X-Rays and water Tens of 
milliseconds 

Electrospray oxidation [171-
176] 

Oxygen, water and high voltage  High 
microseconds 

Fenton reagent [49] 0.1 M H2O2, 0.6 µM Fe2+ and 1.3 
µM ascorbate 

Minutes 

Photochemical oxidation [50, 
177] 

5 M H2O2, 254 nm light Minutes 

Laser induced photoactivation 
[53, 54] 

1mM H2O2, 248 nm laser pulse Microsecond 

 

 

Among the different ways to generate hydroxyl radical, one technique is 

particularly promising. The laser induced photoactivation approach, which was 

developed independently by Hambly [54] and Sze [53], creates a reaction time scale 

approaching the fastest protein folding time scale. By using a laser with a pulse width in 
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the nanosecond time scale, hydroxyl radicals can be generated instantaneously. Self-

quenching of the radical can limit the reaction time to around 100 µs provided that the 

initial concentration of the radical is around 1 mM. This reaction time scale can be further 

limited to around 1 µs by the addition of a scavenger, Glutamine. A theoretical 

concentration plot as a function of reaction time is shown in Figure 6-11.    

 

 

 

 

 

 

  

 

 
 
 
Figure 6-11 Calculated hydroxyl radical concentration as a function of time. Open circle 

with line represents radical self-quenching reaction. Solid Square with line represents 

hydroxyl radical reaction with 15 mM glutamine.  
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6.5.2 HSP16.9 and N16C18 probed by radical modification 

HSP16.9 and N16C18 are one of the ideal systems to test the applicability of 

hydroxyl radical approach in differentiating oligomeric state. HSP16.9 was shown to be 

mainly dodecamer across the concentration range from 36 µM to 6 µM. N16C18, in 

contrast exists as a mixture of dodecamer and dimer at 36 µM, but quickly dissociates 

into dimers when its concentration is lower than 12 µM. A set of comparison was 

therefore carried out for both proteins across the concentration range from 2 µM to 30 

µM. The extents of modification for HSP16.9 under three different concentrations are 

shown in Figure 6-12, with the same figure for N16C18 shown in Figure 6-13.  

Two distinct features can be derived from these two plots. For either protein, the 

extent of modification changes with a function of concentration, with a higher degree of 

modification occurring at lower protein concentration. This is consistent with the result 

obtained from size exclusion chromatography, which demonstrated that both proteins 

dissociate to some extent when the concentration is lower. A cross comparison of the 

modification of HSP16.9 to N16C18 at 2 µM, however, showed a distinct difference in 

their modification patterns, with N16C18 being modified to a much higher extent.  In 

fact, at 2 µM , the most dominant peak for HSP16.9 is the addition of one oxygen (16,722 

Da is the original molecular weight of the protein). This is in sharp contrast to the result 

for N16C18, which shows that the addition of three oxygens is the most dominant species 

(16,963 Da is the original molecular weight of the protein). This difference gives a strong 

indication that these two proteins adopt different oligomeric states at 2 µM.   
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Figure 6-12 Deconvolution spectra of HSP16.9 modified at A) 2 µM, B) 10 µM and C) 

30 µM 
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Figure 6-13 Deconvolution spectra of N16C18 modified at A) 2 µM, B) 10 µM and C) 

30 µM 
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Since hydroxyl radical modification is both reacting on the side chain and 

happening in microsecond time scale, it is hard at this point to assess which factor, or if a 

combination of both are critical in differentiating the oligomeric state of the two proteins. 

To understand this problem in detail, an approach with side chain reactivity but slower 

time scale may be used.  

It will also be informative to know exactly what regions of the protein were 

modified, which should yield important information about oligomeric interfaces. 

Preliminary work that was conducted, however, did not yield high enough quality data to 

draw conclusions about the interfaces. A laser and flow cell device needs to be set up in 

house to be able to repeat the experiment, which is not possible at this point.     

 
 

 

6.6 HSP18.5 characterized by mass spectrometry 

HSP18.5 from Arabidopsis is a new small heat shock protein purified by my 

collaborator Vierling lab. Initially, no structural or functional information was available. 

Size exclusion chromatography data indicated a dimeric structure. Here the oligomeric 

state of the protein was first characterized by nanospray mass spectrometry, which was 

followed by a more detailed H/D exchange experiment to obtain structural information.  
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6.6.1 HSP18.5 is shown by nanospray to be a dimeric protein 

Nanospray of HSP18.5 is shown in Figure 6-14. The majority of the peaks belong 

to a dimer, with the most dominant peaks being +11, +12 and +10 charge state of the 

dimer. Interestingly, two charge-state populations are present in the spectrum, with one 

population centers around +11 charge state, the other population centers around +17 

charge state. The exact cause of this phenomenon is not clear. It could be that a small 

percentage of the dimers are more denatured, leading to more exposed basic residues and 

thus forming a higher charge state during nanospray process. A small amount of 

monomer and tetramer are also present in the spectrum.  

It is interesting to note that the quaternary structure of this protein again is based 

on a dimer, which appears to be common among the small heat shock protein family. In 

contrast to HSP16.9 and HSP18.1, however, HSP18.5 appears to be much smaller.  
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Figure 6-14 Nanospray mass spectrum of HSP18.5 after desalting and buffer exchange 

into ammonium acetate/ammonium bicarbonate (pH 7.0). Majority of the peaks can be 

assigned to a dimer (D) with various charge states. A small amount of monomer and 

tetramer are also present.   
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6.6.2 H/D exchange  

In order to obtain more structural information about this protein, a continuous 

H/D exchange experiment was carried out, and the data was compared to that of HSP18.1 

and HSP16.9. Since the structure of the latter is available, conclusions can then be drawn 

about the secondary structure of HSP18.5.  

Before the experiment, a sequence alignment was carried out between HSP18.5 

and HSP16.9, with the results showing in Figure 6-15 (The assigned secondary structures 

were labeled on top of the sequence). A quick comparison of this figure to Figure 6-5 

reveals that the biggest difference between HSP18.5 and HSP16.9 or HSP18.1 is the lack 

of the long loops between β-5 and β-7 and the complete absence of β-6.  

 

6.6.2.1 Peptide identification 

Before the actual exchange experiment, a control experiment was carried out to 

determine the peptides generated from peptic digestion. This is done by digesting the 

unlabeled HSP18.5 online using the pepsin column described in chapter two. Peptides 

mixture were then separated by HPLC and detected by mass spectrometry. Twenty six 

peptides were identified, which cover 99.4% of the sequence (Figure 6-15). Peptides 

range from 4 to 24 amino acids, with an average peptide length of 11 residues.  

 

 

 



 195

 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-15 Peptic peptide map for Arabidopsis HSP18.5. Peptic fragments are indicated 

by double-headed arrows under the sequence. Sequence of HSP18.5 was aligned to 

HSP16.9, with the corresponding regions of α-helices and β-strands shown above as gray 

bar and black line, respectively. The α-crystallin domain include sequence from β2 

through β9 
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6.6.2.2 H/D exchange pattern  

The overall exchange pattern of the protein is shown in Figure 6-16 for the 5 

second time point. A three-domain pattern can be readily observed: very floppy N- and 

C-termini plus a stable α-crystallin domain. Although HSP18.5 has low sequence 

similarity to HSP16.9, and the chaperon assay was not carried out at the point the 

exchange experiment was carried out, these data eliminated any doubt that the protein is 

in the same class as the other small heat shock proteins, and that it has chaperon activity. 

It was characterized later on that HSP18.5 served as a good chaperon for MDH, although 

not as good for Luc (unpublished data by Basha, E. and Vierling E.). 
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Figure 6-16 HSP18.5 exchange data on the peptide level. Exchange condition as in 

Figure 6-7 
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The H/D exchange data here also confirmed the sequence alignment shown in 

Figure 6-15. Amide hydrogens on residues 60-131 exchanged slowly. This is consistent 

with the assignment of the α-crystallin domain (β2 to β9) in HSP18.5. The absence of a 

connecting loop between β5 and β7 is also confirmed in the exchange data. Under the 

same 5 s labeling condition, 92-113 in HSP18.1 and 80-106 in HSP16.9, both of which 

correspond to the loop connecting between β5 and β7, exchanged closed to slightly over 

70%. In contrast, no regions within the α-crystallin domain in HSP18.5 exchanged over 

50 %.   

Another interesting feature can be observed by comparing the exchange data of 

the C-terminal region between HSP18.5 and HSP18.1/HSP16.9. In both HSP18.1 and 

HSP16.9, exchange levels for C-terminal peptides at the first 5 s were around 70% 

(Figure 6-7). In the case of HSP18.5, however, this number was 90%. Figure 6-17 shows 

the actual exchange spectra of the three proteins in the similar region. Exchange data at 

longer time points confirmed the result at 5 s (Figure 6-18).  
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Figure 6-17 Mass Spectra for C-terminal peptides from HSP18.1, HSP16.9 and HSP18.5 

after labeling with D2O. a) non-exchange control, b) 5s labeling at pH 7.0, c) completely 

exchange control 
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Figure 6-18 Percent exchange as function of exchange time for the C-termini of the three 

proteins. C-terminus of HSP18.5 showed consistently higher level of exchange than 

HSP18.1 and HSP16.9  
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6.6.3 HSP18.5 probed by limited proteolysis 

HSP18.5 was also subjected to studies by limited proteolysis using trypsin. The 

digestion was carried out by my collaborator in Vierling group, and only the LC-MS data 

is presented here.  

The peptides generated by two different digestion conditions were identified by 

standard HPLC-MS, with the LC traces shown in Figure 6-19. Similar peptides were 

observed under the peaks around 2.5 minutes and 15 minutes. The peptides that were 

identified under the LC peak at 2.5 minutes included peptides 2-10, acetylated 2-10, 2-9 

and 5-9 (numbers representing the residue in the protein).  The peptides that were 

identified under the triplet peak centered at 15 minutes included peptide 11-47, 12-47, 

48-150 and 48-153. The major difference between the two LC traces is the presence of 

the LC peak at 17 min in trace a. The peptides under this LC peaks were longer peptides, 

which included 18-153, 12-150, 11-150, 11-153 and 12-153. The abundance of these 

peptides in trace b is much lower than in trace a. 

Taken together, a digestion pattern can be derived, which is also consistent with 

the H/D exchange data. The most accessible arginine/lysine residues are Arg150, Arg153, 

Arg9, Arg10, Arg11 and Arg17, which is followed by Arg47. All of the residues listed 

above are in the N- or C-terminus. In contrast, Lys74, Lys103, Arg107, Lys109 and 

Lys134, all of which are located within the α-crystallin domain, are not solvent 

accessible. No peptides resulting from cleavage from these residues were observed.  
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Figure 6-19 HPLC traces of the limited proteolysis of HSP18.5 by trypsin. a) Initial 

digestion, b) Further digestion 
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7 CHAPTER SEVEN: STRUCTRUAL INSIGHTS INTO THE THERMAL 

UNFOLDING INTERMEDIATE OF MALATE DEHYDROGENASE BOUND TO 

THE SMALL HEAT SHOCK PROTEIN 

 
 
 
 

 
 

We monitored the conformational change of the malate dehydrogenase (MDH) in 

the presence of small heat shock protein during its thermo unfolding process using 

hydrogen/deuterium exchange and mass spectrometry. Our study reveals that MDH still 

has substantial protection against hydrogen exchange, especially in two of the core 

regions. Interestingly, the regions of the protein that show the highest level of protection 

overlap with regions of MDH that were previously shown to be protected when bound to 

another chaperone, GroEl. Global exchange data on another substrate, firefly luciferase 

show a similar level of protection against hydrogen exchange. In addition, despite the 

difference in the size of the MDH/HSP16.9 and MDH/HSP18.1 protein complexes, the 

patterns of protection against hydrogen exchange for MDH in both complexes are very 

similar. Our study here directly showed that partially unfolding intermediate structures 

are present when the substrate proteins are subjected to heat stress in the presence of 

small heat shock protein. Based on results presented here, we also propose that structure 

of the MDH thermo unfolding intermediate is not determined by the identity of the small 

heat shock protein it interacts with.    
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7.1 Introduction 

Small heat shock proteins (sHSPs) are a ubiquitous class of molecular chaperones 

that interact with substrate protein to prevent denaturation upon heat stress [153, 154]. 

The best characterized protein within this class is the eye lens α-crystallin, which consists 

of two isoforms, αA-crystallin and αB-crystallin. The combination of these two protein 

accounts for one third of the protein make-up in human eye lens, and carries out the 

important function of preventing protein misfolding [178], thus ultimately preventing 

cataracts [179].      

Initial work on sHSPs mainly focused on structural elucidation of different 

proteins within this family. One feature that seems to be common is that proteins within 

the family tend to form large oligomeric structures. This is shown by the X-ray 

crystallographic structures of HSP16.5 from Methanocaldococcus jannaschii (24 

subunits [155]), HSP16.9 from Triticum aestivum (dodecamer [156]), Tsp36 from 

parasitic flatworm Taenia saginata (dimer in reducing conditions and tetramer in 

oxidizing conditions [157, 158]), as well as by the Cryo-EM structures of αB-crystallin 

from Homo sapiens (25-39 subunits [180]) and HSP16.3/Ac1 from M. tuberculosis 

(dodecamer [181]). In the three crystallographic structures obtained so far, dimeric 

structure appears to be the minimal structural unit. Although the oligomeric structures of 

the sHSP protein family vary substantially, all sHSPs consist of a variable N-terminal 

region, a conserved α-crystallin domain and a C-terminal region.  

A basic model for sHSP chaperon mechanism has been developed in this group 

[103, 156, 159, 182-185] and others [186] in recent years. Under normal temperature 
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conditions, sHSPs are stored in large oligomeric states. Under heat stress, the large 

oligomers dissociate into smaller oligomers (such as dimer). The smaller oligomers 

interact with the aggregation prone substrate proteins to trap them in a refold-competent 

form. Upon removal of heat stress, the substrate proteins are transferred to the DnaK 

system to commence refolding [153]. It is thus important to understand the substrate in 

the context of the sHSP/substrate complex. How much secondary structure within the 

substrate protein is still present in this aggregation prone state? Where are those 

secondary structures?  

In the much larger chaperone GroEL system, the substrate structure when it is 

bound to GroEL have been subjected to studies, mainly by solution NMR and solution 

phase hydrogen/deuterium exchange. In the studies done, the level of secondary structure 

in the substrate is generally low, with a loosely packed conformation being the dominant 

observation, although the level of structure does vary considerably from substrate to 

substrate [187]. In some systems, the substrate protein was observed to adopt 

heterogeneous structures, and multiple unfolding intermediates were proposed to be able 

to bind to GroEL [188]. In the sHSP/substrate system, the status of the substrate protein 

has not been studied in details. This is mainly due to the technical difficulties associated 

with heterogeneous protein mixtures exemplified by the sHSP/substrate system.  

One technique that has been providing important structural information for 

substrate proteins when they are bound to the chaperonin is solution phase 

hydrogen/deuterium exchange. Hydrogen/deuterium exchange is based on the exchange 

between the amide hydrogens along the protein backbone and the deuterium in D2O 
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solvent. According to the accepted exchange mechanism, the amide hydrogens can only 

exchange with deuterium when they are not involved in internal hydrogen bonds and 

have access to D2O [73]. For non-hydrogen-bonded and solvent exposed amide 

hydrogens, the intrinsic exchange rate of the amide hydrogen leads to complete 

replacement of the backbone amide hydrogens within a few seconds. The exchange rates 

of amide hydrogens, however, slow down substantially when the amide hydrogens are 

involved in hydrogen bonds or have limited access to D2O. A comparison of exchange 

rates for certain regions of the protein under different states thus reveals changes in 

protein conformation.  

In recent years, mass spectrometry has been demonstrated as an alternative 

technique to NMR for monitoring the hydrogen/deuterium exchange [90]. Mass 

spectrometry in combination with proteolytic digestion is particular powerful when it 

comes to studies of proteins or protein mixtures that are large in molecular size or 

heterogeneous in nature.    

We have used hydrogen/deuterium exchange and mass spectrometry to study the 

conformational changes of MDH during its thermo unfolding process in the presence of 

small heat shock protein. We were able to pinpoint, for the first time, the regions of MDH 

that contain the most secondary structure when it is protected by sHSP and were able to 

get insights into sHSPs’ protection mechanism for their substrates.  

 
 
 
 
 
 



 206

 
 

7.2 Complex formation between sHSP and MDH  

 Protein complexes were formed between sHSP and MDH by incubating the 

protein mixture in 45 ºC water bath. Both wheat HSP16.9 and Pisum sativum (pea) 

HSP18.1 were used in the experiment, and the experimental conditions were chosen to 

drive the majority of MDH into the corresponding complex (Figure 7-1). The complex 

formed between HSP18.1 and MDH has a center mass around 600-700 kDa, based on the 

retention time compared with the molecular weight markers. The complex formed 

between HSP16.9 and MDH, in contrast, is much larger. The majority of the protein 

complex came at dead volume (the column does not resolve molecules with molecular 

weight larger than 1000 kDa). Both complexes appear to be heterogeneous in term of size 

and/or shape, based on the broadness of the complex peak. When MDH was heated alone 

at 45 ºC for 2 hours, all protein underwent aggregation and fell out of solution without the 

formation of any complexes, as shown by the absence of protein peak at early retention 

time in size exclusion chromatography (Figure 7-2), as well as the disappearing of 

signaling in the CD spectra (Figure 7-3). 
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Figure 7-1 a) Size exclusion chromatogram of HSP18.1/MDH complex formation. 24 

µM HSP18.1 and 10 µM MDH were incubated at 45 ºC from 0 min. to 2hrs. A Bio-Select 

SEC-5 column was used (Bio-Rad). Protein elution was monitored by absorbance at 220 

nm.  a) Size exclusion chromatogram of HSP16.9/MDH complex formation. 24 µM 

HSP18.1 and 8 µM MDH were incubated at 45 ºC from 0 min. to 2hrs. A Bio-Select 

SEC-5 column was used (Bio-Rad). Protein elution was monitored by absorbance at 220 

nm 
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Figure 7-2 Size exclusion chromatogram of 10 µM MDH incubated at 45 ºC from 0 min. 

to 2 hrs. A Bio-Select SEC-5 column was used (Bio-Rad). Protein was monitored by 

absorbance at 220 nm 
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Figure 7-3 Circular dichroism of 5 µM MDH in phosphate buffer (25 mM, pH 7.5, 150 

mM KCl). Initial scan was taken at 25 ºC, and then the protein was incubated at 45 ºC for 

different period of time before scans were taken from 220 nm to 260nm 
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7.3 Hydrogen/deuterium exchange of MDH in the sHSP/MDH complex 

 The experimental protocol for monitoring the structural changes for MDH and 

sHSP during heat stress is diagramed in Figure 7-4. Each protein mixture was subjected 

to heat stress at 45 ºC for certain period of time ranging from 0 min to 2 hours. The 

samples were cooled to room temperature (25 ºC) before addition of 20 fold deuterated 

buffer to initiate a 5s pulse labeling. Exchange was then quenched by addition of 25% 

deuterated formic acid to pH 2.5, followed by liquid nitrogen freezing. Due to vast 

difference in the mass, MDH can be separated from sHSP and examined by mass 

spectrometry. The fully deuterated MDH sample revealed a mass increase of 262 Da. 

This value is lower than the theoretical value of 292 Da (314 residues – 21 prolines), 

mainly due to the initial water content and back exchange during HPLC separation. All 

exchange numbers reported throughout this work were then corrected by this ratio 

(292/262).  
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Figure 7-4 Experimental scheme for examining secondary structure of MDH along the 

sHSP/MDH complex formation process 
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 The 5s pulse labeling of the substrate protein MDH showed a two-state pattern for 

both the HSP18.1/MDH and HSP16.9/MDH systems (Figure 7-5). The unheated MDH 

exchanged 82 ±3 hydrogens (28% exchange). Upon heating at 45 ºC for extended period 

of time, the HSP18.1/MDH system showed one population of MDH that exchanged 202 

± 4 of its hydrogens (70% exchange) and another population exchanged only 28% of its 

hydrogens. This two-population pattern continued as the heating continued, with more 

and more lower exchanged protein molecules being converted into the higher exchanged 

population. The Viewer should note that the total amount of MDH remained the same 

throughout the experiment. Hence the increase in the higher mass population indicated a 

decrease in the lower mass population. At the end of the two hour heating time course, 

the majority of MDH molecules were converted into the 70% exchange population. For 

HSP16.9/MDH system, the exchange pattern was similar to that of HSP18.1/MDH 

system in that both 28% exchange and 70% exchange populations were present 

throughout the whole 2 hrs heating time course. At the end of the 2hours, substantially 

less 28% exchange population was present. It was determined later, however, that the 

differences in exchange patterns of MDH in the presence of either HSP18.1 or HSP16.9 

were not due to the interaction between MDH and the two different sHSPs, rather than 

the difference in the concentration of MDH used in the experiment. MDH is naturally a 

dimer in solution, and its unfolding process is affected by the concentration [189].  In a 

control experiment where 8 µM MDH was used to form complexes with both 24 µM 

HSP18.1 and 24 µM HSP16.9, the rates of disappearance for the 28% exchange 

population were similar.  The higher concentration of MDH (10 µM) in HSP18.1/MDH 
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system, however, gave us more protein to work with, hence was still used for the 

experiment described below. In the absence of sHSP, when the same MDH heating time 

course was monitored by H/D exchange and mass spectrometry, only the 28% exchange 

population is presence, which disappeared as heating proceed, correlating well with the 

observation that the protein formed aggregates and fell out of solution.   

 Under the pulse labeling conditions (pD 7.5 for 5s), a completely unstructured 

protein would have all of its amide hydrogens exchanged [73]. The fact that even the high 

mass population of MDH only reached 70% exchange indicates the presence of a 

partially unfolded structure, or the interactions of sHSP and MDH lead to a slow down of 

the backbone amide exchange. Currently there are no definite ways to differentiate these 

two causes. The exchange results of the sHSP, however, suggest that the former is more 

likely to be the main reason.  
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Figure 7-5 Mass spectra of MDH global exchange pattern as a function of time. a) 10 µM 

MDH thermo unfolding in the presence of 24 µM HSP18.1 monitored by H/D exchange. 

b) 8 µM MDH thermo unfolding in the presence of 24 µM HSP16.9 monitored by H/D 

exchange 
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7.4 Hydrogen/deuterium exchange of sHSP in the sHSP/MDH complex 

 The exchange information of the other partner of the sHSP/MDH complex can be 

monitored simultaneously by MS. The exchange of HSP18.1 and HSP16.9 in the 

presence of MDH is shown in Figure 7-6. Throughout the whole heating time course, 

extents of the hydrogen exchange for both HSP18.1 and HSP16.9 remained at 58%. In 

another words, the effect of interaction between the sHSP and MDH was not observed 

here. Further analysis of the hydrogen exchange on the peptide level for the sHSP/MDH 

complex throughout a much wider range of time scales (5s to 8hours) did not reveal any 

difference between the sHSP alone versus the sHSP in sHSP/MDH complexes. Several 

reasons can lead to this outcome. One possibility is that the interactions between the 

sHSP and MDH are mainly side chain interactions, which does not lead to substantial 

decreases in backbone amide solvent accessibility.  The other possibility is that the 

sHSP/MDH interactions are highly dynamic, with a dissociation rate much faster than the 

time scale that is detectable by hydrogen exchange. No conclusion can be drawn at this 

point as to what causes the lack of difference between sHSP alone and sHSP in complex. 

One can conclude, however, that the effect of interaction is likely not a major 

contributing factor, if at all, to the extent of exchange observed for both the sHSP and 

MDH.  
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Figure 7-6 Mass spectra of sHSP global exchange pattern as a function of time. a) 

HSP18.1 in the presence of MDH monitored by H/D exchange. b) HSP16.9 in the 

presence of MDH monitored by H/D exchange 
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7.5 Hydrogen/deuterium exchange of Luciferase (Luc) in the HSP18.1/Luc complex 

 To determine if a partially unfolded substrate structure is a common feature for 

the sHSP/substrate system, another substrate protein, firefly luciferase (Luc) was used to 

form a complex with HSP18.1. The size exclusion chromatography of the nonheated and 

heated HSP18.1/Luc mixture is shown in Figure 7-7. As is obvious from the SEC result, 

the majority of the Luc was converted into the complex. When this complex was 

subjected to 5s pulse labeling, a 60% exchange population was observed. This is 

consistent with the results obtained from MDH, which suggested that a partially 

unfolding structure was present for the substrate protein.  

Since 30% and 40% of the substrate protein’s (for MDH and Luc respectively) 

amide hydrogens are resistant to exchange, the next logical question is to address the 

locations of the exchange protection. Are these protections evenly distributed throughout 

the whole protein or concentrated only on certain regions?  Is the partially unfolding 

structure of the substrate protein following the same relative regional stability in the 

native protein? In order to answer these questions, the exchanged substrate protein was 

further subjected to peptide level analysis. Since both the sHSP/MDH and sHSP/Luc 

systems contain two different proteins (sHSP and the substrate), and the size of Luc 

requires much longer LC time to achieve decent separation, which leads to excess back-

exchange, only the sHSP/MDH system was subjected to peptide level analysis. 
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Figure 7-7 HSP18.1 (24 µM) and Luc (6 µM) in phosphate buffer (25 mM phosphate, pH 

7.5, 150 mM KCl) were subjected to heat shock at 42 ºC for 7 minutes. a) The initial 

mixture and the sample after heat shock were loaded onto a SEC. b) The same two 

samples were subjected to 5s pulse labeling at pD 7.5. Mass spectra of luciferase global 

exchange showed similar level of protection against exchange as MDH
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7.6 Identifications of MDH peptides 

Unlabeled MDH was digested online by a pepsin column. Peptides were separated 

by HPLC and detected by a micro Q-TOF as described in the chapter two. Twenty 

peptides were used in the actual data analysis, which cover 78% of the sequence (Figure 

7-8). Peptides range from 6 to 21 amino acids, with an average peptide length of 12 

residues. Also shown in Figure 7-8 are the locations of secondary structure in the amino 

acid sequence. 
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Figure 7-8 Peptic digestion peptide map for mitochondrial MDH from pig heart. Each 

arrow delimits a single peptic peptide. The MDH secondary structure, as determined from 

the x-ray crystal structure, is shown above the sequence numbering 

 

 

 

 

αC’

1  AKVAVLGASG GIGQPLSLLL KNSPLVSRLT LYDIAHTPGV AADLSHIETR 

51  ATVKGYLGPE QLPDCLKGCD VVVIPAGVPR KPGMTRDDLF NTNATIVATL 

101  TAACAQHCPD AMICIISNPV NSTIPITAEV FKKHGVYNPN KIFGVTTLDI 

151  VRANAFVAEL KGLDPARVSV PVIGGHAGKT IIPLISQCTP KVDFPQDQLS 

201  TLTGRIQEAG TEVVKAKAGA GSATLSMAYA GARFVFSLVD AMNGKEGVVE 

251  CSFVKSQETD CPYFSTPLLL GKKGIEKNLG IGKISPFEEK MIAEAIPELK

301  ASIKKGEEFV KNMK

βK

βA αB βB αC

βC βD αD-αE

βE α1F βF

α2F βG-βH-βJ

αHβL βM

α3Gα1G α2G
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7.7 Two core protection regions in the heated MDH  

 When exchanged MDH was subjected to online pepsin digestion and the resulting 

peptides were analyzed by LC-MS, it was apparent that the protection is not evenly 

distributed throughout the whole protein backbone (Figure 7-9). Peptides listed on the left 

column of Figure 7-9 give examples of regions where exchange protection was almost 

complete lost once MDH was heated in the presence of sHSP. The peptides listed on the 

right give examples of regions where substantial protection remained even after the MDH 

was partially denatured. Data for the complete set of peptides are shown in Figure 7-10. 

One can immediately identify two core regions of the protein that were most protected 

against exchange after thermo denaturation in the presence of sHSP. These regions 

include residues 95-156 and residues 228-252. Considering the exchange condition (pD 

7.5 at 25 ºC for 5 s), the level of exchange for these two core regions are substantially 

lower than the intrinsic exchange rates for peptides if no structures are present. To further 

confirm the protection in these regions, a time course study was carried out where the 

nonheated and heated MDH in the presence of HSP18.1 were subjected to deuterium 

exchange for times ranging from 5s to 8 hours. A comparison of exchange profiles for the 

7 peptides in these two regions is summarized in Figure 7-11. It should be noted that all 

of the 7 peptides remain partially protected even after 8hours. This is particularly obvious 

for peptide 149-156 and 228-236, both of which exchanged less than 50% by 8 hours.  
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Figure 7-9 After 5s pulse labeling at pD7.5, MDH exchange data are shown for 

represented peptides throughout the MDH backbone. Comparison for native MDH 

(exchange at room temperature), MDH heated with HSP18.1 (24 µM HSP18.1 and 10 

µM MDH heated for 2 hours, exchange at room temperature) and MDH heated with 

HSP16.9 (24 µM HSP18.1 and 8 µM MDH heated for 2 hours, exchange at room 

temperature) 
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Figure 7-10 After 5s pulse labeling at pD7.5, MDH exchange data are shown for all 

identified peptides throughout the MDH backbone. Exchange conditions as described in 

Figure 7-9 
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Figure 7-11 Percent exchange of MDH peptides as a function of exchange time. The 

regions of the MDH that are most protected against exchange are shown here. Black 

closed square, native MDH exchange as a function as time. Open triangle, MDH heated 

in the presence of HSP18.1 for 2 hours, exchange at room temperature 
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 A second interesting observation is that the overall protection pattern of the 

partially unfolded MDH does not correlate with that of the native protein. On the N- and 

C-termini of the protein, MDH displays low level of exchange in its native state, a feature 

to be expected from its structure. In the partially unfolded state, however, both regions 

lose their protection against exchange, reaching over 80% exchange for a 5s pulse 

labeling at pD 7.5 (except for peptide 32-41, which exchange 70% upon 5s labeling). 

 A third striking feature one can derive from Figure 7-9 and Figure 7-10, as well as 

from the global exchange data, is that the MDH exchange protection patterns is similar 

between its HSP18.1-bound and HSP16.9-bound forms. On the peptide level, not only 

extents of the exchange, but also the mass isotope distributions on the mass spectra 

appear to be similar.  

  

 

 

7.8 Discussion 

7.8.1 Exchange Protection from secondary structure or interaction  

 It is a matter of concern as to how much of the exchange protection observed for 

the sHSP-bound MDH is coming from the interaction between sHSP and MDH. But the 

fact that the protection was not observed on its partner protein sHSP seems to indicate the 

effect of protection is not a major contributing factor here. In addition, 

hydrogen/deuterium exchange has been employed to study conformation of substrate 
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protein when bound to GroEL [188, 190-194]. In these studies, the substrate’s protection 

against hydrogen exchange was contributed to the secondary structure in the GroEL-

bound substrate. In particular, Chen and co-workers applied H/D exchange and mass 

spectrometry to monitor the process of MDH refolding mediated by GroEL. In that study, 

45 hydrogens were found to be protected from exchange when MDH was bound to 

GroEL. Upon addition of ATP/GroES, a deprotection of 13 amide hydrogens was 

observed, which was broadly distributed throughout the protein backbone. Hence the 

original protection was contributed mainly to the structure of MDH in the bound state. In 

our study, sHSP-bound MDH exhibit some degree of protection against exchange 

throughout the whole backbone. This can well be attributed to the interaction between the 

sHSP and MDH, which is likely to be on multiple regions of MDH considering the 

stoichiometry of sHSP and MDH in the complex (as shown by SEC).  

 

7.8.2 Region and degree of protection  

 Our finding that the sHSP-bound MDH is partially protected against exchange is 

generally in agreement with the conclusions from the studies of the GroEL-bound 

substrates [187]. It should be noted that in the studies of GroEL/substrate system, the 

substrate protein is typically fully denatured and diluted into GroEL solution to initiate 

refolding, while the approach we are taking here is to thermally denature MDH in the 

presence of sHSP. So in the bound state, the substrate structure is likely to be different 

between the two different approaches. Moreover, the protection mechanism of GroEL is 
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most definitely very different from sHSP. In the GroEL/GroES system, one chaperonin 

bind only one substrate protein at a time, with the substrate protein captured inside 

GroEL’s internal cavity [187]. This has two consequences. First, the GroEL-bound 

substrate does not have any opportunity to interact with other molecules of substrate 

protein, which is in sharp contrast to the complex formed in HSP/MDH system, for which 

each molecule of sHSP/MDH complex likely consists of multiple copies of both sHSP 

and MDH. Second, the space within the GroEL cavity limits the conformational 

flexibility of the substrate protein. In the case of sHSP/MDH complex, it remains yet to 

be determined if the range of motion by MDH is limited to the same extent as in the case 

of GroEL.  

 It is thus interesting to find that the regions of sHSP-bound MDH that show the 

most protection against exchange overlap with those found in the GroEL-bound MDH 

[193]. Figure 7-12 shows a visual comparison of exchange profiles between the native 

MDH and HSP18.1-bound MDH. The regions that remain most protected include 

residues 95-156 and residues 228-152, which cover secondary structure αD-αE, βE, α1F, 

βF, α2F, α3G and βK, according to the X-ray structure of the protein. αD-αE, βE, α1F, βF, 

α2F were shown to be the most protected against exchange when MDH was bound to 

GroEL.   

 The H/D exchange results obtained here also suggest that the sHSP-bound MDH 

structure is not native-like, neither does it maintain the same relative stability profile as in 

the native state. The highly stable N- and C-termini are destabilized, leaving only the core 

structure. Moreover, in the absence of HSP, no unfolding intermediate can be detected by 
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either CD (Figure 7-3) or H/D exchange. This suggests that the unfolding intermediate is 

aggregation prone. In the absence of HSP, either this intermediate is not a step in the 

process, or its life time is too short to be detectable. The interaction between the sHSP 

and MDH, although not seen by the H/D exchange here, does provide stabilization for the 

survival of the substrate unfolding intermediate.  

 

 

 

 

 

 

 

 

 

 

 



 229

 
 

 

 

Figure 7-12 MDH exchange profile comparison between native state and partially 

unfolded state. Partially unfolded state is achieved by heating HSP18.1 and MDH at 45 

ºC for 2 hours. Exchange data are from 5s pulse labeling at room temperature. a) 

Exchange profile for the native MDH. b) Exchange profile for HSP18.1-bound MDH 

partially unfolded state. The regions of MDH that were previously shown to be protected 

against exchange in the GroEL/MDH complex include sequence 71-89, 101-129 and 149-

156 
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7.8.3 Similar MDH structure in HSP18.1/MDH and HSP16.9/MDH complex 

 Judging from the size exclusion chromatography, HSP16.9/MDH and 

HSP18.1/MDH complexes are quite different, at least in term of size. Nevertheless, the 

exchange patterns of MDH in these two complexes are remarkably similar, which 

indicates similar secondary structure elements. Then how should we explain the different 

complex sizes? There are multiple ways one can explain this discrepancy, but perhaps the 

most intuitive way to think about the whole process is to keep in mind that the thermal 

unfolding process is a kinetic process. The size of the complex merely depends on how 

many copies of MDH and sHSP form a molecule of sHSP/MDH complex. Although very 

similar in sequence, HSP18.1 and HSP16.9 have been shown to have different protecting 

efficiencies for different substrates [103, 159]. Once MDH reaches the partially unfolded 

state and exposes its hydrophobic regions, sHSP molecules as well as other copies of 

partially unfolded MDH will compete to cover up these regions. Since HSP18.1 is more 

efficient in protection of MDH, aggregation of MDH is more likely to be stopped earlier 

before the complex size grows too big.  

 Our conclusion that the unfolding of MDH in the presence of sHSP is not 

determined by the identity of sHSP is in agreement with study of α-crystallin and α-

lactalumin interaction reported by Carver and co-workers [186]. In their study, the 

refolding of apo α-lactalumin upon dilution from denaturant was monitored by real-time 

NMR, and the presence of α-crystallin did not show any effect toward the refolding 

process. Hence, both α-crystallin and the two sHSP reported here are shown to be 

chaperones that do not play any role in directing the path of protein folding/unfolding.  
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 In summary, our results demonstrate that MDH unfolds into a partially unfolded 

state upon heat stress in the presence of sHSP. This partially unfolded structure is similar 

regardless the identity of sHSP that it interact with, but it is not present in the absence of 

sHSP. This partially unfolded structure still exhibits substantial protection against 

hydrogen exchange, particularly in the region covering αD-αE, βE, α1F, βF, α2F, α3G and 

βK. This protection core overlaps with the protection core structure in the GroEl-bound 

MDH folding intermediate.  
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8 CHAPTER EIGHT: INVESTIGATION OF GAS PHASE FRAGMENTATION 

BEHAVIOR OF DEUTERATED PEPTIDES 

 
 

Partial content of this chapter has been published in:  

Wysocki, Vicki H.; Cheng, Guilong; Zhang, Qingfen; Hermann, Kristin A.; Beardsley, 

Richard L.; Hilderbrand, Amy E.  Peptide Fragmentation Overview  Principles of Mass 

Spectrometry Applied to Biomolecules, Eds. Laskin, Julila I.; Lifshitz, Chava New York: 

Wiley-Interscience (2006), 279-300 

And 

Wysocki, Vicki H.; Resing, Katheryn; Zhang, Qingfen; Cheng, Guilong Mass 

Spectrometry of Peptides and Proteins Methods (2005), 35(3), 211-222 

 

Presented in this chapter are an overview of peptide fragmentation and the studies 

of fragmentation behavior of a deuterated peptide. With the current resolution offered by 

hydrogen/deuterium exchange and mass spectrometry, there is a growing demand for 

obtaining site specific deuteration information. This theoretically can be achieved by 

fragmenting the deuterated peptides in the gas phase to further pinpoint the locations of 

the deuteriums. The aim of this chapter is to test the feasibility of this approach by 

studying a helical peptide, trp-cage. In trp-cage, the trp3 packs against the three prolines 

near the C-terminus, which gives the peptide some structural rigidity. There two basic 
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residues in the sequence, which should limit the mobility of protons for doubly charged 

ions in the gas phase. Both factors were expected to minimize the migration of 

deuteriums during fragmentation process. Yet, we present data here to demonstrate that 

extensive deuterium migration occurs during the convention collision activated 

dissociation process, which will lead to false information about deuterium protection 

within the peptide. It is concluded that caution is required when collision activated 

dissociation is used to narrow the location of deuterium within peptides.  

 

 
 
 
 
 

8.1 Introduction to peptide gas phase fragmentation 

With the worldwide daily use of mass spectrometry based proteomics, there is a 

demand to improve protein identification algorithms. One possibility is that a detailed 

knowledge of peptide fragmentation mechanisms in the gas phase might be used to 

improve the algorithms, either by improving the confidence of matches after the initial 

algorithm identification (e.g., using chemical knowledge in pre- or post-filtering) or by 

incorporating chemical knowledge into algorithms (e.g., by making spectral predictions 

using different fragmentation models for different candidate sequences). Consequently, 

an increasing amount of research efforts have been devoted to studies of peptide gas 

phase fragmentation.   
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8.2 Peptide gas phase fragmentation overview 

 

8.2.1 Overview of accepted peptide fragment ion structures 

Fragmentation studies of protonated peptides have been ongoing for more than 

two decades [195-197] and a recent review of the fragmentation pathways was recently 

published [198].  The nomenclature that has been used to describe different major 

MS/MS ion types of protonated peptides is shown in Scheme 8-1. These major fragment 

ion types, as well as internal and immonium ions are summarized in Table 8-1, along 

with references to representative literature studies that suggested their structures. The 

relative abundances of different ion types in MS/MS spectra depend on many factors, 

including instrumentation, peptide structure, and collision energy.   Ions of types b, a, y, 

internal, and immonium are more common in lower energy multistep activation spectra 

while higher energy activation leads to these ion types plus c, d, v, w, x, and z ions. 

   

Scheme 8-1 Nomenclature of common ion types 
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Table 8-1 Structures and nomenclature for peptide fragment ions, illustrated for a 

pentapeptide 

Ion 
type Structure Ref. 

Ion 
typ
e 

Structure Ref. 
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HN

O

O

R3

H2N
N
H
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O R2
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H3N
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O R2
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H
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 For several of the ion types, different structures might be drawn for the product 

ion, depending on the amino acid residues present at the cleavage site or the involvement 

of radical-induced cleavage.  Fragment b ions, for example, are typically thought to have 

the structure of protonated oxazolones [199, 200], but the proton might be located on the 

N-terminus [210].  In addition, the b ion may have an acylium ion structure [203].  Other 

possible b ion structures include a diketopiperazine structure (b2 ion) [211], an anhydride 

structure (terminal acidic residue in b ion) [212], and a bicyclic ring structure (His 

terminal residue in b ion) [213, 214], as shown in Scheme 8-2. The first direct 

experimental evidence for the oxazolone b ion was recently obtained and involved the 

use of IR photodissociation [215].  Fragment a ions are typically thought to be 

immonium ions but the a2 ion of GGG was recently suggested to be a cyclic structure, 

protonated 4-imidazolidone [216].  The z· ions produced in ECD are unique and different 

from the typical z ion structure shown in Table 8-1, in that they are odd electron radical 

cations. No charge is retained directly at the cleavage site in the ECD z· ion.  The charge 

on the z ion comes from additional charges originally present in the fragment. 
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Scheme 8-2 Representative structures of b ions 
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b3: anhydride if the third amino acid is aspartic acid  

b3: bicyclic structure if the third amino acid is histidine

b3: acylium

b2: diketopiperazine
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8.2.2 Experimental influences on peptide fragmentation  

Scheme 8-3 lists some of the parameters that contribute to the fragmentation 

behavior of peptides in a tandem mass spectrometer. Experimentally, the ion activation 

method and instrumental configuration (which determines the dissociation reaction 

observation time window) are two major influencing factors, and have been subjected to 

extensive studies over the years.  The most widely used ion activation method in MS/MS 

or MSn is collision activated dissociation (CAD).  In CAD, an ion collides with a gaseous 

target, energy is redistributed among different vibrational degrees of freedom within the 

ion, and fragmentation results.  In addition to CAD, other ion activation methods have 

been developed and studied.   These include infrared multiphoton dissociation (IRMPD) 

[217-220], blackbody infrared radiative dissociation (BIRD) [221-223], surface induced 

dissociation (SID) [224, 225], photodissociation  [226, 227], electron capture dissociation 

(ECD) [206, 228], and electron transfer dissociation (ETD) [229, 230]. The major 

motivations behind the development of multiple activation methods are to extract as 

much structural information from the analytes of interest as possible and to understand 

the energetics and mechanisms of dissociation of peptides, which are larger than the 

molecules that are typically used to develop the kinetic theory of dissociation in mass 

spectrometry. Because different activation methods deposit energy into the ions 

differently, leading to different fragmentation patterns, the combination of two or more 

activation methods usually provides more structural and fundamental dissociation 

information than that from a single technique. For example, when glycopeptides are 

subjected to CAD in a trapping instrument, carbohydrate moieties of the molecule are 
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typically lost by low-energy charge-directed cleavage in preference to the breakage of 

peptide bonds, leading to minimal or no information on the locations of carbohydrate 

[231]. ECD, a method involving radical-directed fragmentation, in contrast, leads to 

backbone cleavage resulting in peptide fragments containing intact carbohydrate 

moieties, thus indicating the locations of the carbohydrates. For this reason, ECD is 

gaining popularity in studies of protein post-translational modification.  A more recently 

introduced activation method, ETD, uses a chemical reaction to transfer electron(s) to the 

analyte, leading to extensive fragmentation of multiply-charged peptides (charge > +2) 

and spectra with uniform cleavage across the backbone, i.e., it is less sensitive to 

sequence effects than CAD. While CAD produces y and b backbone ions, ECD and ETD 

produce c and z· backbone ions.   

 

 

 

 

 

 

 

 

Scheme 8-3 Parameters contributing to MS/MS spectra  
 

 

Activation + unimolecular dissociation:
Internal energy distribution
Slow heating vs. energy sudden activation

Molecule:
Different reaction pathways
Different protonation motifs (not single structure)
Energy dependent rate constants 

Instrument Configuration:
Time window for observation of reaction
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When investigating peptide dissociation mechanisms, it is important to understand 

that the fragmentation patterns of the tandem mass spectra of the gaseous protonated 

peptides are also influenced by the instruments involved in the study. Peptide 

fragmentation by a particular activation method needs to be examined with knowledge of 

the observation time windows in the specific instrument in order to understand the 

fragmentation. Some of the common mass analyzers used in peptide fragmentation 

studies include Quadrupole (Q), Time of flight (TOF), Quadrupole ion trap (QIT) and 

Fourier transform ion cyclotron resonance (FTICR).  Each instrument, which may 

contain more than one analyzer type, has its own observation time frame and its own 

manner of depositing energy into analyte ions. For example, CAD in trapping instruments 

leads to slow heating of the ions while keV CAD (seen in TOF-TOF instruments) or eV 

SID input a larger initial energy step into the ions.  In addition, it is not always possible to 

directly compare results acquired from two different time windows.  If fragmentation of a 

large biomolecule must occur in a short time frame, a large energy deposition is typically 

required.  Under these higher energy conditions, however, the fragmenting population 

may not have the same structures and proton locations as the population into which a 

much lower average energy was deposited in an instrument with a significantly longer 

observation time scale, which may affect fragment ions observed.  
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8.2.3 Influence of charge site on fragmentation 

Two distinct classes of mechanisms have been proposed to account for the 

relationship between locations of charge and locations of fragmentation in protonated 

peptides. For the majority of fragment ions, especially those formed by low energy 

collision activated dissociation (CAD), and surface induced dissociation (SID), it is 

generally believed that charge-directed fragmentation is the major pathway, with 

cleavage initiated by the ionizing proton. The other distinct class of fragmentation is 

“charge-remote” in which cleavage occurs without the direct involvement of the ionizing 

proton [204, 212]. Both of these types of pathways fall within the scope of a general 

model for fragmentation, the “mobile proton” model (Scheme 8-4). This model was 

developed over the years by many research groups including Biemann, Gaskell, Wysocki, 

Harrison, Paisz, and others [204, 212, 232-236]. 

 

 

Scheme 8-4 Mobile proton model (reproduced from [237] with permission) 
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Simply stated, the mobile proton model predicts that protons are localized at the 

most basic sites in the peptide prior to activation [236, 238]. Experimental evidence 

shows that gas-phase protonated peptides exist with a high degree of internal solvation of 

the proton by the heteroatoms of the peptide, e.g., carbonyl oxygens and amino nitrogens 

[239, 240]. Following activation, proton transfers may become possible via the highly 

internally solvated structure or opened structures leading to a heterogeneous population 

of structures, with protons at a variety of locations, that fragment at a variety of sites.  In 

situations where proton transfers are less likely, other competitive pathways such as 

charge remote fragmentation or cleavage initiated by an acidic hydrogen may open up.   

The mobile proton model has been verified by many investigators [236], and has 

also been supported by hydrogen/deuterium scrambling studies [234, 241-243]. This 

model, however, is not intended to be a quantitative model that predicts a full peptide 

fragmentation spectrum for a given peptide, but rather provides a qualitative framework 

that allows users to predict the general appearance of a spectrum given the sequence and 

the known number of protons (or vice versa).  Other models that are extensions from the 

mobile proton model are being developed as detailed predictive models [198, 244].  

Charge-directed fragmentation is thought to involve a proton initiated cleavage, 

which leads to the question of where the proton is located in the fragmenting peptide 

[214, 232, 237]. Conflicting reports have appeared in the literature regarding whether the 

protonation site in fragmenting peptides is the amide nitrogen or carbonyl oxygen [198, 

214, 236, 245, 246].  Based on the fact that protonation on the carbonyl oxygen is 

thermodynamically favored, several groups have proposed a mechanism in which 
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carbonyl oxygen is the site of protonation [196, 214, 245].  A recent computational study 

has shown the feasibility of intramolecular proton transfers involving two adjacent 

carbonyls, or via a larger ring, to non-adjacent carbonyls separated by one residue [247].  

Protonation of the carbonyl oxygen increases the electrophilicity of the carbonyl carbon, 

making it more susceptible for nucleophilic attack and formation of, for example, a 

protonated oxazolone b ion product (Scheme 8-5).  This mechanism requires that a 

proton be transferred to the adjacent amide N after nucleophilic attack on the carbonyl 

carbon and prior to cleavage to form the N-terminal departing fragment and the C-

terminal fragment.  A direct O-to-N transfer would require a symmetry forbidden 1, 3- H 

transfer, known to occur in smaller model molecules; another possibility is that other 

heteroatoms down-chain assist in this transfer.   
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Although protonation of the amide N is less likely thermodynamically, partial or 

complete proton transfer to this site significantly reduces the bond order of the C(O)-N 

bond and lowers the barrier to dissociation of this protonated form [235, 248].  Siu and 

coworkers have recently calculated the most stable protonated form of GlyGlyGly and 

found it to be the structure with a proton on the first carbonyl, stabilized by H-bonding to 

the N-terminal amino group [249]. They also showed, via experiments and density 

functional theory, formation of the b2 oxazolone via an amide protonated structure [249, 

250]. Recent calculations for a small model, the N-acetyl methyl ester of  proline 

(CH3C(O)-Pro-OMe), show that an adjacent carbonyl can assist in the transfer of a proton 

from a carbonyl O to an amide N [251].  The only way to definitely distinguish N from O 

protonation during fragmentation is to observe the fragmentation intermediate 

spectroscopically during fragmentation. This has not yet been accomplished, although 

spectroscopic determination that a b ion is in part an oxazolone has been achieved [210].   

It should also be noted that conclusions drawn from experiments and calculations for 

small model peptides may not be representative of fragmentation pathways of larger 

systems. 

Although charge-remote fragmentation of peptides has been studied, it has yet to 

be well-characterized.  Biemann showed in the late 1980's that d, v, and w ions are 

produced with greater abundances in Arg-containing peptides and speculated that the ions 

were produced by charge-remote pathways [204]. Burlingame and coworkers more 

recently showed that MALDI formation of ions from a “cold” matrix, dihydroxybenzoic 

acid, followed by keV CAD enhanced ions thought to be formed by charge-remote 
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pathways [252]. They suggested that the cold matrix helps "fix" the charge at basic 

residues (i.e., produces a simpler or single population of precursor structures).  However, 

a more recent paper [253] characterizes dihydroxybenzoic acid matrix as “hot” not “cold” 

so these results may need to be reevaluated – a hotter matrix could also explain the larger 

abundance of higher energy fragments.  Following on the idea that the charge needs to be 

fixed, several groups have looked at peptides with a fixed charge.  Allison and coworkers 

[254] and Gu et al [212] both showed that peptides with no acidic  residues derivatized 

with a phosphonium group at the amino terminus produce strong a ion fragments, 

presumably by a charge-remote (thermal) pathway  

 Similarly, derivatized peptides that contain acidic residues cleave at the amide 

bond C-terminal to the acidic side chain rather than producing the a ion series, i.e., the 

acidic hydrogen of the side chain directs fragmentation that occurs in preference to 

formation of the a ion series.   Although charge-remote pathways are not as common as 

charge-directed pathways for protonated peptides, they do occur and are more likely for 

Arg-containing singly-charged peptides. 

 

8.3 Increasing resolution of solution phase hydrogen/deuterium exchange and mass 

spectrometry (HXMS) 

As discussed in chapter one, both 2D-NMR and MS are now routinely used to 

follow amide hydrogen/deuterium exchange for proteins. Although mass spectrometry 

excels in sensitivity, protein size and the ability to decipher structural heterogeneity, 

NMR still offers site specific resolution unmatched by mass spectrometry. In a HXMS 
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experiment, proteins are typically digested into peptides, and the level of exchange can be 

detected for individual peptides. Consequently, resolution of the MS approach ultimately 

depends on the size of the peptides that can be generated from a pepsin digestion. 

Recently, Woods and coworkers investigated multiple proteases that were compatible 

with the digestion condition [255] involved in a HXMS experiment. By exhausting 

digestion conditions (different concentrations of denaturant) and using multiple proteases, 

a peptide library can be generated that is large enough that percent deuteration can be 

derived from almost every single residue by subtracting deuterium content of peptides 

overlapping with all but the residue of interest. This approach, however, requires 

laborious testing to exhaust all possible combinations of digestion conditions, and in 

some cases peptide libraries are not large enough to ensure site-specific data on every 

single residue.  

Fragmentation of deuterated peptides in the gas phase is an obvious alternative to 

determine deuterium content at individual amide sites. A conceptual problem, however, is 

that the protons are believed to be mobile during fragmentation processes, especially for 

peptides without basic residues and using the low energy fragmentation typical in CAD 

[198, 216, 234, 241, 256]. In the literature, there has not been a consensus as to whether 

hydrogen/deuterium migration leads to complete randomization or redistribution of the 

initial deuterium within fragmenting peptides.  Anderegg and coworkers investigated the 

deuterium content of a partially exchanged Melittin, a helix forming peptide using CAD 

MS/MS in a triple quadrupole instrument. The level of deuteration on the peptide 

fragments gave good correlation to the NMR structure of the protein. Using a quadrupole 
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ion trap, both Deng et al [257] and Kim et al [258] reported that the labeling patterns of b 

ion series were consistent with previous NMR data, but those of y ion series were not. 

Deng attributed the lack of consistent data in y ion to the nature of y ion formation [257], 

which involved additional proton transfer after the formation of y neutral (see Scheme 8-

5). Several group, however, reported results contrary to the conclusion about b ion and y 

ion [259-262]. In all these studies, scrambling was observed for both types of ions.  

 Using a FTICR instrument, Akashi et al [263-265] and Kaltashov et al [266-268] 

employed nozzle-skimmer CAD and observed none to minimal deuterium migration. 

Using the same instrument, however, Kaltashov et al observed complete scrambling 

when the protein was fragmented by SORI-CAD [266] Furthermore, a correlation 

between protein flexibility and level of scrambling was identified, with higher extent of 

scrambling occurring on the protein with higher flexibility. The author argued that the 

difference in the level of deuterium migration was due to the nature of the fragmentation 

technique. SORI-CAD’s long fragmentation time frame, in combination with slow 

elevation of internal energy, promotes rearrangements such as deuterium migration. In 

skimmer CAD’s fast heating process, precursor ions can reach the fragmentation 

threshold before extensive rearrangements occur. An early study by McLarferty 

suggested extensive scrambling occurred during SORI-CAD process[269], a result 

consistent with Kaltashov’s argument.  

To clarify these seemingly contradictory results, we employed a peptide with 

unique structural and sequence features to study the feasibility of the fragmentation 
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approach using one of the most commonly used experiment condition for HXMS, CAD 

in a micro Q-TOF instrument.   

 

 

8.4 H/D exchange and fragmentation of trp-cage 

8.4.1 Structure and sequence of trp-cage 

Trp-cage is a peptide synthesized by Andersen group [270] to have stable helical 

structure with a short length of residues (Figure 8-1). The size of the peptide (M.W. = 

2084.99 Da) is small enough to be easily fragmented using conventional CAD setup. 

Residue tryptophan3 in this protein is “caged” by three proline residues close to the C-

terminus. This structural feature, along with the helical structure in the N-terminus, 

provides some structural rigidity even in the gas phase [271]. Two other features that 

make this peptide an ideal candidate for the scrambling work lie in its sequence. The 

sequence of the peptide is: DAYAQ WLKDG GPSSG RPPPS.  Since proline is the only 

residue that doesn’t have an amide hydrogen when it is in a protein chain, only one amide 

hydrogen is present in the last four residues. This gives us a way to locate the exact 

position of deuterium at the C-terminus when the peptide is subjected to deuterium 

exchange. Two basic residues are present in the sequence, K13 and R16. These two basic 

residues should help localizing the ionizing proton for singly and doubly charged ions.  
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Figure 8-1 Structure of Trp-cage. Trp3 is shown in ball-and-stick mode, Pro17-Pro18-

Pro19 are shown in standard CPK mode. Protein Data Bank coordinates 1L2Y 

   

8.4.2 Fragmentation of trp-cage 

Before any exchange experiment, a control experiment was carried out to 

characterize the fragmentation of trp-cage using CAD in a micro Q-TOF instrument. 

Both doubly charged and triply charged ions were readily observed in the MS spectrum 

(Figure 8-2).      
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Figure 8-2 MS spectrum of Trp-cage acquired by using a micro Q-TOF using MeOH: 

H2O: AcOH 50:50:1. Both doubly and triply charge ions were observed    

 
 

Fragmentation of both the doubly charged and triply charged precursor ions by 

CAD in a micro Q-TOF instrument is shown in Figure 8-3. As expected, due to higher 

charge state, the triply charged ion can be fragmented using a lower collision voltage. In 

both spectra, however, the y4
 ion was observed as one of the dominant fragments and 

excellent signal to noise ratios were achieved.  
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Figure 8-3 Micro Q-TOF CAD MS/MS spectra of trp-cage using the doubly charged and 

triply charged precursors 

 
 
 

 
 

8.4.3 Fragmentation of exchanged precursor 

Despite the N-terminal helix, the protection factors within this peptide, which are 

defined by the ratios of intrinsic exchange rates and the experimental exchange rates, are 

lower than a normal stable protein [272]. In order to have multiple exchange time points 

taken before all the amide hydrogens are exchanged, pH 5.7 was chosen to carry out the 
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exchange reaction, a pH at which the peptide was previously demonstrated to be native 

[272]. 3 time points, 5 s, 30 s and 1 minute were taken. As controls, both the 

nonexchanged peptide and the fully exchanged peptide were also subjected to the same 

fragmentation process. After the exchange reactions were quenched, samples were loaded 

onto a peptide trap for desalting as described in chapter two. During this step, deuteriums 

on the polar side chains, as well those as on N- and C-termini were exchanged back into 

hydrogens, resulting in only one deuterium on the C-terminal serine amide site.  

The extents of exchange for the whole peptide, and the fragment y4 ion from both 

the triply charged and doubly charged precursor were shown in Figure 8-4. The mass 

selection windows for both the doubly and triply charged precursors were opened up to 

accommodate the whole precursor mass envelope to be included for CAD activation. The 

number of basic sites (N-terminus, arginine and lysine side chain) in the doubly charged 

precursor ion is more than the number of protons, while in the case of triply charged 

precursor these two numbers are equal. Consequently, proton mobility was expected to be 

more limited in the doubly charged ion when it was subjected to activation. From the data 

shown in Figure 8-4, however, the experimental outcomes were almost identical for y4 

ions generated from the two precursors. And more importantly, the average mass increase 

of y4
+ was more than the theoretical value, which was expected to be one resulting from 

the exchange of serine amide hydrogen being replaced by a deuterium. Deuterium 

migration therefore indeed occurred.  
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Figure 8-4 Exchange and MSMS pattern of trp-cage. a) Exchange of the whole peptide at 

pH 5.7 as a function of time monitored by the mass increase of triply charged precursor 

ion, b) y4 ion of the triply charged precursor by 30 eV CID, c) Exchange of the whole 

peptide at pH 5.7 as a function of time monitored by the mass increase of doubly charged 

precursor ion, d) y4 ion of the doubly charged precursor by 50 eV CID 

 
 

In order to analyze the nature of the migration, we consider the theoretical 

outcome for a complete scrambling process. Trp-cage contains a total of 15 amide 

hydrogens (4 prolines) and 16 other exchangeable hydrogens on the polar side chain, N- 
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and C-termini. For a triply charged precursor, a total of 34 exchangeable hydrogens were 

present. In an y4
 ion, a total of 5 exchangeable hydrogens were present (Scheme 8-6). If 

the 5 hydrogens in the y4
+ fragment were competing against all the exchangeable 

hydrogens within the peptide, the ratio should be 5/34 = 0.15. This theoretical number 

essentially remains the same at 0.15 for the y4
+ fragment from a doubly charged precursor 

ion. In contrast, if no scrambling occurs, due to the lack of protection for the C-terminal 

serine amide, the number of deuterons in y4
+ fragment should remain at one from the first 

time point. Here the numbers of exchanged hydrogens in y4
 ion as a function of the total 

numbers of exchanged hydrogens within the protein were plotted for results from both 

precursors (triply charged and doubly charged precursors), as shown in Figure 8-5. In 

both plots, linear fits are achieved with the slope being 0.13 for both cases. Therefore the 

number of deuteriums on the y4
 ion was slightly lower than the theoretical completely 

scrambled value.  
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Scheme 8-6 Formation of y4 ion from doubly charged trp-cage precursor ion. The amide 

deuterium is shown in the structure, with four other exchangeable hydrogens labeled as 

hydrogen 
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Figure 8-5 Number of deuteriums on y4 ion as a function of total number of deuterium in 

the peptide. a) Exchange pattern of the y4
+ fragment from triply charged precursor, b) 

Exchange pattern of the y4
+ fragment from doubly charged precursor 
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Finally, to confirm that the sequence PPPS indeed only contains one deuterium 

when fully exchanged, followed by backexchanging all of its polar side chain and 

terminal deuteriums through HPLC, a control experiment was conducted to test the 

synthesized peptide PPPS. The synthesized peptide was fully exchanged by incubating in 

D2O for 24 hours before quenching by acid, and was loaded onto the same LC system 

coupled to the micro Q-TOF. The spectrum of this experiment, along with the 

nonexchange peptide PPPS, and the y4
 ion from the completely exchanged trp-cage, are 

shown in Figure 8-6. It is clear from both the center of mass and the isotope distribution 

that peptide PPPS only uptook one deuterium under similar experimental condition. In 

contrast, up to four deuteriums with various abundances were observed in the y4
+ 

fragment.  
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Figure 8-6 MS traces of a) nonexchange PPPS peptide, b) y4

+ fragment from a 

completely exchanged trp-cage, c) completely exchanged PPPS peptide 

 
 
 
 

In summary, even though trp-cage contains two structural features that was 

expected to minimize proton migration, this process was still observed in the CAD 

experiment using a micro Q-TOF instrument, which is one of the most commonly used 

experimental condition for HXMS. The extent of migration was slightly lower, but close 

to a complete scrambling. We therefore conclude that caution is required to locate 
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deuteriums within a peptide under similar experimental condition to avoid false 

deuterium assignments.  

 

8.5 Future direction 

Collision activated dissociation has long been considered to be a slow 

fragmentation process [273]. Precursor ions only obtain incrementally small amount of 

energy from each collision. In contrast, the time scale for surface induced dissociation 

was believed to occur as fast as in the picosecond time scale [274]. Recently, the 

Wysocki group reported a comparison study of cytochrome c dimer gas phase 

fragmentation using both CAD and SID in a Q-TOF instrument [275]. More symmetric 

dissociation in terms of both mass and charge state were observed for cytochrome c 

dimer using SID. The authors attributed these results to the more sudden energy 

deposition in SID, which resulted in facile dissociation of the noncovalent dimer before 

extensive structural rearrangement could occur within the dimeric complex. A similar 

comparison for the deuterated trp-cage should therefore shed some light on the hydrogen 

migration phenomenon.  
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9 CHAPTER NINE: CONCLUSIONS AND FUTURE DIRECTIONS 

 
The work described in this dissertation focuses primarily on the interrogation of 

protein dynamics and protein/protein interactions using hydrogen/deuterium exchange 

and mass spectrometry. Through these investigations, insights regarding how proteins’ 

motions affect their function and how proteins interact with their partners have been 

gained. In addition, the feasibility of using collision activated dissociation to increase the 

resolution of HXMS was studied. This chapter presents the major conclusions and 

limitations from the studies presented in this dissertation, and proposes directions for the 

future. 

 

9.1 Instrumentation for HXMS 

The current instrumentation for HXMS is described in chapter two. This setup 

incorporates online proteolysis, desalting, concentration and separation steps into one 

integrated system, with the purpose of minimizing analysis time to avoid excess back 

exchange. The whole setup is typically immersed in an ice water bath to lower the 

temperature, another factor that can be manipulated to minimize back exchange. This 

system laid the foundation for all H/D exchange work described throughout this 

dissertation, and it is indispensable for successful H/D exchange analysis. Due to the use 

of proteolysis, this system is theoretically capable of analyzing protein or protein 

mixtures with unlimited masses. Practically speaking, however, analysis of proteins with 

masses higher than 60 kDa or protein mixtures within a reasonable time frame required 



 262

 
 

for HXMS is still difficult. This is mainly due to the limited separation power that current 

LC columns provide under the experimental condition (ice water bath). In order to avoid 

excess separation time, columns with 5 cm length were typically used, and the separation 

time was typically limited to 5 to 10 minutes. C-18 columns with particle size 5 µm and 3 

µm, as well as polystyrene-based perfusion column were employed throughout the 

research. Although not as good in resolving peptides as the C-18 column, perfusion 

columns offer decent separation power with much lower back pressure. Neverheless, 

separation of peptides from malate dehydrogenase (35 kDa) superimposed on the 

background of small heat shock protein (18 kDa) was not a facile task. A mass 

spectrometer can provide a second dimension of separation for peptides based on their 

m/z. This advantage, however, diminishes to a certain degree for the exchanged protein 

samples as the mass envelopes of different peptides shift to different extents, increasing 

the chances of peptide mass overlapping. To fundamentally improve the capability of the 

online setup, two different approaches have appeared in the literature that are most 

promising: one approach is to carry out separation faster; the other is to carry out 

separation in a nonaqueous environment.  

Wu et al [91] recently demonstrated the usage of HPLC columns with 1.7 µm 

particle sizes (UPLC) for HXMS. In this study, the same peptide mixture was resolved 

better by using UPLC in only a quarter of the time that is required by using a standard 

HPLC with 4 µm particle sizes. More importantly, no apparent effects on the deuterium 

content on peptides were observed.  With faster separation, proteins with longer 

sequences or more complex protein mixtures should be easier to analyze.   
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Another promising approach is to switch the separation environment completely 

to a nonaqueous condition. A recent report from the Marshall group indicated that 

supercritical fluid chromatography (SFC) could be used for the separation of peptides 

[92].  Since no aqueous solvent is used in SFC, the back-exchange reaction is minimized.  

The drawbacks of this technique, however, are the lower separation efficiency of SFC 

compared with standard HPLC, and the difficulties in interfacing SFC with Electrospray.  

 

9.2 Application of H/D exchange and mass spectrometry in detecting conformational 

changes in a single protein 

Research described in chapters three and four gave good examples of how 

hydrogen/deuterium exchange followed by mass spectrometry can be used to interrogate 

dynamic or structural changes of a certain protein under different conditions. In the case 

of cytochrome c2, the time averaged structures of the protein in the two redox states are 

very similar. The functional difference in the two redox states stems from the dynamics 

of the protein. H/D exchange revealed the so called “hinge region” to be more flexible in 

the oxidized state than in the reduced state, which correlated well with previous ligand 

binding experiments. In the case of photoactive yellow protein, the signaling state only 

exists transiently when the protein is exposed to blue light illumination, which poses a 

challenge for either X-ray crystallography or solution NMR. Using solution phase H/D 

exchange and mass spectrometry, we were able to identify the regions of the protein that 

were affected upon photo-isomerization of the chromophore.   
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As powerful as this technique is in identifying regions of the protein undergoing 

changes in dynamics or conformational changes, there are limitations as to the 

information that can be obtained. Most importantly, hydrogen/deuterium exchange is 

based on changes in the hydrogen bond network and/or solvent accessibilities of 

backbone amide hydrogens, no directionality information is available from this technique 

alone. In the case of photoactive yellow protein, an increase in the deuterium uptake was 

observed for the N-terminus upon photo-isomerization of the chromophore. Although this 

observation is consistent with the hypothesis that the N-terminus moves away in the 

signaling state, one can not come to the conclusion about movement in the N-terminus 

based on the exchange data alone. In addition, structure and dynamics are two related but 

different aspects of our understanding of a protein. Proteins can have different dynamic 

properties, but similar time averaged structures, which is exactly what we observed for 

reduced and oxidized cytochrome c2. 

 

9.3 Application of H/D exchange and mass spectrometry in protein complex systems 

When one wants to understand a protein/protein interaction in detail, two major 

questions are typically asked: Where are the binding interfaces for the component 

proteins? What are the structures of the component proteins? Research described in 

chapters five and six mainly address the first question in two different protein/protein 

interaction systems, and research described in chapter seven mainly address the second 

question.  
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In the LexA/RecA system discussed in chapter five, a possible binding region 

within LexA was identified, based on a decrease in the deuterium uptake compared to the 

control in which LexA/RecA interaction was not activated. This potential binding site, 

however, needs to be further confirmed by alternative techniques because multiple 

situations can lead to the same result. For example, a binding-induced conformational 

change can also occur in regions other than the binding interface. Again, this is where the 

limitation of H/D exchange comes in, in the sense that no directionality in space can be 

derived based solely on the extent of exchange. Alternative techniques, e g. cross-linking, 

should be used to confirm that the potential binding interfaces for the two proteins are 

indeed in close proximity to each other in space.   

In the small heat shock protein system discussed in chapter six, discrepancies 

were found between the oligomeric states of the proteins and the exchange data. Regions 

of the protein that were supposed to be involved in forming the oligomeric interfaces 

were among the regions that exchanged the fastest. To elucidate the cause of this result, 

an alternative approach, laser induced radical modification on protein side chains, was 

carried out. This technique differs from H/D exchange in that the reaction time scale is in 

micro-seconds, compared with millisecond to days for the H/D exchange. In addition, 

protein side chains are involved in the radical modification reaction, compared to 

reactions on protein backbone amide hydrogen in the case of H/D exchange. On the 

protein level, data were consistent with the oligomeric state of the protein as determined 

by size exclusion chromatography. This case study indicates that H/D exchange is not a 

universal technique to probe protein binding interfaces. If the interaction involves only 
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protein side chains, or the interfaces are highly dynamic, there may not be a change in the 

deuterium uptake for the component proteins even when they are in the complex.  

The fundamental question regarding the structures of the component proteins 

within a protein complex was addressed by the research described in chapter seven. The 

structure of MDH within the sHSP/MDH complex was probed by H/D exchange. Based 

on the level of exchange, we proposed that MDH was unfolded into a partially unfolded 

structure, with a substantial amount of secondary structure elements left in this state. This 

partially unfolded structure appeared to be inherent to MDH, and was not determined by 

the identities of the small heat shock protein that it interacted with.  

 

9.4 Conclusion and future direction for gas phase fragmentation of deuterated peptides 

Research described in chapter eight showed clear evidence that deuterium within 

a peptide can migrate during the collision activated dissociation process. A practical 

consequence of this result is that researchers need to take caution when trying to pinpoint 

the deuterium distribution within a peptide by this approach. This phenomenon of 

deuterium migration is intriguing and worth further investigation. Can the same extent of 

migration be reproduced using a different fragmentation approach? Is there any residue or 

structural dependence for the deuterium migration? Collision activated dissociation is 

well accepted to be a slow activation and dissociation process, during which 

protons/deuterons are expected to be mobile for nonbasic peptides. Other activation 

processes, e.g. electron capture dissociation and surface-induced dissociation, are 
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believed to occur at much faster time scales, allowing access to fragmentation pathways 

not accessible by low-energy multiple collision CAD. In addition, different mass 

spectrometers have different observation time windows for peptide dissociation. A 

systematic comparison of the dissociation patterns for the same deuterated peptide by 

different dissociation techniques under different instrumentation condition will contribute 

to the fundamental understanding of peptide fragmentation processes.  

It is also suggested in the literature that both the number of basic residues and gas 

phase structure have impacts on how mobile the protons/deuterons are in the gas phase.  

A systematic addition/deletion of the basic residues in the peptide “trp-cage”, which 

decrease/increase the proton moiltiy within the peptide, should shed some light on the 

relationship between deuterium migration and proton mobility. Similarly, a more 

systematic approach is needed to investigate the effect of gas phase structure on the 

extent of deuterium migration. For the peptide involved in the investigation presented in 

chapter eight, three consecutive rigid prolines are present in the peptide. In fact, one 

would be concerned whether the rigidity of proline played a role in the observation 

reported here. Consequently, replacement of one, two and three prolines with more 

flexible residues, e.g. glycine, will be an interesting experiment.  
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