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ABSTRACT
Hydrogen deuterium exchange mass spectrometry has emerged as an important technique
to probe protein structure and conformational dynamics. The rate of exchange of hydrogen with
deuterium by the peptide backbone is dependent on the solvent accessibility, extent of hydrogen
bonding in secondary structural elements and protein dynamics. The extent and the rate of
deuterium incorporation are affected by changes in protein structure, interaction with ligand,
protein-protein interaction and environmental factors such as pH and temperature. These
conformational changes can be global and/or local. The increase in the mass is used to localize
the deuterium incorporation after pepsin digestion of the protein and analysis by electrospray
ionization mass spectrometry.
In this dissertation traditional HDX-MS and a new deuterium trapping assay were used to
probe the interaction sites between E. coli cysteine desulfurase SufS and acceptor protein SufE.
SufS and SufE form an important part of the SUF pathway, essential for the biosynthesis of Fe-S
clusters under oxidative stress and iron depletion conditions. In addition, SufE is known to
stimulate SufS cysteine desulfurase activity, but the mechanism is unknown. The HDX-MS
results show that the regions affected by the SufS-SufE interaction are dependent on the catalytic
intermediate states of the two proteins. HDX-MS was also used to probe the conformational
changes resulting upon persulfuration of SufS of Cys364 in the active site. The persulfuration of
SufS not only affected regions in the active site cavity, but also had other conformational
changes in more distal regions. Based on our findings a model for the interaction SufS and SufE
ii

was proposed. A mechanism for the enhancement of SufS cysteine desulfurase activity upon
interaction with SufE was also postulated.
In all this work demonstrates that hydrogen deuterium exchange mass spectrometry and
the deuterium trapping methodology optimized for this system can be easily and effectively used
to study the protein-protein interactions and the accompanying changes in structural dynamics
for other proteins. Deuterium trapping was demonstrated to be fast, sensitive and reliable method
to deduce the changes in solvent accessibility between two or more states of a protein. Both
techniques can easily be applied to large number of protein complexes to determine the regions
of interaction as well as gain mechanistic information not available through traditional methods
such as X-ray crystallography and NMR.
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CHAPTER 1
INTRODUCTION
1.1

Protein Structure
The primary structure of a protein is composed of a linear chain of amino acids residues

and the amino acid sequence determines the structure of protein. The amino acid residues
interact via hydrogen bonding to form the secondary structure. In the early 1950s, Pauling
discovered α-helices [1] and β-sheets [2], which are the two main types of secondary structure
elements in proteins. Pauling also postulated and proved that the protein secondary structures are
stabilized by hydrogen bonding interactions among amino acid residues. The regions of the
structure that do not adopt secondary structure features (e.g., loops) often provide flexibility to
the protein structure. The secondary structure elements interact (hydrogen bonds, disulfide
bonds, salt bridges, etc.) and organize to form the tertiary structure of a protein. The tertiary
structures of a polypeptide may assemble with additional polypeptide chains into larger, complex
structures called the quaternary structure of proteins. For a protein to function properly, the
amino acid residues must fold correctly into higher order structures. A small change in the amino
acid sequence can alter the structure and, hence, the activity or function of the protein [3].

1.2

Protein Dynamics
Apart from the structural fold, often protein function is related to its structural dynamics

[4]. The discovery that proteins are dynamic was a welcome addition to the static representations
that were appearing from advances in x-ray diffraction techniques. Now it is widely accepted
that there is an intimate relationship between protein dynamics and cellular function [5]. The
1

conformation of a protein can be altered by ligand binding, protein-protein interactions, and
variations in temperature, pH, and solvents composition [6-9]. The change in structure of a
protein caused by misfolding or aggregation can also be deleterious for function and can cause
many disorders including Alzheimer’s disease, Parkinson’s disease, and encephalitis [10, 11].
The study of protein dynamics often relates these changes in conformation to function. Protein
dynamics can be divided into two types depending on the timescale of motions. The first
corresponds to the sub-second motions involving backbone loop motion, side chain motions,
aromatic ring flipping, and large conformational switching. The second, relatively slower
timescale motions (minutes to hours) correspond to protein unfolding and dynamics [12, 13].
The three methods commonly used to study protein structure include x-ray
crystallography, nuclear magnetic resonance (NMR) and mass spectrometry (MS). The majority
of protein structures are solved using x-ray crystallography, which has an inherent limitation of
being a static technique and the conformation of the protein may not reflect that in vivo [14].
Although, x-ray crystallography provides vital structural information, it lacks insight into protein
dynamics [15]. NMR spectroscopy provides information about protein dynamics, but the high
concentration of sample required along with the size limitation restricts its use for larger proteins
(>50 kDa) and those difficult to over-express [16].

1.3

Hydrogen Deuterium Exchange (HDX)
In the early 1950s, Kaj Linderstrøm-Lang showed the continuous exchange of protein

hydrogen with solvent hydrogen [4]. This was followed in 1954 by the demonstration that
hydrogens in proteins can also exchange with deuterium (2H) [17]. He determined that the rate of
hydrogen exchange is related to the amount of hydrogen bonding in the structure of the protein.
Linderstrøm-Lang also predicted that the dynamic behavior of a protein backbone controls the
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hydrogen exchange rate [18], which was ultimately demonstrated by Hvidt and Nielsen in 1966
[19]. Due to ongoing hydrogen bomb research in the 1960s, the use of the hydrogen isotope
tritium (3H) and its measurement by liquid scintillation counting became readily available. The
use of tritium combined with gel filtration led to the development of the artifact-free tritium gel
filtration hydrogen exchange technique to measure the hydrogen-tritium exchange in
ribonuclease [20]. The exchange of hydrogen for tritium became the basis of hydrogen exchange
(HX) research for the next twenty years [21, 22]. Rosa and Richards demonstrated the feasibility
of hydrogen-tritium exchange by studying the exchange kinetics of ribonuclease S [23]. By
combining HX with protein digestion and separation using newly discovered HPLC technology,
Rosa and Richards enhanced the spatial resolution required for the study of large proteins [23].
The fragment separation method was further developed by Englander et al. [21, 24]. In 1970,
Scheinblatt used 1H NMR to demonstrate that the chemical nature of adjacent side chains and the
presence or absence of certain neighboring groups affected hydrogen exchange rates [25]. The
further development of two dimensional-1H NMR techniques allowed for site-specific HX
measurements at amino acid resolution [26, 27]. Further improvements to the technique were
made by Englander et al. in the 1980s and early 1990s using deuterium labeling [22, 26, 28].
They showed that the hydrogen-deuterium exchange (HDX) behavior in backbone amides of
polypeptides is affected by adjacent amino acids [29], isotope effects [30], denaturants and
temperature [31]. Although NMR can provide amino acid level spatial resolution, the technique
has several limitations including sensitivity, protein solubility, molecular weight limits, lengthy
analysis times, and spectroscopic assignment of individual amide hydrogens [32].

3

1.4

Hydrogen Deuterium Exchange Mass Spectrometry (HDX-MS)

1.4.1 Background. In 1991, Katta and Chait were the first to show that mass spectrometry can
be used to monitor hydrogen exchange in proteins [33]. In 1993, Zhang et al. measured
deuterium uptake by cytochrome c using HPLC coupled with fast atom bombardment mass
spectrometry (FAB-MS) [34]. HPLC-FAB-MS was later used to study α-crystallins [35] and
rabbit muscle aldolases [36]. The development of electrospray ionization (ESI) led to its use for
HDX-MS by Johnson and Walsh in 1994 to study holo- and apo-myoglobin conformations [37].
Electrospray ionization (ESI) offers enhanced sensitivity, reduced susceptibility to suppression
by co-eluting compounds, and an increased molecular weight range compared to FAB [38].
Matrix assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF) has
also been used to study hydrogen exchange in generated peptides. Komives et al. used MALDITOF to identify kinase inhibitor and ATP binding sites in cyclic AMP-dependent protein kinase
(PKA) [39] as well as an antigen-antibody recognition site in human thrombin [40]. Even though
MALDI-TOF is easy to use, it is not often used for HDX due to the extensive loss of the
deuterium label during HPLC and MS analysis [39]. ESI, a soft ionization method, offers
advantages over other ionization methods due to its ability to preserve post-translational
modifications [41]. To improve the sensitivity and to get structural information from HDX-MS,
protein digestion after HDX was introduced [23]. The digestion is accomplished with the acid
protease pepsin and/or a mixture of proteases [42, 43]. Further fragmentation of these peptides to
get site-specific information from HDX experiments via collision induced dissociation (CID) has
been explored [44, 45], but migration of the incorporated deuterium along the protein backbone,
often referred to as deuterium scrambling, was observed [46]. Other fragmentation methods such
as fourier transform mass spectrometry (FT-MS) and electron capture dissociation (ECD) reduce
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deuterium scrambling, so site-specific HDX information is becoming a reality for many protein
systems. [47].
1.4.2 HDX-MS theory. A peptide contains a large number of labile hydrogens (O-H, N-H and
S-H) that exchange with those from surrounding water molecules. The rate of exchange between
backbone amide hydrogens and the bulk solvent depends on the solvent accessibility of the
amide and the intrinsic rate of exchange for that residue [48]. To monitor the exchange of amide
hydrogens with the solvent, proteins are diluted into an excess of deuterium oxide (D2O). The
exchange rates for amino acid side chains are very fast [49] and rapidly back exchange with the
surrounding water hydrogens during HPLC separation, making their analysis difficult. However,
HDX-MS studies monitor the slower exchanging (compared to side chain hydrogens) backbone
amide hydrogens instead. The exchange of backbone amide hydrogens with deuterium will
theoretically increase the mass of the protein/peptide by an amount equal to the number of
exchangeable amides. The exchange rate of backbone amide hydrogens depends on many factors
including the extent of hydrogen bonding and amide solvent accessibility [48]. Backbone amide
hydrogen bonds must be broken for solvent exchange, thus the rate of bond cleavage is
dependent on the folding/unfolding equilibrium of the protein [50]. For a typical HDX reaction

NH

↔N H

↔N D

↔N D

where ko, kc and ki are opening, closing and intrinsic exchange rate constants, the observed rate of
exchange (kex) is given by equation 1.1.
Eqn: 1.1

5

The rate of protein folding is much faster than the intrinsic rate of exchange (kc » ki) for a native
protein [51, 52]. Under these EX2 exchange conditions, the observed rate of exchange can be
simplified to equation 1.2
Eqn: 1.2

where Keq is the equilibrium constant between the open and the closed state of the protein and is
given by ko/kc [48, 50]. The EX2 mechanism is observed when backbone amides are exposed to
solvent as a result of random thermal fluctuations in the native state of the protein [48, 52]. The
complete exchange with deuterium in such a case may take several unfolding and folding events.
Under conditions such as high pH, the intrinsic rate of exchange is much greater than the
rate of protein folding (ki » kc) and the observed exchange rate is given by equation 1.3.
Eqn: 1.3
Such a process is termed the EX1 mechanism. In the EX1 regime, amide hydrogens exposed to
solvent are exchanged immediately [48, 50]. The EX2 and EX1 mechanisms can be
distinguished by isotope peak distribution, where EX2 shows a binomial distribution
corresponding to random exchange, whereas the EX1 mechanism shows a bimodal pattern
corresponding to a highly deuterated and a less deuterated species (Figure 1.1). The EX2
mechanism is more prevalent under physiological conditions [52].
A variety of factors including pH, temperature, and adjacent amino acid side chains affect
the backbone amide HDX kinetics [29, 53]. HDX can be acid (D3O+) or base (OD-) catalyzed,
with the reaction proceeding by base catalyzed abstraction of the proton at neutral pH. The rate
constant for HDX is dependent on the pH (Figure 1.2). The intrinsic rate of exchange (ki) of

6

Figure 1.1. Hydrogen deuterium exchange patterns for EX2 and EX1 mechanisms. The shift in
m/z for the peptide is shown with increased labeling time. The EX2 mechanism has a single
binomial distribution that shifts to higher m/z values with increased labeling time. The EX1
mechanism has a bimodal distribution and peak intensity corresponding to a lower and higher
m/z decrease and increase, respectively, as a function of labeling time.

7

Figure 1.2. The effect of pH on the backbone amide deuterium exchange rate. The rate of
exchange is lowest at pH 2.3 and increases with increase in pH [49]. The HDX reaction is
performed at pH 7.0 and quenched by decreasing the pH to 2.3.
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amide hydrogens has a minimum at pD 2.3 and increases 4-orders of magnitude at pD 7 [49].
Temperature also affects the exchange rate by an order of magnitude for each 10 degree change
[48, 50]. The ability to control exchange rate (ki) by changing the pH and the temperature is very
crucial for the HDX experiments, as will be discussed in section 1.5. The adjacent amino acid
side chains can also affect the rate of deuterium exchange by altering the solvent exposure to the
backbone amide. For example, the presence of bulky aromatic group may reduce the adjacent
amide group’s ability to form a hydrogen bond due to steric hindrance or by sequestering the
amide from solvent contact [29, 53].
1.4.3 HDX-MS in practice. The extent of HDX into a protein backbone can be monitored by
the change in the mass-to-charge ratio (m/z) of pepsin-generated peptides as a function of
incubation time in D2O. The HDX rate reflects the extent of hydrogen bonding and solvent
accessibility of that peptide in the full protein structure [54]. Figure 1.3 is a representation of the
typical hydrogen exchange reaction. When a protein is incubated with D2O, the backbone amide
hydrogens in regions with higher solvent accessibility will exchange quickly, within µsec-msec
[55]. The amide hydrogens that are involved in hydrogen bonding (i.e., have a high protection
factor) do not exchange as quickly [56]. As the incubation time increases, the thermal motions in
the protein lead to continuous unfolding and folding and breathing motions [49, 57]. This allows
for exchange of deuterium into amides that are in otherwise protected regions of the protein [48].
The higher the extent of hydrogen bonding, the longer it takes for deuterium incorporation. By
monitoring the amount of deuterium uptake as a function of time, kinetic rate profiles for the
peptides can be generated.
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Figure 1.3. Representation of a typical HDX reaction. The protein regions easily accessible to
the solvent exchange rapidly. The regions involved in hydrogen bonding exchange slowly and
the exchange rate is dependent on protein fluctuations. At neutral pH, the fluctuations in the
protein structure produce open and closed conformations. The equilibrium constant between the
kinetic rate of opening (ko) and closing kc determine the deuterium exchange rates [48, 50].
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1.5

HDX general methodology
HDX mass spectrometry methods can measure deuterium uptake into intact proteins or

into peptides derived from proteolytic digests. The intact protein (i.e., global HDX analysis)
involves measuring the change in mass of the whole protein as a function of time. This
methodology reports on global protein structure and stability but does not provide information of
local secondary structure and protein dynamic motions [58]. Proteolytic digestion of proteins
after HDX allows one to monitor the changes in mass of the generated peptides as a function of
deuterium incubation time [59]. The “peptide map” for the protein is required before initiating
any HDX-MS study. This is done by subjecting each proteolytically digested peptide to tandem
MS/MS sequencing (Figure 1.4). The peptides from a digest are separated by HPLC and ionized
(usually electrospray ionization) to form the precursor ions. These ions are subjected to collision
activated dissociation (CID) or electron transfer dissociation (ECD) to generate smaller fragment
ions. The fragment ions are analyzed using product ion scanning, to determine the amino acid
sequence of the peptide and subsequently to build the digest map for the protein using free data
analysis software (Figure 1.5).
A typical HDX mass spectrometry experiment consist of four main steps 1) deuterium
exchange for a specific length of time, 2) decreasing the temperature and pH to quench the
exchange, 3) protein digestion with an acid protease such as pepsin and 4) mass determination of
peptides by coupled LC/MS. HDX–MS (Figure 1.6) is initiated by incubating a protein solution
(100-250 μM) with 10-25 fold excess of 99.5 % pure D2O at 25 C and pH 7.0 [48]. This allows
for the exchange of backbone amide hydrogens for deuterium according to its intrinsic exchange
rate as discussed earlier. HDX is a discontinuous assay so individual time points are taken and
the reaction is halted at the appropriate incubation time. The exchange reaction is quenched by
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Figure 1.4. Tandem MS/MS. The digested protein sample is subjected to electrospray ionization.
The charged droplets are desolvated causing accumulation of charge. The electrostatic repulsions
between the positively charged particles cause them to fragment into smaller droplets. The
process is continued until a fine spray of aerosol is formed. The electrostatic potential help direct
these positively charged particles into the mass spectrometer. The peptides are separated
according to the m/z and the most intense ions (usually 4-10) are subjected to collision induced
dissociation using a neutral gas (helium or argon). This collision further fragments the chosen
peptide ions into smaller ions which are again analyzed for m/z by the mass spectrometer [60].
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Figure 1.5. Analysis of tandem MS/MS spectra. The collision induced dissociation of a peptide
predominantly produces a series of b and y ions depending on the N- and C- terminus of a
peptide, respectively. The subscript indicates the number of amino acid residues present in the
fragment. The experimental data is matched against the theoretical digest of the peptide for the
identification. There are many programs designed to analyze MS/MS data. The figure represents
the experimental MS/MS data obtained for a given peptide and its subsequent match with the
theoretical digest for the peptide.
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Figure 1.6. General design of a HDX-MS experiment. A protein is incubated with 10-25 fold
excess of D2O at 25 C and pH 7.0 for specific length of time. The temperature and pH are
lowered to 0 C and 2.3, respectively, to quench the reaction. The decrease in pH and
temperature traps the deuterium label at backbone amides. The quenched reaction is digested
with pepsin at 0 C. The generated peptides are loaded onto a C-18 reversed phase HPLC
column. The peptides are eluted using a 0–60 % acetonitrile gradient, ionized using electrospray
ionization and analyzed for mass to charge ratio (m/z) using a mass spectrometer.
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lowering the pH to 2.3 using an equal volume of acidic potassium phosphate buffer (0 C, pH
2.3). The reaction rate is further decreased by lowering the temperature to 0 C. The decrease in
pH and temperature traps the deuterium label in its present state by decreasing the exchange rate
by a factor of ~105 [50]. Also, lowering the pH moderately denatures the protein, thus helping
the subsequent digestion by pepsin [48]. Pepsin is usually preferred as the acid protease because
of its maximal activity at low pH [59]. Although pepsin cleaves a protein randomly (unlike
trypsin or chymotrypsin for example), the digestion pattern is consistent at constant temperature
and protein to enzyme ratios. The generated peptides are loaded on to a C-18 reversed phase
HPLC column (0 C). The peptides are separated and eluted using an acetonitrile gradient (0 60%). ESI is used to ionize and introduce the peptides into the mass spectrometer for analysis
[48]. The mass to charge ratio (m/z) of the peptide ions are recorded for each peptide at each
D2O incubation time point.
The HDX data must be corrected for natural isotope distribution (e.g., 13C, 15N) as well as
loss of the deuterium label to back-exchange processes during HPLC analysis in aqueous
solvents; these controls are called the 0% and 100% D2O controls, respectively [48, 59]. For the
0% control, the protein is incubated with water, instead of D2O to determine the natural isotope
distribution pattern for each peptide. For the 100% control, the protein is incubated with D2O at
high temperature until all the possible backbone amides have incorporated deuterium. The full
deuteration control is a measure the maximum amount of deuterium incorporation by each
peptide under the given experimental conditions.
1.5.1 Data Analysis. The total ion chromatogram (Figure 1.7A) depicts the HPLC elution
profile of the generated peptides as detected by the mass spectrometer. The total ion
chromatogram is searched for a specific m/z ratio corresponding to a particular peptide, the value
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and identity of which is already known from the tandem MS/MS results. The extracted ion
chromatogram (Figure 1.7B) depicts the elution profile for the searched m/z ratio. The mass
spectra contained within that elution peak are averaged to obtain the isotope envelope pattern for
the peptide of interest (Figure 1.7C). Figure 1.8 shows the isotopic distribution pattern for one
such peptide with increasing deuterium incubation times. The shift in the isotope distribution
pattern to higher mass number depicts the increase in deuterium incorporation over time. The
area under the peaks (i.e., the centroid) is determined. The number of deuterons (D) incorporated
by each peptide at each D2O time point is calculated using equation 1.4,
(
(

Eqn: 1.4

)
)

where N is the number of exchangeable amide hydrogens corrected for proline residues and the
N-terminal amide [61, 62]. The values of m0%, m100% and mt correspond to the centroid mass for
the water control (0%), full deuteration control (100%) and at incubation time t, respectively.
The calculations are repeated for all the peptide fragments generated and all deuterium
incubation times. Despite methodological advancements in data acquisition and instrumentation,
HDX-MS data processing and fitting remains tedious. The vast amount of data generated from a
HDX-MS experiment has to be analyzed manually. Some software platforms have been
developed to aid in HDX data analysis. These include HX-Express, Deuterator, HD Desktop,
DEX, and HD Examiner [63-66]. HD Examiner is fully automated program for bottom-up HDXMS data analysis (http://www.massspec.com/HDExaminer.html). HD Examiner uses the
experimental data to perform theoretical isotope fits using a set of algorithms, and gives the
output as number/percent of deuterium incorporated. The software requires the input of protein
sequence, the peptide list along with the respective retention times. This software was used for
HDX analysis in this dissertation.
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Figure 1.7. HDX-MS data analysis. The total ion chromatogram (A) is searched for m/z values
of all the peptides identified using tandem MS/MS. (B) The m/z for the peptide (Example
1005.6) is used to create a retention time profile called the extracted ion chromatogram. (C) The
peaks under the extracted ion chromatogram are averaged to generate the isotope envelop of the
peptide. The area under the peaks is used to calculate the centroid mass value which is used to
calculate the deuterium incorporation using Equation 1.4.
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Figure 1.8. Example of deuterium incorporation as a function of time. The isotope distribution
pattern for a peptide is shown for D2O incubation times varying from 30 sec to 1 hr along with
the water (0%) and full deuteration (100%) controls. With increase in incubation time, the
isotope distribution shift to a higher mass number corresponding to the increased deuterium
incorporation. The HDX isotope envelopes for the peptide are shown in red and the theoretical
fits used to obtain the centroid value using HD Examiner are shown in blue.
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The percent deuterium incorporation (D) is plotted against a logarithm time scale (Figure
1.9) and the plot is fit to a first order rate term using the equation 1.5,
∑

(

)

Eqn: 1.5

where N is the number of amides exchanging at a rate k for the isotopic exchange time t [48].
Usually the distribution pattern for the deuterium uptake can be satisfactorily fit to equation 1.5
with up to three exponential terms. The amount of deuterium incorporated in the first 15 seconds
is indicative of the solvent accessibility of the peptide. The rate of exchange at longer incubation
time provides information on structural dynamics. In figure 1.9 the percent deuterium
incorporation for the peptide with six exchangeable backbone amides has been fit to double
exponential first order rate equation for which 36.9% of amides are exchanging at a rate constant
of 0.742 min-1 and 35.7% have a rate constant of 0.025 min-1.
HDX kinetic fits provide information about the structural dynamics of a protein and
changes resulting from substrate binding, metal binding, post translational modifications,
protein-protein interaction etc [49, 67-73]. The binding of the substrate or metal produce changes
in conformation and protein dynamics identified by the change in amount and rate of deuterium
incorporation. These changes in the conformation and structural dynamics can be used to predict
the possible mechanism of protein function.

1.6

HDX-MS Applications
HDX-MS analysis can be used to study protein-ligand binding (e.g., substrates,

inhibitors, metals), protein-protein interactions, post-translational modifications, and native/nonnative protein aggregation [74-76]. By localizing the changes in protein conformation and
dynamics, insights into protein structure and function can be obtained. HDX-MS has been
shown to be a very potent tool in biopharmaceutical research to monitor the stability of proteins,
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Figure 1.9. HDX-MS kinetic trace. The percentage of deuterium incorporation calculated using
equation 1.4 is plotted against the logarithmic time scale. The resultant plot is fit to first order
rate term using equation 1.5. The figure here shows data for deuterium incorporation fit to the
double exponential of first order rate term. Most results can be fit to single, double or triple
exponential rate terms.
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the conditions affecting protein structure and function, and the binding of drug compounds [7779]. One of the important applications of HDX-MS is the use in drug binding analysis. In 2007,
Phillips et al. monitored the changes taking place in the heat shock protein HSP-90 upon binding
the first generation anti-cancer drug DMAG [80]. HDX-MS can be used to assist the traditional
techniques such as x-ray crystallography and NMR to determine the protein structure. In 2009,
Sharma et al. used the technique to identify the disordered regions in various proteins that were
posing a serious challenge for structure determination using NMR [81]. The identification of
disordered regions helped design new protein constructs, making it more amenable for NMR
structure determination [81]. HDX‒MS identification of disordered regions can also be used to
truncate or reengineer proteins to enhance the crystallization efficacy [82, 83]. HDX-MS is quite
useful for structural studies of membrane proteins, which pose a challenge for traditional
structural techniques. Busenlehner et al. successfully applied HDX-MS to the detergent and lipid
solubilized membrane proteins glutathione transferase-1 [84] and cytochrome c oxidase [85] to
generate spatially resolved HDX profiles for different protein states. This was followed by more
wide-spread use and recent developments in membrane protein HDX‒MS techniques [86-88].

1.7

Conclusions
The study of protein dynamics is very important to understand the mechanism and

structural changes accompanying the protein function. A number of techniques are available to
study the structure of proteins; however, few provide comparative insights into protein dynamics.
Hydrogen deuterium exchange mass spectrometry is a sensitive technique to study protein
structure and dynamics in solution using significantly lower protein concentrations than
crystallography and NMR spectroscopy. Backbone amide hydrogens are sensitive probes for
protein secondary structure, solvent accessibility and structural dynamics.
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CHAPTER 2
HDX-MS STUDIES OF PROTEIN-PROTEIN INTERACTIONS
2.1

Protein-Protein Interactions
The cell is a basic unit of life and most biological processes involve tightly regulated

molecular machines, all of which contain proteins. Some important aspects required to
understand the function of a protein include a study of sequence and structure, evolutionary
history of conserved sequences, expression profiles, interaction with other proteins, and
intracellular localization [1]. Many proteins interact with other proteins as part of their function
and, thus, should be characterized in context of its partners [2]. Proteins interact with each other
through a combination of van der Waal forces, salt bridges and hydrogen bonding interactions
[3]. These interactions can be long-lived or transient. Some interactions are transient and involve
a specific set of conditions that promote the interaction. These transient interactions play an
important role in controlling many cellular processes as cells exist in a dynamic steady state. The
interaction of two or more proteins usually affects both structure and function such as altering
kinetic properties of enzymes, allowing for substrate channeling, creating ligand binding or
active sites, inactivating a protein, changing specificity, or serving a regulatory role [4].
Some of the common methods to study protein-protein interactions include coimmunoprecipitation, pull down assays, crosslinking analysis, label transfer analysis, and
Western blotting [3, 4]. These techniques can determine proteins that may interact with each
other; however, they provide little mechanistic information or the conformational effects that
dictate function and often have a high occurrence of false positives or negatives [5]. One of the
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most useful structural tools to study these protein interactions while retaining dynamic
information is amide hydrogen/deuterium exchange mass spectrometry (HDX‒MS). In this
chapter, we will describe the development of HDX‒MS to probe interactions between two
proteins from Escherichia coli (E. coli) involved in synthesis of iron-sulfur clusters as a model
system.

2.2

SufS-SufE Model System
Iron-sulfur clusters (Fe-S) are small, ubiquitous inorganic cofactors present in

biomolecules [6]. They are involved in many fundamental biological reactions including enzyme
regulation, cellular respiration, cofactor biogenesis, gene expression regulation, nucleotide
metabolism and ribosome synthesis. Some of the common types of Fe-S clusters types include
FeS4 (rubredoxin type), [2Fe-2S], [4Fe-4S] and Reiske [2Fe-2S] proteins [7]. Even though the
structures of Fe-S clusters look simple, their synthesis involves a complex interplay between
numerous proteins, each with a specific function. Since both iron and sulfide ions are toxic and
not soluble in a cell, Fe-S clusters are formed by direct chemical reaction using protein scaffolds
and enzymes. Fe-S cluster biogenesis can be divided into three basic steps 1) generation of
elemental sulfur, 2) formation of the Fe-S cluster, and 3) incorporation of the Fe-S cluster into a
target protein. Since the proteins involved in assembly of Fe-S clusters for the essential enzyme
nitrogenase were discovered by Dean et al. [8, 9], a number of Fe-S cluster biogenesis systems
have been discovered. The three common bacterial Fe-S cluster biogenesis systems are the NIF,
ISC, and SUF protein systems. The NIF system is specific for nitrogen fixation [10]. Under
normal cellular conditions in E. coli, the ISC machinery is involved in the “housekeeping” Fe-S
cluster biogenesis. However, under conditions of oxidative stress and iron starvation in E. coli,
the SUF system is responsible for the synthesis of Fe-S clusters to protect them from oxidants
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[11]. This SUF system was chosen for HDX‒MS protein-protein interaction studies in this
chapter.
2.2.1 SufS-SufE interactions. The suf operon, first identified in 1999 by Hantek et al. [12],
commonly consists of six genes (sufABCDSE) encoding for SufA, SufB, SufC, SufD, SufS and
SufE proteins, respectively (Figure 2.1A). The SUF system mainly consists of the SufS-SufE
complex and the SufBC2D complex, although some bacteria also have a SufU accessory protein.
The sulfur for the Fe-S cluster is provided by SufS, a pyridoxal 5-phosphate (PLP) dependent
cysteine desulfurase, which abstracts sulfane sulfur during the conversion of L-cysteine to Lalanine. SufE, a sulfur shuttling accessory protein, binds to SufS and stimulates the cysteine
desulfurase activity. SufE also accepts the inorganic sulfur from SufS (Figure 2.1B) and supplies
the sulfur to SufB as part of the SufBC2D complex [13]. The SufBC2D complex uses FADH2 to
reduce ferric iron provided by various iron chaperones for cluster synthesis (Figure 2.2) [14, 15].
It is probably a scaffold for the formation of [4Fe-4S] clusters. Once Fe‒S clusters are formed,
SufA may be involved in transfer of the clusters to apo Fe-S proteins, although this is still
debated [16].
The crystal structure of homodimeric E. coli SufS [17] reveals two active sites formed
with contributions from each monomer (Figure 2.3A). The active site for the desulfuration
reaction contains key catalytic residues such as Lys226, which forms a covalent internal aldimine
with PLP, as well as Cys364, which forms a disulfide with the sulfur liberated from the substrate
L-cysteine.
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S transfer and mass spectrometry confirmed that SufS transfers sulfane sulfur to

Cys51 of SufE, an evolutionary invariant residue [13]. SufS cysteine desulfurase activity assays
and sulfur transfer assays showed that the addition of SufE increased the activity of SufS by an
order of magnitude. The addition of the SufBC2D complex to SufS in the presence of SufE
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Figure 2.1. The Suf operon and cysteine desulfurase reaction. (A) Suf operon encodes for six
proteins namely SufA, SufB, SufC, SufD, SufS and SufE. SufA is thought to be an iron
chaperone, transferring iron from Fe-S biosynthesis site, the SufBC2D complex. The sulfide for
the iron sulfur cluster synthesis is provided by SufS-SufE complex. (B) SufS is a cysteine
desulfurase that converts L-cysteine to L-alanine. The persulfide formed at the SufS active site,
Cys364, is transferred on interaction to Cys51 of SufE [12].
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Figure 2.2. SUF Fe‒S synthetic pathway. Cysteine desulfurase SufS abstracts sulfide from Lcysteine and transfers it to SufE. The SufS-SufE complex interacts with the FADH2 activated
SufBC2D complex and transfers the abstracted sulfide ion to the complex. A [4Fe-4S] cluster is
generated by SufB using the transferred sulfide ion and Fe(III) obtained from iron transport
proteins. The generated Fe-S cluster is either directly transferred to Fe-S proteins or via the SufA
chaperone [14].
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Figure 2.3. Structures of SufS and SufE from E. coli. (A) SufS homodimer (PDB:1JF9), (B)
SufE monomer (PDB:1MZG) [19, 20].
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SufBC2D complex via SufE [18]. Although it is known that SufS and SufE interact, the regions
of interaction and the mechanism by which SufE stimulates SufS cysteine desulfurase activity is
not clear. It is thought that the conserved surface of SufE that surrounds Cys51 mediates the
interaction with SufS [20]. Despite conserved functions and active site residues, the overall
cysteine desulfurase activity of SufS is lower when compared to other cysteine desulfurases such
as NifS and IscS [11]. The slowest step in the desulfurase activity corresponds to the
nucleophilic attack by the Cys364 thiolate ion to the substrate cysteine-PLP ketimine adduct
[19]. It is possible that the interaction of SufE with SufS may elicit changes in structural
dynamics that allow for better substrate binding or for the nucleophilic attack to be more
efficient, thus facilitating the desulfuration reaction. To fully understand the mechanistic details
of the cysteine desulfurase activity of SufS and subsequent transfer of sulfur from SufS to SufE,
the knowledge of the amino acids via which the SufS and SufE interact is required. Currently,
there is no three-dimensional structure of SufS bound to SufE. To understand the structure
function relationship of SufS-SufE complex, we employed HDX-MS and deuterium trapping
studies. These methods will help deduce the regions on two proteins that are involved in the
interaction and the resulting changes in structural dynamics.

2.3

Amide HDX‒MS
The rate of deuterium incorporation for backbone amide hydrogens depends on the

intrinsic rate of exchange, the solvent accessibility, and the extent of hydrogen bonding [21]. The
stronger the hydrogen bonding, the longer it takes for amide hydrogens to exchange for
deuterons in accordance with EX2 mechanism, as discussed in section 1.4.2. The breathing
motions of proteins allow for hydrogen bonds to break and reform allowing for the deuterium
incorporation into the protein backbone. Depending on the rate of exchange, the backbone
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amides can be divided into three categories 1) very fast exchange (sub-second), 2) slow
exchange (minutes to hours), and 3) very slow exchange to no exchange (hours to days) [21, 22].
The amide exchange rates provide insights into protein structure and its conformational dynamic
motions. The fast exchanging amides are usually localized to highly solvent accessible regions,
while the very slow or non-exchanging amides are typically present in solvent sequestered
regions such as hydrophobic pockets or the protein interior [23, 24].
HDX‒MS is useful for the study of protein-protein interactions, where the rate of
deuterium incorporation for an individual protein is measured and compared to that of the
protein-protein complex [25]. The interacting regions in the complex are protected from solvent
and typically display lower deuterium uptake in the fast exchange time regime (Figure 2.4). The
changes in the rate of deuterium incorporation help identify the possible conformational changes
resulting from the protein-protein interaction. The other important feature that makes HDX‒MS
an attractive tool for protein-protein interactions is that both proteins can be monitored for
changes in deuterium uptake simultaneously.

2.4

Amide HDX Deuterium Trapping
One limitation of traditional HDX-MS is the inability to detect small changes in solvent

accessibility for peptide regions with very low deuterium incorporation after 15 sec deuterium
incubation. A change in solvent accessibility upon protein complex formation could be
unobserved due to regular deuterium loss during HPLC analysis [26, 27]. To measure the
changes in solvent accessibility that accompanies protein-protein interactions, we developed a
sensitive, complementary method called backbone amide deuterium trapping (Figure 2.5). The
two proteins are individually pre-exchanged with deuterium before forming the complex. The
protein-protein interaction sequesters deuterium within the interacting regions such that upon
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back-exchange with water, these regions have slower loss of deuterium label and retain
deuterium to a greater extent compared to each individual protein [26]. The change in deuterium
retention is indicative only of the changes in the solvent accessibility and large conformational
changes upon interaction [26, 27]. The deuterium retention is independent of the intrinsic rates of
exchange of the backbone amides and is dependent on the equilibrium constant for the deuterium
on and off exchange.

2.5

Materials and methods

2.5.1 Chemicals. Only HPLC grade reagents were used. All buffers were prepared using
ultrapure water (18 M at 25 C). D2O (99.5%) was ordered form Acros Organics. Analytical
grade potassium phosphate (KH2PO4 and K2HPO4) for the quench buffer and phosphate buffer
was obtained from Fisher Scientific. Porcine pepsin (3200-4500 u/mg) was obtained from Sigma
Aldrich. HPLC grade water and acetonitrile were from EMD, while formic acid was from
Amresco. The protein stocks (SufSapo and SufEapo) were provided by Dr. F. Wayne Outten,
University of South Carolina.
2.5.2 Equipment. A Brüker HCT Ultra PTM Discovery ion trap mass spectrometer with an
electrospray ion source capable of collision activated dissociation was used for MS analysis. An
Agilent 1100 HPLC with 1/16” internal diameter tubing was connected to a microbore C-18
reversed phase 50 mm x 2 mm HPLC column, (Phenomenex) for peptide separation. A gas tight
syringe (Hamilton) was used for loading sample into the external injector (Rheodyne). An
Agilent 8453 UV-Vis spectrophotometer was used to check the protein concentrations.
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Figure 2.4. General schematic of HDX-MS experiments to probe protein-protein interactions.
The individual proteins are incubated with excess D2O for varying lengths of time. The reaction
is quenched, digested, and analyzed using a mass spectrometry. The protein-protein complex is
also incubated with D2O for varying lengths of time. The regions protected from solvent contact
from the protein-protein interaction will show a reduced amount/rate of deuterium incorporation
[26]. The two experiments involving individual protein and the protein complex are run under
same conditions.
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Figure 2.5. Backbone amide deuterium trapping to study protein-protein interactions. The free
form of the protein is incubated with excess of D2O for a fixed time. The deuterated sample is
back exchanged in a vast excess of water at 25 C and pH 7.0. For the protein-protein complex,
the individual proteins are separately labeled with deuterium. The two deuterated proteins are
incubated together to allow for the complex formation. The protein-protein complex is back
exchanged with excess water. The protein regions involved in interaction will not be easily offexchanged with water (i.e. “trapped”) and report higher deuteration levels.
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2.5.3 Tandem Mass Spectrometry. The amino acid sequences of both SufSapo and SufEapo
peptides generated from pepsin digestion were determined. SufSapo and SufE were digested with
pepsin separately and the proteolytic peptides were sequenced using MS/MS collision induced
dissociation (CID). Twenty five microliters of 10 M protein was incubated with 25 L of
“quench” buffer (0.1 M KH2PO4, pH 2.3) at 25 C. The proteins were digested on ice with 10 μg
of porcine pepsin (2 L of 5 mg/mL stock) for 5 min. Another acid protease, protease XIII, was
also tried with and without the porcine pepsin. Protease XIII did not yield optimal digestion for
SufSapo and SufEapo under these conditions, so its use was discontinued. The generated peptides
were loaded onto a 50 mm  2 mm microbore C-18 reversed phase HPLC column preequilibrated with HPLC grade aqueous solution (98% H2O, 2% acetonitrile and 0.4% formic
acid). The digested peptides were eluted using a HPLC over 26 minutes at 0.1 mL/min, with a
linear gradient of 0 to 50% HPLC grade organic solvent (98% acetonitrile, 2% H2O and 0.4%
formic acid). The elution profile used for tandem mass spectrometry is given in table 2.1A.
Peptides were sequenced using a HCT Ultra PTM Discovery ion trap mass spectrometer
in positive ion mode by data dependent MS/MS CID. The scanning range for the mass
spectrometer was set at 50–1500 m/z in positive ion mode with maximum accumulation time of
200 ms and an average of three spectra. The nebulizer gas pressure of 28 psi was used and dry
gas flow rate and temperature was set to 7 L/min and 250 C, respectively. The number of
precursor ions fragmented per MS scan was set to six. The identity of the peptides was
determined using PEAKS (http://www.bioinfor.com/). The digest results were found to be highly
reproducible under these conditions.
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2.5.4 HDX-MS. The D2O stock and the quench buffer were kept at 25 C and 0 C using a
water bath and ice bath, respectively, during the course of the experiment. Separate HDX‒MS
experiments were performed with SufSapo, SufEapo and the pre-formed 1:1 SufSapo-SufEapo
complex. Stock solutions of 125 M SufSapo and SufEapo were prepared in 25 mM Tris-HCl, 150
mM NaCl, 5 mM DTT, pH 7.4. The SufSapo-SufEapo complex was generated by incubating equal
volumes of 250 M SufSapo and 250 M SufEapo for 10 min. The HDX reaction was initiated
with 23 L of 99.5 % D2O to 2 L of the 125 M protein stock. The samples were incubated at
25 °C from 15 sec to 1 hr. The reaction was immediately quenched with 25 L of quench buffer
on ice. The quenched reaction was digested on ice for 5 min using 10 g of pepsin (2 L of 5
mg/mL stock). Initially, higher concentrations of pepsin were tried, but the excess undigested
pepsin interfered with the mass spectrometry signal-to-noise. The digested peptides were
separated over 15 min at 0.1 mL/min using a 0-50% acetonitrile gradient (Table 2.1B). The mass
spectrometer was in positive ion mode with a scan range of 300–1500 m/z. The nebulizer gas
pressure was kept at 28 psi with dry gas flow rate and temperature at 7 L/min and 250 C,
respectively. All samples for the HDX-MS were prepared individually and ran on the same day.
The appropriate HDX control samples corresponding to the natural isotope distribution
pattern (m0%) and deuterium back-exchange (m100%) were also run. For the m0%, protein stock (2
L of 125 M) was incubated with 23 L of water at 25 °C, followed by quenching and pepsin
digestion as described above. The extent of deuterium back exchange with protium during
chromatography was determined using a full deuteration control (m100%). SufSapo and SufEapo (2
L of 125 M) solution were incubated separately with 12-fold excess of D2O at 37 C for 16
hours since incubation at higher temperatures caused protein precipitation. The reaction was
quenched using 25 L of quench buffer and transferred to an ice bath. The quenched protein
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Table 2.1: HPLC elution profiles for MS/MS and HDX-MS. The solvent A and solvent B
correspond to 98% H2O, 2% ACN and 0.4% formic acid and 98% ACN, 2% H2O and 0.4%
formic acid, respectively. (A) Tandem MS/MS. (B) HDX‒MS.
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solution was digested and analyzed as described above. The m0% and m100% controls were run for
each experiment.
2.5.5 Amide HDX deuterium trapping. The controls corresponding to natural isotope
abundance (m0%) and the extent of back exchange (m100%) were run as described in section 2.3.4.
Stock solutions of 750 M SufSapo and SufEapo were prepared in 25 mM Tris-HCl, 150 mM
NaCl, 5 mM DTT, pH 7.5. To determine the amount of deuterium incorporation into each
protein after a10 min incubation in D2O, 2 L of the 750 M protein was incubated with 23 L
of D2O for 8 min, followed by addition of an extra 25 L of D2O (to simulate mixing the
deuterated proteins) and incubation for 2 min. The reaction was quenched using 125 L of 0.15
% formic acid and transferred to ice. The quenched solution was digested for 5 min on ice with 5
L 5 mg/mL porcine pepsin. The amount of deuterium incorporated into SufSapo and SufEapo
under these conditions serves as the reference for how much deuterium is incorporated into
individual proteins after 10 min incubation in D2O, before off exchange in water.
For the SufSapo-SufEapo complex trapping experiments, 2 L each of 750 M SufSapo and
750 M SufEapo were separately incubated with 23 L of D2O for 8 min at 25 C. The deuterated
SufSapo and SufEapo proteins were mixed and incubated for 2 min at 25 C. The reaction was
diluted with 125 L of H2O at 25 C for 2 minutes and then immediately quenched with 3 L of
7.5 % formic acid onto ice. Five L of 5 mg/mL pepsin was added and the digest was analyzed
using mass spectrometry, as above. Deuterium retention for both individual SufSapo and SufEapo
proteins after back exchange with water were also determined and compared to the amount
retained when in complex. Two microliters of 750 M SufSapo or SufE were incubated with 23
L of D2O for 8 min at 25 C. An additional 25 L of D2O was added to the reaction and
incubated at 25 C for 2 minutes, followed by the addition of 125 L of H2O and incubation at
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25 C for 2 min. This additional incubation is necessary to compensate for the volume and time
taken for SufSapo-SufEapo complex formation. The reaction was quenched and digested with 5 µL
of 5 mg/mL pepsin. A higher amount of pepsin was used to compensate for the higher
concentration of the protein in the reaction.
A variety of on exchange and off exchange incubation times were tried for the process.
Equal on and off exchange times at pH 7 (1 min, 5 min and 10 min) led to higher back exchange
and reduced sensitivity. Also the use of larger volumes of water for back exchange (500 L) led
to too much back exchange. Temperature regulation was shown to be critical for reproducibility.
The slow decrease in the reaction temperature during quenching from the large reaction volume
caused increased back exchange and loss of the deuterium label. To compensate for the larger
volume and tube thickness, the microcentrifuge tubes were pre-chilled on dry ice. The quenched
solution was immediately transferred to the cold tubes to quickly lower the reaction temperature
to 0 C.
2.5.6 Data Analysis. HDX-MS data was analyzed using HD Examiner. The data files, in
.mzxml format, for all HDX incubation times and the controls (water and full deuteration) were
added to start the analysis. The program searches for the m/z corresponding to the input peptide
± 0.5 minutes of the given retention time. The experimental isotopic envelope for each peptide
and time point was fit to theoretical fitting spectra to calculate the centroid mass based on the
area under the peaks. The centroid mass value was used to calculate the percent deuterium
incorporation using equation 1.4. The percent deuterium incorporation was plotted as a function
of time and fit to a first order rate equation (Equation 1.5). The fits for SufSapo and SufEapo were
compared to the corresponding fits for the SufSapo-SufEapo complex and analyzed for changes in
solvent accessibility and dynamics.
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2.6

Results

2.6.1 Tandem Mass Spectrometry. A pepsin generated peptide map for both SufSapo and
SufEapo were created by analyzing the tandem MS/MS sequencing data using the program
PEAKS (http://www.bioinfor.com/). The data was analyzed both against the Swiss-Prot data
base as well as the protein sequence. The identified peptides with confidence score (10LgD)
greater than 15 were chosen. The peptide map for SufS and SufE have sequence coverage of
96% and 94%, respectively (Figure 2.6).
2.6.2 HDX-MS results: SufSapo. The interaction between proteins leads to the formation of
new bonds (e.g., hydrogen bonds, disulfide bonds) and interactions (e.g., van der Waals, salt
bridges) that often constrain backbone dynamics and alter secondary structure [2, 3]. These
conformational changes can be observed by HDX-MS via changes in the amount and/or rates of
the deuterium incorporation for each protein in the protein complex. The deuterium uptake for
SufSapo, SufEapo and the SufSapo-SufEapo complex were measured for D2O incubation times
varying from 15 seconds to 1 hour.
The percentage of deuterium uptake for each pepsin-generated peptide was plotted as a
function of time and fit to the sum of first order exponential equations (Equation. 1.5). The
kinetic progress curves of the SufSapo-SufEapo complex were compared to the free forms of
SufSapo and SufEapo. The percentage of deuterium incorporated within 15 sec of deuterium
incubation was used to compare the solvent accessibility of amide hydrogens (i.e., fast exchange)
for SufSapo and the SufSapo-SufEapo complex (Figure 2.7). Apart from few minor changes, no
significant changes in accessibility to D2O were observed upon complex formation. However,
significant loss of conformational flexibility was observed from HDX kinetic traces for SufSapo
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Figure 2.6. Pepsin digestion maps for SufSapo and SufEapo. The individual samples of SufSapo
and SufEapo were digested with pepsin. The generated peptides were subjected to collision
induced dissociation and the MS/MS data was analyzed by Peaks. The digest maps for (A)
SufSapo and (B) SufEapo reveal sequence coverage of 96% and 94%, respectively.
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in complex with SufSapo. The two peptides, 225-236 and 356-366, display a measurable decrease
in the rate of deuterium incorporation for the SufSapo-SufEapo complex (Figure 2.8). The peptide
225-236 contributes to the dimer interface and contains Lys226 that is covalently attached to the
PLP cofactor at the bottom the active site cavity (Figure 2.9) [17]. The decrease in deuterium
incorporation suggests that SufEapo binding leads to allosteric changes in the hydrogen bonding
network within the active site around PLP. These changes in hydrogen bonding could alter the
stability of the cofactor PLP, thus affecting the cysteine desulfurase activity of SufSapo when
SufEapo is present. The other peptide 356-366, is also within the active site and forms a lip at the
mouth of the cavity (Figure 2.9) [19]. The peptide 356-366 also includes the active site residue
Cys364. The decreased rate of deuterium incorporation suggests a possible conformational
change generating a structure more conducive and stable for interaction with SufE.
2.6.3 HDX-MS results: SufEapo. The analysis of solvent accessibility reveals a decrease in
solvent exposure without any change in the rate for SufEapo peptide 66-83 in the SufSapo-SufEapo
complex (Figure 2.10, 2.11B). Peptide 66-83 is a helix-loop-sheet peptide that lies in close
proximity to Cys51 [20], thus is a possible interaction site for SufSapo (Figure 2.11C). The HDX
kinetics for peptide 38-56 shows a decreased rate of deuterium incorporation in the SufSapoSufEapo complex compared to free SufEapo, consistent with a loss of conformational dynamics
upon interaction with SufSapo (Figure 2.11A). Residues 38-56 are part of long loop connecting 1
and 2 and contain the sulfur acceptor Cys51 (Figure 2.11C) [20]. The conformational changes in
peptide 66-83 may be transferred to the active site loop 38-56 via the interactions of the
adjoining β-sheet structures. This change may trigger the conformational changes required to
expose the buried Cys51 for sulfur transfer from persulfurated SufS.
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Figure 2.7. Changes in solvent accessibility for SufS peptides upon complex formation. The
percentage of deuterium incorporated for SufSapo-SufEapo complex at 15 s D2O incubation was
subtracted from that of the SufSapo. The positive and negative values of % deuterium change
correspond to decrease and increase in solvent accessibility, respectively.
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Figure 2.8. Change in percent deuterium incorporation for SufSapo as a function of time. The
HDX-MS kinetic traces for SufS peptides (A) 225-236 and (B) 356-366 are shown. The
percentage of deuterium incorporation as a function of logarithmic time for SufS apo (black) is
compared to SufSapo-SufEapo complex (red). Both the peptides show a reduced rate of deuterium
incorporation for the SufSapo-SufEapo complex compared to SufSapo.
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Figure 2.9. SufSapo peptides with altered HDX-MS kinetics. Shown are the cartoon and the
surface representations of the SufSapo structure made using PYMOL. The peptides 225-236
(magenta) and 356-366 (green) identified using HDX-MS experiment are represented on the
structure of SufSapo (PDB: 1JF9). The peptide 356-366 forms the opening of the active site cavity
and contains Cys364 (yellow). The peptide 225-236 is at the bottom of the active site and
contains Lys226, which is covalently bound to PLP (blue) [19].
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2.6.4 Amide HDX deuterium trapping: SufSapo. To differentiate between the changes arising
from solvent accessibility and conformational dynamics, HDX deuterium trapping was
employed. HDX deuterium trapping can localize the deuterated backbone amides that resist back
exchange in the SufSapo-SufEapo complex [26]. The individual SufSapo and SufEapo were
incubated in D2O for 8 minutes then mixed to allow for SufSapo-SufEapo complex formation. The
complex was back exchanged with an excess of water for 2 minutes and the pepsin generated
peptides were analyzed for the amount of retained deuterium. The deuterium retention by the
complex, when compared to the free form of the two proteins, gives highly sensitive and
accurate information about the changes in solvent accessibility arising from the interaction [26].
An increase in solvent accessibility of backbone amides upon complex formation leads to lower
deuterium retention while a decrease in solvent accessibility leads to higher retention [26].
Residues involved in the interaction interface retain more deuterium in the complex, compared to
free SufSapo [26, 27]. Peptides 225-236 and 356-366 also retained a significantly higher (~40 %
and 25 %) amount of deuterium in the SufSapo-SufEapo complex compared to SufSapo (Figure
2.12). As described in section 2.4.2, residues 356-366 reside at the opening of the cavity leading
to the active site (Figure 2.9) [19]. Since this is the only surface peptide retaining deuterium by
the complex, it suggests direct interaction with SufEapo. The other peptide, 225-236, lies at the
bottom of a highly solvated active site channel and it is highly unlikely it is involved in the direct
interaction with SufEapo. The increased retention of deuterium for peptide 225-236 can be
attributed to changes in the conformational dynamics of the peptide or changes in the hydrogen
bonding network surrounding PLP.
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Figure 2.10. Changes in solvent accessibility for SufEapo peptides upon complex formation. The
percentage of deuterium incorporated for SufSapo-SufEapo complex at 15 s D2O incubation was
subtracted from that of the SufEapo. The positive and negative values of % deuterium change
correspond to decrease and increase in solvent accessibility, respectively.
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Figure 2.11. HDX-MS traces for SufEapo peptides with structural representation. The percentage
of deuterium incorporation is plotted against time to compare the rates of deuterium
incorporation of SufEapo with SufSapo-SufEapo complex. The peptide 38-56 (A) has a decreased
rate of deuterium incorporation, while the peptide 66-83 (B) has a decrease in solvent
accessibility for the complex. (C) Peptides 38-56 (green) and 66-83 (magenta) are depicted on
the structure of SufEapo (1MZG) using PYMOL. The active site Cys51 is shown in yellow [20].
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2.6.5 Amide HDX deuterium trapping: SufE. For SufEapo, peptides 38-56, 66-83 and 76-83
report higher deuterium retention in the SufSapo-SufEapo complex compared to free SufEapo
(Figure 2.13). The peptide 38-56 is a part of a long surface loop so the increased deuterium
retention in the complex suggests that residues within 38-56 interact with SufSapo. The peptide
66-83 comprises an α-helix connected to β-sheet via a small loop and flanks the sulfur acceptor
Cys51. Both peptides retain ~15-20 % more deuterium in the complex. The overlapping peptide
76-83 has the greatest amount of retained deuterium in the complex (~75% retained in the
SufSapo-SufEapo complex compared to ~30% for free SufEapo) and plays an important role in the
interaction with SufSapo.

2.7

Discussion
To understand the enzyme activity and how it can be modulated by protein interactions, it

is essential that the structural and conformational changes in the vicinity of the active/binding
site along with surrounding regions be characterized. These generally overlooked regions can
provide insights into protein structure dynamics and possibly reaction mechanism. HDX-MS is a
very useful methodology to not only study the protein regions involved in a protein-protein
interaction but also to provide insights into the resulting conformational changes that affect
function [26, 28]. In this dissertation, we used the E. coli SUF Fe‒S synthesis pathway proteins
SufSapo and SufEapo as a model system to study protein-protein interactions and the resulting
changes in protein dynamics. Even though it is known that SufSapo and SufEapo interact (Kd =
0.36 M) and the interaction increases the desulfurase activity of SufSapo, the structure of the
SufSapo-SufEapo complex is still unknown [18, 29]. We employed traditional HDX-MS and
developed a backbone amide deuterium trapping technique to define functional and structural
regions of SufSapo and SufEapo that modulate the interaction.
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Figure 2.12. Deuterium retention graphs for SufSapo peptides in complex with SufEapo. Peptides
(A) 356-366 and (B) 225-236 compare the percentage deuterium retention for SufSapo and
SufSapo-SufEapo complex. Both the peptides show increased amount of deuterium retention for
the complex.
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Figure 2.13. Deuterium retention graphs for SufEapo in complex with SufSapo. Shown are the
results for backbone amide deuterium trapping comparing percent deuterium retention for
SufEapo and SufSapo-SufEapo complex. The peptides (A) 38-56, (B) 66-83 and (C) 76-83 all show
increased deuterium retention for the SufSapo-SufEapo complex.
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2.7.1 SufEapo induces conformational changes in SufSapo active site cavity. HDX-MS
indicates that the interaction of SufSapo with SufEapo did not induce large global conformational
changes (Figure 2.7). However, local perturbations in backbone dynamics were observed around
the active site involving residues within 225-236 and 356-366 (Figure 2.8). These active site
perturbations could play an important role in SufEapo stimulation of SufSapo desulfurase activity.
Peptide 225-236 lies at the bottom of the cavity [17] so direct interaction with SufE is doubtful.
The conformational changes observed for peptide 225-236 indicate SufEapo binding might play a
structural role in the mechanism of activation. For example, SufEapo binding via the active site
loop (residues 356-366) could transmit a conformational message to critical residues within 225236. It has been suggested previously that Lys226 deprotonates the  proton of substrate Lcysteine and protonates C4` of PLP to form a covalent Schiff base with PLP (i.e., internal
aldimine), which plays an important role in the desulfurase reaction mechanism [17]. Our results
suggest that SufEapo binding remodels the SufSapo architecture around the internal aldimine,
which could enhance the rate of one or more steps in the cysteine desulfurase mechanism.
HDX‒MS indicates that residues at and within the entrance of the active site cavity (356366) could potentially mediate the conformational change in SufSapo in response to SufEapo
association. The increased deuterium retention in our trapping experiments indicates that some
residues within 356-366 are highly protected by SufEapo (Figure 2.12). A recent crystal structure
of related proteins CsdA-CsdE complex is partially consistent our HDX results [30]. CsdA
interacts with CsdE through Gln356 and Gln360 that correspond to SufS residues His362 and
Met366, respectively. The possible interactions with side chains of His362 and Met366 could
lead to variation in the solvent accessibility and hydrogen bonding for the amino acid residues
(Figure 2.14). Both His362 and Met366 side chains participate in a hydrogen-bonded network
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that stabilizes Cys364 [19], so it is possible that SufEapo binding could trigger changes in these
residues that would affect desulfurase activity. For example, N1 of Arg359 is hydrogen bonded
to thiol group of Cys364. After sulfur is abstracted from L-cysteine and transferred to Cys364,
the Arg359 side chain changes conformation and breaks the interaction with Cys364, so the
orientation of this residue is known alter the architecture of the active site as part of the reaction
mechanism [19]. Also, Arg359 is hydrogen bonded to Arg379, which may be involved in the
recognition of C- of the substrate cysteine (Figure 2.14) [31]. Thus, SufEapo could facilitate
substrate binding or turnover efficiency through conformational changes in the active site near
PLP. Biochemical experiments are required to differentiate between the two hypotheses.
2.7.2 Conformational change in the SufE active site loop. HDX-MS and deuterium trapping
indicate that amino acid residues within 38-56 and 66-83 (specifically 76-83) are involved in the
interaction with SufSapo. The SufSapo facilitated changes involve loss of conformational dynamics
around Cys51, the residue that accepts sulfur from SufS [20]. The thiolate side chain of Cys51 is
buried in a hydrophobic cleft such that a conformational change that exposes the thiolate is
required for direct sulfur transfer from persulfurated SufS [20]. The crystal structure of the
related protein CsdE showed CsdA-dependent conformational changes in the conserved Cys
loop, consistent with the HDX‒MS results obtained for SufEapo in complex with SufSapo [30].
The SufE Cys51 loop has elevated crystallographic B-factor values, which support native
conformational flexibility in the absence of SufSapo (Figure 2.15A). Also, the Cys51 loop packs
against the 2 strand with only two hydrogen bonds, Asn46 to Ile57 and Ile48 to Val55 (Figure
2.15B) [20]. All the structural information suggests that this loop has inherent conformational

58

Figure 2.14. Active site water channel for SufSapo. The water channel (cyan) access to the
cofactor (PLP) is very important for the import of the substrate cysteine. The active site Cys364
(yellow) lies adjacent to the water channel. The backbone amide of amino acid residue Arg359
(green) is connected to Arg379 (pink) by two hydrogen bonds. This could have implications in
the recognition of L-cysteine substrate. Surface residues His362 (magenta) and Met366 (purple)
are good candidates for interaction with SufEapo. His362 is also believed to play an important
role in the cysteine desulfurase mechanism (PDB: 1JF9) [19, 32].
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Figure 2.15. The B-factors and key interactions for SufEapo. (A) The backbone Debye-Waller
factor (B-factor) values for SufEapo (PDB: 1MZG) depicted on the crystal structure [20]. The
gradient from blue to red represents the value of B-factor ranging from low to high. The B-factor
is indicative of true static or dynamic mobility of the atoms [33]. Low B-factor values could
indicate structural rigidity, while high B-factor could indicate flexibility. The loop containing the
Cys51 and the 1 sheet shows higher B-factors than the surrounding areas indicating loop
dynamics are present. (B) The loop containing active site Cys51 is hydrogen bonded to the 2
sheet by two amino acid residues. The possible interaction of SufEapo with SufSapo via amino
acid residue Asp74 could trigger the loop movement around the active site Cys51, via the
hydrogen bond between Asp74 and Gln54.
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dynamics and that upon interaction with SufSapo, the Cys51 region is stabilized by SufSapo to,
presumably, pre-organize Cys51 for sulfur transfer. HDX trapping experiments indicate direct,
stable interactions with SufSapo within residues 66-83, which forms a surface around Cys51 [20].
Some of the amino acid residues on the surface that are good candidates for mediating
interaction with SufSapo include Asp74, Gln52 and Gln54. Further investigation using the sitedirected mutants for these residues is necessary to confirm their roles in SufSapo binding.
2.7.3 SufSapo-SufEapo model. Based on our results and the recent CsdA-CsdE structure, we
propose a model for the interaction between SufSapo and SufEapo (Figure 2.16). In the related
protein complex structure, CsdA is structurally similar to SufSapo. CsdE binds near the active site
entrance of CsdA, with the Cys persulfide donor and the Cys thiolate acceptor ~6 Å apart [30].
Note that in our structural model, the SufEapo Cys51 loop is not in the “sulfur accepting”
conformation with an exposed Cys51 (Figure 2.16) thiolate so additional interactions between
SufS and SufE are expected. The initial binding of SufEapo most likely involves the amino acid
residues Gln52, Gln54 and Asp74 present near the sulfur acceptor site Cys51 (Figure 2.17). The
interaction of SufE with SufS most likely triggers a conformational change in SufE exposing the
buried sulfur acceptor, Cys51as reported for the CsdE-CsdA interaction [30]. In our model,
SufSapo residues His362 and Met366 mediate the interaction with SufEapo (Figure 2.17).
HDX‒MS indicates that these interactions trigger changes in conformation or hydrogen bonding
network near PLP, which enhance SufS cysteine desulfurase activity [18]. Modeling programs
(e.g., Rosetta) will be used with these constraints involving the regions deduced by HDX-MS
and deuterium trapping to generate refined interaction models for SufSapo-SufEapo complex.
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2.8

Conclusions
In this chapter, we used traditional HDX-MS and developed a backbone amide deuterium

trapping technique to identify the regions involved in protein-protein interactions in the SufSSufE model system. The backbone amide deuterium trapping proved more sensitive for
identification of changes in solvent accessibility and for localizing stable amide hydrogen bonds
[26]. The methodology can easily be applied to other protein complexes that form with
reasonable association constants and it has several advantages over traditional HDX-MS for the
study of protein-protein interactions. The SufSapo-SufEapo complex was used as a model system
to identify the changes in solvent accessibility and structural dynamics since little was known
about how the presence of SufE activated SufS desulfurase activity. We have gained insight into
those interactions; however, another biologically relevant form of SufS is pertinent to sulfur
transfer to SufE, the Cys364 persulfide intermediate. Further studies using the persulfurated SufS
(SufSper) and SufE are presented in Chapter 3 and 4.
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Figure 2.16. Structure comparison of SufEapo and CsdE. Structure overlay of SufE (grey) and
CsdE (cyan) along with respective sulfur acceptors are shown. SufE (1MZG) is present in free
state and CsdE (4LW4) is in the conformation bound to CsdA. A conformational change in
SufEapo, mimicking that of CsdE, is most likely necessary for its interaction with SufS [20, 30].
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Figure 2.17. SufSapo-SufEapo interaction model. Based on the results obtained from HDX-MS
and backbone amide deuterium trapping an interaction model depicting amino acid residues most
likely involved in the interaction. The model was generated using SufSapo (PDB: 1JF9) and
SufEapo (PDB: 1MZG) and was based on CsdE-CsdA structural coordinates [19, 20, 30].
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CHAPTER 3
HDX-MS STUDIES OF PROTEIN STRUCTURAL DYNAMICS:
PERSULFURATION OF SUFS
3.1

Protein Dynamics
It is well known that protein structure is not static, but dynamic. The three dimensional

globular structure of a protein is in constant motion ranging from bond vibrations, ring flipping,
side chain motions to subunit translocation, and changes in tertiary structure [1]. The native
structure of a protein represents a majority population found in one or more preferred lowest
energy conformations. Depending on a variety of factors, the population in the native state may
vary and this allows the protein to attain a different conformation [2]. The conformational
dynamics may allow the protein to attain a biologically active form, help in functional regulation,
facilitate interactions with binding partners, or increase enzyme activity. The extent of
conformational dynamics of a protein depends on its thermodynamic properties and the
surrounding environment.
A variety of factors affect protein conformation and dynamics including temperature, pH,
interaction with other proteins and substrate or ligand binding. The interaction of protein with a
substrate, ligand or protein partner can induce changes in protein structure and dynamics [3-6].
The study of these changes in protein structure and dynamics is necessary to understand structure
function and mechanism. Amide hydrogen/deuterium exchange mass spectrometry is capable of
discerning these changes in structure and dynamics. This is especially important when
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comparing two states of the same protein, such as those found for stable intermediates. In this
Chapter, we use HDX-MS to describe the conformational changes that define the persulfide
catalytic intermediate of the cysteine desulfurase SufS as part of the Fe-S synthesis pathway in E.
coli.

3.2

Model system SufS to study protein structural dynamics
SufS is a pyridoxal phosphate (PLP) dependent cysteine desulfurase that catalyzes the

conversion of L-cysteine to L-alanine with the abstraction of sulfane sulfur [7, 8]. SufS is part of
the SUF Fe-S cluster biosynthesis system. SufS shows partial gene sequence homology to other
cysteine desulfurases like CsdA, NifS and IscS with 44%, 25% and 23% sequence similarity,
respectively. The x-ray crystallographic structure of homodimeric SufS at 2.8 Å was first
reported by Fuji et al. [7]. Since then, a structure for both apo and persulfurated form of SufS at
2.0 Å have also been reported [9]. The structure of each monomer can be divided into three
distinct domains. The first domain is the N-terminal domain (amino acids 1-21). The second
domain comprises the PLP binding cavity (amino acids 33-298). The third region is the Cterminal domain (amino acids 299-406). The two distinct and autonomous active sites in the
dimer are located in ~15 Å deep clefts formed by the interaction of the two monomers.
SufS forms a Schiff base intermediate after reaction between L-cysteine and the Lys226bound pyridoxal phosphate (Figure 3.1) [10]. The nucleophilic attack by the deprotonated amine
group of L-cysteine on C4′ of PLP generates a Cys aldimine and with subsequent removal of the
α-proton of the substrate, a quinonoid intermediate is generated (Figure 3.1). The active site
Cys364 gets deprotonated by donating the proton to C4′ of the quinonoid intermediate and
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Figure 3.1. SufS cysteine desulfurase mechanism. The substrate L-cysteine reacts with PLP to
form an intermediate aldimine adduct. This intermediate undergoes rearrangement to change into
ketimine adduct. The nucleophilic attack by the active site Cys364, abstracts the sulfur from the
substrate-PLP adduct. The hydrolysis of the bond forms alanine and the cofactor PLP [11].
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produces a substrate ketamine intermediate. The nucleophilic attack by the deprotonated Cys364
on substrate ketamine intermediate forms an enzyme bound persulfide (Cys-S-SH) and an
enamine moiety. This is followed by the protonation of enamine at C-β and transaldimination by
Lys226, which eliminates L-alanine [12, 13].
SufS has been shown to interact with SufE, followed by the transfer of the persulfide
from Cys364 of SufS to Cys51 of SufE [14]. The interaction with SufE enhances the desulfurase
activity of SufS [8]. HDX-MS described the interaction of SufS and SufE, as discussed in
chapter 2. Since the Cys364 persulfide intermediate of SufS is the state immediately before
sulfur transfer to SufE, the SufSper-SufEapo interaction must also be studied. The persulfuration of
SufS may induce conformational changes in the SufS structure to facilitate the interaction with
SufE.
The structure comparison of SufS and persulfurated SufS reveal some important changes
[9]. The persulfuration of Cys364 leads to minor conformational changes. First, the persulfurated
Cys364 side chain swings upwards and the -sulfur is stabilized by His124, Ser254 and His362
(Figure 3.2). This conformational change disrupts the interaction of Cys364 with Arg359,
causing the Arg359 side chain to change conformation [9]. However, the structure of apo-SufS
(SufSapo) and persulfurated SufS (SufSper) are static representations of the two conformational
states and do not reveal how SufS persulfuration affects structural dynamics, which are crucial to
enzyme function. The study of the structural dynamics can provide insights into cysteine
desulfurase activity of SufS and subsequent transfer of persulfide onto SufE.
We used HDX-MS to characterize the effects of persulfuration on structure and dynamics
of SufS. The rates of deuterium incorporation by SufSapo and SufSper were compared to
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Figure 3.2. Structure comparison of SufS amino acid residues present in the active site cavity for
(A) SufSapo (PDB: 1JF9) and (B) SufSper (PDB: 1KMJ). In SufSapo, Cys364 is hydrogen bonded
to a highly ordered water molecule. Upon persulfuration, Cys364 swings upwards and interacts
with His364, His124 and Ser254 [9].
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determine the regions affected by persulfuration. The structures were also analyzed for the water
channels and cavities using program MOLE2 [15].

3.3

Materials and Methods

3.3.1 Chemicals and Equipment. Only HPLC grade reagents were used and all buffers were
prepared in ultrapure water (18 M at 25 C). For deuterium labeling, 99.5% D2O was obtained
from Acros Organics. The quench buffer and phosphate buffer were made using analytical grade
potassium phosphate (KH2PO4 and K2HPO4) ordered from Fisher Scientific. HPLC grade water
(EMD), acetonitrile (EMD) and formic acid (Ameresco) were used to make the elution solvents.
Porcine pepsin (3200-4500 u/mg) for the digestion of protein was ordered from Ameresco. LCysteine (Acros Organics) was used for the persulfuration of SufS. For sulfide analysis, 5,5′
dithio-bis-(2-nitrobenzoicacid) (DTNB) and N,N-dimethyl-p-phenylenediamine sulfate (DMPD)
were obtained from Biosynth and Sigma Aldrich, respectively. A Bruker HCT Ultra PTM
Discovery Ion Trap mass spectrometer with an ESI source was used. An Agilent 1100 HPLC,
and Agilent 8453 UV-Vis spectrophotometer were also used.
3.3.2 Persulfuration of SufS. SufSapo was provided by Dr. Wayne F. Outten (University of
South Carolina). The 1.5 mM SufSapo stock in 25 mM Tris-HCl, 150 mM NaCl, 10 mM βME,
pH 7.4 was buffer exchanged into 25 mM Tris-HCl, 150 mM NaCl, pH 7.4 in an anaerobic glove
box, using the centrifugal filters. Twenty five microliters of 900 M SufSapo was incubated with
5 L of 200 mM cysteine for 30 minutes and the solution was desalted using spin columns. The
concentration of the desalted SufSper was measured at 280 nm. Two microliters of SufSper were
aliquot into small PCR tubes. The tubes were sealed under nitrogen atmosphere with parafilm
and taken immediately for analysis.
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3.3.3 DTNB assay. A DTNB assay was used to calculate the number of thiolate anions in SufS
[16]. For the buffer control, 12 μL of the final dialysis buffer (25 mM Tris-HCl, 150 mM NaCl,
pH 7.4) was mixed with 75 μL of the reaction buffer (200 mM Tris HCl, 150 mM NaCl, pH 7.4)
and 10 μL of 5 mM DTNB. For the protein control, 12 μL of 30 µM SufS per was mixed with 85
μL of reaction buffer. For the protein assay, 12 μL of 30 M SufSper was mixed with 10 L of 5
mM DTNB and 75 μL of reaction buffer. Ultrapure water was used to bring the total volume to
150 L for all the samples. The samples were incubated for 30 minutes in an anaerobic glove
box. The absorbance at 412 nm was measured to calculate the concentration of thiolate anions in
the persulfurated SufS sample. The addition of 1 L of 8M urea in Tris HCl buffer (25 mM Tris
HCl, 150 mM NaCl, pH 7.4) to protein stock prior to the reaction was also tried. The extinction
coefficient for DTNB (412) is 14.15 mM-1cm-1 [17]
3.3.4 DMPD

assay.

For

quantification

of

persulfurated

SufS,

a

N,N-dimethyl-p-

phenylenediamine sulfate (DMPD) assay was performed [18]. All the reactions were done under
an anaerobic atmosphere in a nitrogen pressurized glove box. A 10 mM stock of sodium sulfide
(Na2S) was prepared in Tris-HCl buffer (25 mM Tris HCl, 150 mM NaCl, pH 7.4). A standard
curve was generated using 0-50 M Na2S, 100 µL of 10 mM DTT, 100 µL of 30 mM FeCl3 in
1.2 M HCl, and 100 µL of 20 mM DMPD in 7.2 M HCl to a final volume of 1 mL. SufS per (30
M) was incubated with 100 µL DTT, 100 µL FeCl3 and 100 µL DMPD to a total volume of 1
mL in Tris-HCl buffer (25 mM Tris HCl, 150 mM NaCl, pH 7.4). The reactions were incubated
in the dark for 30 minutes and the absorbance at 670 nm was measured to quantify the formation
of methylene blue. The standard curve for sulfide ion concentration (absorbance at 670 nm
against the Na2S concentration) was used to calculate the concentration of SufS persulfide.
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3.3.5 Tandem MS/MS analysis of persulfurated SufS. The SufSper and TCEP reduced
SufSper were analyzed by tandem mass spectrometry. For the persulfurated sample, 25 L of 20
M SufSper was mixed with 25 L of quench buffer (0.1 M KH2PO4, pH 2.3 at 0 C) on ice then
digested for 5 minutes with 10 g of porcine pepsin (5 mg/mL in 0.01 M KH2PO4, pH 7.4). The
generated peptides were loaded onto a 50  2 mm C-18 reversed phase HPLC column preequilibrated with 98% H2O, 2% ACN, and 0.4% formic acid. The peptides were eluted with
HPLC over 26 minutes at 0.1 mL/min with a linear gradient of 0-50% of 98% ACN, 2% H2O
and 0.4% formic acid. The elution profile for tandem mass spectrometry is given in Table 2.1A.
For the TCEP reduced SufSper, the quenched protein was incubated with 1 L of 100 mM TCEP
followed by digestion and peptide separation as above. The peptide ions generated by ESI were
subjected to collision activated dissociation and analyzed for fragment m/z using a mass
spectrometer. The mass spectrometer conditions presented in section 2.5.4 were used for the
analysis. The peptides were identified by PEAKS6 (http://www.bioinfor.com/) with
persulfurated cysteine set as a post-translational modification for quenched samples without
TCEP. The reduced form was analyzed without post translational modification of cysteine.
3.3.6

HDX Mass spectrometry on persulfurated SufS. HDX mass spectrometry was used to

compare the apo and persulfurated form of SufS. Stock solutions of SufSapo and SufSper (125
M) were prepared in 25 mM Tris-HCl, 150 mM NaCl, 5 mM DTT, pH 7.4. Two microliters of
125 M SufSper was incubated with 23 L of 99.5% pure D2O at 25 C for 15 seconds to 1 hour.
The reaction was quenched by adding 25 L of quench buffer and transferred to ice. The reaction
was reduced with 1 L of 100 mM TCEP then digested on ice for 5 min using 10 g of pepsin.
The controls for the natural isotope distribution (m0%) and the amount of deuterium back
exchange (m100%) were run as described in section 2.5.4. The peptides were loaded onto a pre75

equilibrated (98% H2O, 2% acetonitrile and 0.4% formic acid) C-18 reversed phase HPLC
column (50 mm x 2.00 mm) and eluted over 15 minutes using a linear gradient of 0 to 50%
HPLC grade acetonitrile solution (98% acetonitrile, 2% H2O and 0.4% formic acid). The elution
profile for the HDX experiment is given in table 2.1B.
3.3.7 Water Channel determination. Program MOLE2 (CEITEC) [15] was used to compute
for the water tunnels and cavities of both SufSapo (1JF9) and SufSper (1KMJ). The active site
water channel, along with the interface water tunnel was computed with PLP as the point of
origin and a minimum bottleneck radii set to 1.2 Å. The computed results were also analyzed for
the amino acids lining the tunnel, hydropathy, hydrophobicity and polarity. The results were
exported, analyzed and displayed using PYMOL.

3.4

Results
The secondary and the tertiary structure of a protein are affected by the binding of a

substrate [19]. The addition of small molecules to a protein may produce small changes in the
conformation and dynamics, not just in the vicinity of the binding site but can have global effects
[20]. These small changes in the conformation and dynamics can significantly contribute to
protein function or enzyme activity [21]. To obtain a more complete mechanistic picture of
protein function, the conformational changes that transpire during catalysis in the entire protein
need to be monitored. For many enzymes it is possible to trap catalytic intermediate states and
analyze their conformations [22]. Here, we used the SufS cysteine desulfurase to study the
changes in structural dynamics upon persulfuration of the active site Cys364. We used HDX-MS
to study the differences in the structural dynamics of apo and persulfurated SufS to understand if
the persulfuration of Cys364 alter the active site cavity and the adjoining regions, which could
affect the SufS-SufE interaction and subsequent sulfur transfer.
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3.4.1 Analysis of persulfurated SufS. A DTNB assay was performed prior to persulfuration
of SufS to determine the number of free thiol groups [16]. The initial results for SufSapo indicated
presence of 2.25 thiol groups which is 55.6% of the theoretical value (four). SufS was subjected
to urea denaturation (8 M) followed by thiol quantification using DTNB. The results indicated
presence of 78.2% (3.12) free thiols. SufS was then persulfurated by allowing the enzyme to turn
over in the presence of excess L-cysteine substrate [23]. A DMPD assay was used to quantify the
extent of persulfuration of SufS. This assay measures the release of sulfide from the Cys364
persulfide via the production of methylene blue, which absorbs at 670 nm [18, 24]. The DMPD
assay determined that 75.3% of the protein was persulfurated.
Tandem MS/MS was also used to confirm the persulfuration of SufS. The MS/MS data
was

analyzed

against

the

SufS

amino

acid

sequence

using

program

PEAKS6

(http://www.bioinfor.com/). The input for the post translational modifications was set to detect
possible sulfur states including persulfide S (+32 amu), SO2H (+64 amu), SO3H (+80 amu) and
S3H (+96 amu). SufSapo pepsin digests result in a peptide (residues 356-366) containing Cys364.
After persulfuration, the m/z for this peptide was no longer present indicating Cys364 was
modified; however, the mass of persulfurated 356-366 was not observed or in any other sulfur
oxidation state. To determine if persulfuration interfered with MS analysis, SufSper was reduced
with TCEP after pepsin digestion to cleave the disulfide bond formed upon persulfuration and
was analyzed by tandem MS/MS. The presence of peptides containing the active site Cys364
confirmed the presence of the persulfurated species. The pepsin digest maps for SufSper and
TCEP-reduced SufSper are shown in figure 3.3.
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Figure 3.3. Peptide digest maps for SufSper. Tandem MS/MS generated peptide coverage maps
for (A) SufSper and (B) TCEP reduced SufSper. The coverage map for SufSper has no peptide
corresponding to the active site Cys364; however, after reduction the peptide fragment
containing Cys364 is detected.
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3.4.2 HDX analysis of persulfurated SufS. The HDX kinetic traces for SufSper reveal a loss
of conformational flexibility for some regions of protein upon persulfuration. The peptides 88100 and 243-255 display a noticeable decrease in the rate of deuterium incorporation for SufSper,
compared to the SufSapo (Figure 3.4). Both the peptides (88-100 and 243-255) are present at the
dimer interface (Figure 3.5). The decrease in the rate of deuterium incorporation upon
persulfuration of SufS suggests a loss of conformational flexibility for the region. The large
change in deuterium incorporation into the backbone could also suggest solvent restriction. This
could indicate that the dimer active sites communicate in the persulfide intermediate state
through changes in the dimer interface.
In addition to the dimer interface, the amide backbone within residues 262-274 have 30%
less deuterium incorporation for the fast exchange (15 sec), indicative of solvent inaccessibility
upon persulfuration (Figure 3.4C). The peptide 262-274 is part of the anti-parallel -sheet
structure at the surface near the opening of the active site cavity (Figure 3.5). The significant
decrease in solvent accessibility of a peptide present at the surface indicates a possible
conformational change in the region that is triggered by Cys364 persulfide. Another surface
peptide at the entrance to the active site cavity (residues 338-350) displays a decrease in the rate
of deuterium incorporation for the persulfurated SufS (Figure 3.4D). The changes in surface
conformation and dynamics for the peptides 262-274 and 338-350 could aid in SufE recognition
of the persulfurated state of SufS.
Earlier experiments using persulfurated SufS did not reveal any peptides containing the
active site Cys364. Reduction of the persulfurated sample prior to the pepsin digestion helped
identify the peptide 356-366 containing the active site Cys364. The peptide 356-366 shows a
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Figure 3.4. HDX-MS fits comparing SufSapo and SufSper. HDX-MS fits for SufS peptides (A)
88-100, (B) 243-255, (C) 262-274, (D) 338-350 (E) 356-366 and (F) 379-384. The rate of
deuterium incorporation as a function of time (logarithmic scale) for the native SufSapo is
compared with the persulfurated form of SufS. The peptides A-E show decrease in the deuterium
incorporation, while peptide F show increased deuterium incorporation upon persulfuration of
SufS.
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Figure 3.5. HDX-MS results depicted on SufSper structure. The SufSper peptides showing
variation in the rate of deuterium incorporation upon persulfuration in HDX-MS kinetics are
depicted on the crystal structure (1KMJ) [9]. Peptides 88-100 (cyan), 243-255 (orange), 262-274
(purple), 338-350 (blue) and 356-366 (green) all show decreased deuterium incorporation for the
persulfurated form compared to native SufSapo. PLP and active site Cys364 are also represented.
The peptide 225-236 (magenta) does not show any change in rate of deuterium incorporation
upon persulfuration; however it does show a decrease on interaction with SufEapo (Chapter 2).
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decrease in the rate of deuterium incorporation upon persulfuration without a noticeable change
in solvent accessibility (Figure 3.4E). This supports the results from the crystal structure
reporting a change in conformation of the Cys364 side chain [9]. That same structure also reports
conformational change for Arg359 upon persulfuration. HDX-MS report a small increase in the
rate of deuterium incorporation for peptide 379-384. The peptide 379-384 is present near the
active site cavity and is part of a -sheet connected to a long loop. The increased rate of
deuterium incorporation suggests an increase in structural flexibility for the region upon
persulfuration. Arg379 is hydrogen bonded to Arg359 and has earlier been suggested as a
recognition site for -carboxyl group of substrate [7].
3.4.3 Water channel analysis. The water channel and tunnels for both SufSapo and SufSper
were computed using the program MOLE2 (CEITEC). The MOLE2 program preprocesses the
voronoi diagram of protein structure and identifies suitable start and end points, followed by
using the Dijkstra's algorithm to find the tunnels [15]. The default bottle neck radius for the
computation was set at 1.2 Å. The active site channel for SufSapo from the origin (PLP) to the
surface yields a bottleneck of 1.49 Å formed by amino acid residues Gly253, Cys364, His55 and
Ser254 (Figure 3.6A). However the active site channel for the SufSper reported a bottleneck of
2.07 Å formed by His123, PLP, Cys364 and His55 (Figure 3.6B). The plots for the radii of the
water channel as a function of distance from the origin of cavity for SufSapo and SufSper are
shown in figure 3.7. Another water tunnel was found at the dimer interface, with openings at two
opposite ends of the dimer structure (Figure 3.8). The openings of the interface water tunnel are
located near the opening of the two active site channels. The comparison of interface water
channels for SufSapo and SufSper does not report any significant variations (Figure 3.9). The only
difference is present around the region primarily composed of Arg92. The SufSapo and SufSper

82

Figure 3.6. Structural representation of the SufS active site water channels (cyan) for (A) SufSapo
(1JF9) and (B) persulfurated SufSper (PDB: 1KMJ). The bottle neck radius for SufSapo is 1.49 Å,
formed by amino acid residues His55, Gly253, Ser254 and Cys 364. The bottleneck for
persulfurated SufS (2.09 Å) comprised of His55, His 123 and Cys 364. The water molecules in
the channel are shown as red spheres [9, 15].
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Figure 3.7. Comparison of radii and residues lining the active site cavity of SufSapo (PDB: 1JF9)
and SufSper (PDB: 1KMJ). The thickness of the active site tunnel and the properties calculated
using program MOLE2 for (A) SufSapo and (B) SufSper. The SufSapo and SufSper structures have
water channels with a bottleneck radii of 1.49 Å and 2.09 Å, respectively. Active site tunnels for
both the forms show a low hydropathy and hydrophobicity values indicative of high water
accessibility [15].
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Figure 3.8. SufSper active site and interface water channels. (A) The active site water channel
(cyan) and the dimer interface tunnel (pink) represented on the structure of persulfurated SufS
(PDB: 1KMJ). The cofactor PLP and the active site Cys364 are shown in blue and yellow,
respectively. (B) The surface representation of SufS shows the two channels are close to each
other [9].
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Figure 3.9: Comparison of radii of interface water channel for SufSapo and SufSper. The radius of
the channel is plotted as a function of distance from the start of the cavity for (A) SufSapo and (B)
SufSper.
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show a bottleneck radii of 1.29 Å and 1.51 Å respectively. Both the active site water channel and
interface tunnel report low hydropathy and hydrophobicity, suggesting a highly solvated water
channel (Figure 3.7) [15].

3.5

Discussion
HDX-MS was used to investigate the changes in conformation and dynamics of SufS in

the persulfide catalytic intermediate state. HDX-MS deuterium uptake plots for apo and
persulfurated SufS were compared. The variations during the fast exchange time points (15 sec)
is a measure of changes in the solvent accessibility, while the higher incubation times (slow
exchange) report on changes in the protein dynamics [25, 26].
3.5.1 Conformational change in the active site cavity. HDX-MS indicated that the Cys364
persulfide affected residues within the active site pocket. Peptide 356-366, which contains
Cys364, is a loop that extends from active site cavity to the surface [7]. For SufSapo, the active
site residue Cys364 interacts with Arg359 via hydrogen bond and the S is hydrogen bonded to a
highly ordered water molecule shown in figure 3.2A [9]. On persulfuration, the Cys364 swings
upward breaking the bond with Arg359. The extra persulfide group occupies the position of the
water molecule and is stabilized by the interaction with His362, His124 and Ser254. The loss of
interaction of Arg359 with the active site causes a conformational change in the amino acid
residue (Figure 3.2B). These conformational changes were observed as a decrease in the rate of
deuterium incorporation upon persulfuration of SufSapo. The amino acid residue Arg359 is
hydrogen bonded to Arg379, which has earlier been suggested to be involved in the recognition
of C- of the substrate [27]. The change in conformation of Arg379 was observed as an increase
in the deuterium exchange rate, suggestive of increased flexibility Also the change in
conformation of Arg359 could be involved in the recognition of different states of SufS by SufE.
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His362 has been suggested to be involved in deprotonation of Cys364. Structure comparison of
SufSapo and SufSper reveal a small change in the conformation of His362. This conformational
change could facilitate the proton abstraction from Cys364. A larger radius of the active site
water channel was reported for SufSper compared to SufSapo. The opening of the water channel
upon persulfuration is most likely necessary to allow SufE to interact and reach inside the cavity
for sulfur abstraction.
3.5.2 Dimer interface becomes less dynamic in the persulfide intermediate. HDX-MS
indicated that persulfuration of Cys364 in the active site of SufS affected the conformational
dynamics and overall solvent accessibility for peptide 88-100 (Figure 3.4), which is present at
the dimer interface. The SufSper structure has been solved, but no significant perturbation of the
backbone, compared to SufSapo, was observed [9]. However, the structural overlay of SufSapo and
SufSper reveals a difference in the side chain conformation of Arg92, which is within residues 88100 (Figure 3.10A). In SufSper, Arg92 from one monomer forms a salt bridge with Glu96 of the
other monomer, which would restrict backbone dynamics (Figure 3.10B). In SufSapo, Arg92 does
not form a salt bridge with Glu96. Thus, the persulfuration of Cys364 leads to formation of the
Arg-Glu salt bridge, resulting in a loss of conformational flexibility within the dimer interface.
This type of dynamic information is unattainable in crystal structures. The backbone B-factor
values for the peptide decreases as a result of persulfuration, suggesting increased rigidity as
suggested by the HDX-MS data. The analysis of the interface water channel indicates that Arg92
interacts with water molecule only in SufSper (Figure 3.10B). The interaction of water channel
with the amino acid residue, Arg92, may stabilize the dimer interface when Cys364 is in
persulfide intermediate state. The binding of substrate at one active site could also affect the
binding at the other active site via the water channel. Another key amino acid within peptide 88-
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Figure 3.10. SufS dimer interface interactions within peptide 88-100. (A) The surface overlay of
SufSapo (green, PDB: 1C0N) and SufSper (cyan, PDB: 1KMJ) showing a conformational change
in the side chain of Arg92 allows for the formation of the salt bridge in SufSper. (B) SufSper
structure (PDB: IKMJ) showing Arg92-Glu96′ salt bridge in relation to the water channel
spanning the dimer interface. Also shown is the hydrogen bonding interaction between Thr95
and O3′ of PLP [9].
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100 is Thr95, which is hydrogen bonded to O3 of PLP in the active site [9]. It is possible that
persulfuration of Cys364 induces slight conformational changes near Thr95 (not evident in
crystal structure) and PLP that could be transmitted to the dimer interface, triggering the
conformational change in Arg92 and salt bridge formation.
Also present at the dimer interface, peptide 243-255 had a significant decrease in the rate
of deuterium incorporation in SufSper, similar to peptide 88-100. A decrease in the rate of
deuterium incorporation for the peptide suggested a possible conformational change. The Glu250
interacts with Arg92 (Figure 3.11A) that shows a change in side chain orientation upon
persulfuration. The structure overlay of SufSapo and SufSper shows that the orientation of Arg92
favors the formation of the salt bridge with Glu250 for SufSapo. However, upon persulfuration
the orientation of Arg92 does not favor the salt bridge formation (Figure 3.11B). The peptide in
the persulfurated form shows higher B-factor values compared to SufSapo. The increased B-factor
values suggest increased conformational flexibility for the region. The change in conformational
dynamics was observed as a decreased rate of deuterium incorporation in HDX-MS. Although
not evident from the two structures of SufS, the base stacking interaction of Trp249-Trp249′ may
be affected by the change in surrounding interactions upon persulfuration. Also Ser254 interacts
with the active site Cys364 in the persulfurated form and has earlier been suggested to be
involved in the stabilization of the persulfide [9]. For apo SufS, the active site Cys364 is
hydrogen bonded to Arg359 and upon persulfuration undergoes conformational change and
interacts with His362, His124 and Ser254. The structure overlay of SufSapo and SufSper shows a
change in the conformation of Ser254 (Figure 3.11). The change in conformation of Ser254 and
Arg92 upon persulfuration could transmit into reduced rate of deuterium incorporation for
SufSper.
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Figure 3.11. Peptide 243-255 interactions. (A) Structure of SufSper (PDB: 1KMJ) showing
possible interactions between Trp249 at the dimer interface. (B) Structure overlay of SufSapo
(PDB: 1C0N) and SufSper (PDB: 1KMJ) show conformational change in Ser254. The interaction
of Cys364 with Ser364 triggers the conformational change which may transmit into increased
interactions at the interface via Trp249-Trp249′ interactions.

.
91

3.6

Conclusions
In this study we demonstrated the use of HDX-MS to deduce the changes in protein

dynamics resulting from binding of a small molecule. The observed changes in conformation and
dynamics are not just localized to the vicinity of the binding site, but rather have affects on the
overall structure and function of the protein. For this we used the persulfuration of SufS as the
model system. The changes in conformation and dynamics we observed most likely affect the
cysteine desulfurase activity of SufS. For the cysteine desulfurase reaction, the cofactor PLP
forms an aldimine adduct with the substrate, L-cysteine. His362 probably helps in deprotonation
of Cys364 and the deprotonated thiol performs a nucleophilic attack on the  position of the PLP
bound substrate. The persulfuration of Cys364 breaks the interaction between the cysteine and
amino acid residue Arg359. The persulfurated form of the Cys364 is stabilized by its interaction
with His362, His124 and Ser254. This interaction produces a change in conformation of Ser254.
These conformational changes most likely transmit into increased interactions at the dimer
interface. These altered interactions at the dimer interface may affect the cysteine desulfurase
activity or SufE binding at the second active site. The persulfuration of Cys364 also produces a
conformational change in the Arg359 that interacts with Arg379 via hydrogen bonds. The
changes in these amino acid residues (Arg359 or Arg379) could act as a signal for interaction
with SufE. The conformational change of peptide 262-274 present at the surface indicates
possible involvement in direct interaction with SufE or facilitates the binding.
In summary, the persulfuration of SufS produces changes not only inside the active site
cavity but also in the regions surrounding it. These changes could either facilitate SufE binding
or are involved in recognition of different states of SufS by SufE.
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CHAPTER 4
HDX-MS AND BACKBONE AMIDE DEUTERIUM TRAPPING TO
DETERMINE THE SUFS-SUFE INTERACTION INTERFACE
4.1

Introduction
SufE is known to interact with SufS, a cysteine desulfurase, and enhance activity through

an unknown mechanism [1, 2]. Cys51, the sulfur acceptor of SufE, abstracts the sulfur from
persulfurated Cys364 of SufS [3]. It is thought that the interaction of SufE with SufS enhances
the cysteine desulfurase activity by simply providing an acceptor for the sulfur, which would
allow for faster enzyme turnover [2]. In the previous chapters, we used traditional HDX-MS and
an adapted backbone amide deuterium trapping technique to characterize the changes in
conformational dynamics and to localize the interaction interface when SufEapo binds to SufSapo.
The interaction with SufEapo produces diminished amide solvent accessibility and backbone
dynamics in and around the active site cavity of SufSapo (residues 225-235 and 356-366). These
changes activate cysteine desulfurase activity by facilitating formation of the internal aldimine
with PLP and/or increase the binding of substrate [1]. Although the studies provided possible
interaction sites in the resting protein states, in order to effectively study the interactions between
SufS and SufE before sulfur transfer takes place, the persulfurated SufS intermediate (SufSper)
should also be characterized.
Currently, there is not a structure for the SufS-SufE complex in any state; however, a
crystal structure of a homologous protein pair, CsdA-CsdE, has been reported recently [4]. CsdA
and CsdE have 42 % and 30 % identity to SufS and SufE, respectively. This structure is of the
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apo form of the cysteine desulfurase CsdA and does not reflect the persulfurated state of CsdA
that is primed for sulfur transfer to CsdE. In chapter 3, we showed that the persulfuration of
SufS not only produced changes around the active site cavity (residues 356-366 and 225-236),
but also altered the structure at the surface around the active site cavity (residues 262-274 and
338-350). The conformational change in these surface peptides in the persulfide intermediate
could serve as a structural signal for SufE binding or could help stabilize the SufS-SufE
interaction before or during sulfur transfer. Therefore, it is necessary to establish whether
persulfurated SufS, ready to transfer sulfur onto SufE, has an altered interaction with SufE
compared to the apo-enzyme.
In this chapter, traditional HDX-MS and backbone amide deuterium trapping was
performed to characterize the structural regions required for the SufSper and SufE interaction to
correlate conformational changes to the mechanism of SufE activation. Backbone amide
deuterium trapping is a very sensitive tool to determine the regions involved in the proteinprotein interaction or regions experiencing significant solvent restriction [5]. As described in
section 2.4, deuterium trapping involves pre-labeling the backbone amides of two individual
proteins with deuterium, mixing them to form the complex, and subsequent back exchange with
water [5-8]. The amount of deuterium retained by the peptides is correlated with the amount of
protection at the protein-protein interface. The regions involved in the protein-protein interaction
will show higher deuterium retention compared to the individual proteins under the same
conditions [5, 9]. The interaction of SufSper and SufEapo allows for the transfer of sulfur to form
the SufSapo-SufEper complex, which represents the conformations after sulfur transfer [1]. To
explore the pre-transfer complex, sulfur transfer from SufSper to SufE must be blocked so Cys51
of SufE was carbamidomethylated with iodoacetamide [10]. The SufE Cys51 side chain is
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located in a small hydrophobic groove, which is not large enough to accommodate the modified
cysteine [3]. HDX-MS kinetics indicates that the modification triggers an increase in solvent
accessibility of backbone amides and increased dynamics in the long loop containing Cys51
(unpublished data; D. Kim and L. Busenlehner). Thus, the Cys51 side chain is likely exposed
and mimics the “sulfur accepting” state of SufE [4]. We used backbone amide deuterium
trapping to determine the regions involved in the interaction for SufSper and SufEalk, thus
trapping the two proteins in a state just prior to sulfur transfer. The study of SufSper-SufEalk could
help determine the regions involved in stabilizing the complex and the conformation suited for
sulfur transfer.

4.2

Materials and methods

4.2.1 Chemicals and equipments. Only HPLC grade reagents were used and all buffers were
prepared in ultrapure water (18 M at 25 C). For deuterium labeling, 99.5% D2O was obtained
from Acros Organics. The quench buffer and phosphate buffer were made with analytical grade
potassium phosphate (KH2PO4 and K2HPO4) ordered from Fisher Scientific. HPLC grade water
(EMD), acetonitrile (EMD) and formic acid (Ameresco) were used to make the elution solvents.
Porcine pepsin (3200-4500 u/mg) for the digestion of protein was obtained from Ameresco. LCysteine (Acros Organics) was used for the persulfuration of SufS. 5,5′ dithio–bis-(2nitrobenzoic acid) (DTNB) and N,N-dimethyl-p-phenylenediamine sulfate (DMPD) were
obtained from Biosynth and Sigma Aldrich respectively. Iodoactetamide (Acros Organics) was
used for alkylation of SufE. Centrifugal filters (MWCO 10K) and protein desalting spin columns
were ordered from VWR and Thermo Scientific. For the analysis, an ion trap mass spectrometer
(HCT Ultra PTM Discovery Ion Trap) with ESI source capable of collision induced dissociation
was used. Microbore C-18 reversed phase HPLC column (50 mm x 2.00 mm) with an in line
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guard column (Phenomenex) and Agilent 1100 HPLC with 1/16” tubing were used for peptide
separation. The concentration of the protein stocks was measured with Agilent 8453 UV-Vis
spectrophotometer. Gas tight syringe (Hamilton) and water bath with temperature control (Fisher
Scientific) were also used during HDX-MS. The protein stock (SufSapo and SufEapo) were
purified and provided by Dr. Wayne F. Outten from University of South Carolina.
4.2.2 Persulfuration of SufS. The SufSapo stock was persulfurated as described in section
3.3.2. SufSper persulfuration was confirmed by a DMPD assay and tandem MS/MS as explained
in section 3.3.3 and 3.3.4.
4.2.3 HDX-MS of Persulfurated SufS in complex with SufEapo. For SufSper-SufEapo
complex, 1 µL of 250 M SufSper was incubated with 1 L of 250 M SufEapo for 10 minutes.
Two microliters of 125 M SufSper-SufEapo was incubated with 23 L of D2O for time varying
from 15 seconds to 1 hour. For SufSper, 2 L of 125 M SufSper was incubated with 23 L of
D2O. The reactions were quenched with 25 L of quench buffer (0.1 M KH2PO4, pH 2.3 at 0 C)
and transferred to ice. The quenched reactions were reduced by adding 1 L of 100 mM TCEP.
The samples were digested, eluted and analyzed with mass spectrometry as described in section
2.5.4. The appropriate controls, m0% and m100% were also run. The data was analyzed with HD
Examiner (http://www.massspec.com/HDExaminer.html), an automated program that generates
appropriate fits for the experimental isotopic distributions and calculate the percent deuterium
incorporation.
4.2.4 Carbamidomethylation of SufE. The 1.5 mM SufEapo stock in 25 mM Tris-HCl, 150
mM NaCl, 10 mM βME, pH 7.4 was buffer exchanged in an anaerobic glove box into 25 mM
Tris-HCl, 150 mM NaCl, pH 7.4 to remove reducing agent. Twenty five microliters of 900 M
SufEapo was incubated in the dark with 5 L of 500 mM iodoacetamide for 30 minutes. The
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resulting solution was desalted with spin columns. The alkylation of SufE was confirmed by
tandem MS/MS using carbamidomethylation as a post-translational modification for cysteine.
4.2.5 Backbone amide deuterium trapping. Backbone amide deuterium trapping was used to
compare the deuterium retention for SufSapo and SufSper with the SufSper-SufEalk and SufSapoSufEalk complexes, respectively. The conditions and method have been previously described in
section 2.5.5 with the differences noted. SufSapo, SufSper and SufEalk (750 M) stock solutions
were prepared in 25 mM Tris HCl, 150 mM NaCl, pH 7.5. The quenched reactions were
immediately reduced on ice with 1 L of 500 mM TCEP and digested with 5 L of 5 mg/mL
pepsin (0.01M KH2PO4, pH 7.4, 0 C). The controls for the natural isotope abundance (m0%) and
the extent of back exchange (m100%) were run each day prior to the experiment. The data was
analyzed with HD Examiner.

4.3

Results

4.3.1 HDX-MS analysis of SufSapo-SufEper “post sulfur transfer” complex. In chapter 2, we
described the structure and conformation of the “resting” state conformation of the SufSapoSufEapo complex by HDX‒MS. In chapter 3, we demonstrated that conformational changes in
SufSper catalytic intermediate occurred within the active site, but also on the surface. Here, we
are probing the conformation of the SufS-SufE complex after sulfur transfer to SufE (e.g., “postsulfur transfer” state) to see if the conformation of SufSper returns to that of SufSapo in complex
with SufE. Evidence for the complete transfer of sulfur from persulfurated SufS to SufE for a
single turnover has been demonstrated [10], so we created the SufSapo-SufEper “post-sulfur
transfer” complex by incubating SufSper with SufEapo.
The rate of deuterium incorporation into backbone amides in the SufSapo-SufEper “postsulfur transfer” complex (blue) was compared to that of the “resting” SufSapo-SufEapo complex
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(green) described in Chapter 2 (Figure 4.1) Six peptides have decreased rates of deuterium
incorporation for the SufSapo-SufEper “post-sulfur transfer” complex compared to SufSapo-SufEapo
and include peptides 88-100, 225-236, 243-255, 262-274, 338-350 and 356-366. These peptides
are within the active site, the dimer interface or on the surface near the entrance to the active site
cavity (Figure 4.2).
The two peptides within the active site (225-236 and 356-366) that had reduced HDX
kinetics for the resting SufSapo-SufEapo complex (see chapter 2) also show decreased deuterium
incorporation in the “post-sulfur transfer” state, but with a more significant change in rate
(Figure 4.1B, F). The peptide 225-236 is at the bottom of the active site cavity with Lys226
covalently bound to PLP (Figure 4.2) [11]. As explained in section 2.7.1, the variation in the
hydrogen bonding network around PLP is important for cysteine desulfurase activity [12].
Peptide 356-366, which contains Cys364, reports decreased deuterium incorporation rates both
for the SufSapo-SufEapo resting state and the SufSapo-SufEper “post-sulfur transfer” state compared
to SufSapo (Figure 4.1F). The largest conformational change in the Cys loop occurs in the “postsulfur transfer” state. Together, this suggests that additional conformational stabilization in the
active site and Cys364 loop occurs after sulfur is transferred to SufE. The stabilization in the
“post-sulfur transfer” state could be required for efficient turnover when additional substrate
binds.
The four other SufS peptides (88-100, 243-255, 262-274, and 338-350) exhibit decreased
dynamics after sulfur transfer to Cys51 of SufE. All of these peptides also have decreased
deuterium uptake upon SufS Cys364 persulfuration (section 3.4.2), which structurally links SufS
persulfuration and SufE binding. In the SufSapo-SufEper state, residues in the dimer interface (88-
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Figure 4.1. HDX-MS results comparing the percent deuterium incorporation for different states
of SufS. HDX-MS kinetic fits for SufS peptides (A) 88-100, (B) 225-236, (C) 243-255, (D) 262274, (E) 338-350 and (F) 356-366. The rate of deuterium incorporation as a function logarithmic
time scale for the SufSapo (black) is compared with SufSper (red), SufSapo-SufEapo (green) and
SufSapo-SufEper complex (blue).
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Figure 4.2: HDX-MS results for SufSapo-SufEper interaction on SufSper structure (PDB: 1KMJ)
[13].
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100 and 243-255) have lower HDX rates compared to the resting state complex, suggesting that
the dimer interface is involved in sulfur transfer in some way (Figure 4.1 A, C). The fact that
dynamics in these regions are not decreased to the same extent as in free persulfurated SufS,
suggests that the SufSapo-SufEper complex is an intermediate state that is structurally distinct from
SufSapo and SufSper.
Peptides 262-274 and 338-350, both present at the surface near the entrance to the active
site cavity [13], show negligible HDX variations upon binding of SufEapo; however, they have
decreased solvent accessibility and dynamics upon Cys364 persulfuration and also after sulfur
transfer to SufE in the SufSapo-SufEper “post-sulfur transfer” state (Figure 4.1 D, E). The presence
of these peptides at the surface suggests interaction between SufS and SufE may vary for
different intermediate states.
4.3.2 Backbone amide deuterium trapping for the SufSapo-SufEalk complex. The previous
HDX-MS experiments (section 4.3.1) suggested the presence of different SufS intermediate
conformations before and after sulfur transfer to SufE. The interaction of persulfurated SufS with
SufE lead to sulfur transfer to Cys51, generating the SufSapo-SufEper intermediate state. The
SufSapo-SufEper “post-sulfur transfer” state is conformationally distinct from the resting state
where both proteins are in the apo state. To study the interaction of SufSper with SufE without
sulfur transfer, SufE cysteine side chains were alkylated by carbamidomethylation (SufEalk).
Tandem MS/MS sequencing identified two separate peptides containing modified Cys51 (Figure
4.3). Modification of Cys51 is known to negate SufE-mediated stimulation of SufS desulfurase
activity [2]. Isothermal titration calorimetry confirmed that SufEalk binds SufS with similar
affinity to SufEapo (unpublished data, Y. Dai and F. W. Outten).
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Figure 4.3. The peptide digestion map for SufEalk. The peptide digest map was generated by
tandem MS/MS and analyzed by PEAKS6. The modification of cysteine (red) confirms that
Cys51 was carbamiodomethylated.
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Figure 4.4. The deuterium retention profiles comparing SufSapo, SufSapo-SufEapo and SufSapoSufEalk complex. The percent deuterium retained by the peptides upon back exchange with water
is compared for the two states. The SufS residues (A) 225-236, and (B) 356-366 show increase in
deuterium retention for the both complexes compared to SufSapo and (C) 262-274 increases only
in the case of SufSapo-SufEalk.
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HDX deuterium trapping was used to test if alkylation of SufE, and presumably the
concomitant conformational change of the Cys51 loop [4, 10], affects the interaction with
SufSapo. The amount of deuterium trapped by SufEalk in complex with SufSapo was compared to
the SufSapo-SufEapo resting state presented in chapter 2. As for SufSapo-SufEapo, active site
peptides 356-366 and 225-236 show increased deuterium retention in the SufSper-SufEalk
complex (Figure 4.4 A, B), suggesting that the active site has a conformational response to SufE
binding irrespective of the state of Cys51 or the conformation of the Cys loop. However, a
difference in deuterium retention is observed for peptide 262-274, which retains ~30% more
deuterium in the SufSapo-SufEalk complex than the SufSapo-SufEapo (Figure 4.4 C). The peptide is
part of an anti-parallel -hairpin structure at the surface of SufS near the active site cavity
(Figure 4.2) [3]. The increase in the deuterium retention suggests that SufSapo binds SufEalk using
residues within 262-274. These new interactions may be due to the change in conformation of
the SufE Cys51 loop in the alkylated protein [4].
4.3.3

Backbone amide deuterium trapping with the SufS per -SufEalk complex. From

section 4.3.2, we know that modification of the SufE Cys51 loop leads to additional interactions
with SufS near the entrance to the active site. In chapter 3, we demonstrated that the
persulfuration of SufS Cys364 produces conformational changes in the active site and around the
entrance that may alter the interaction between SufSper and SufE. In order to characterize the
SufS-SufE interaction prior to the sulfur transfer, the percentage of deuterium retained by
persulfurated SufS (SufSper) was compared to SufSper-SufEalk to determine the possible regions of
interaction between the two proteins in the “pre-sulfur transfer” complex. Active site peptides
225-236 and 356-366 show higher deuterium retention SufSper-SufEalk complex compared to
SufSper (Figure 4.5 A, B). Both peptides show similar deuterium retention for the profiles for
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Figure 4.5. Comparison of percent deuterium retained for SufSper and SufSper-SufEalk complex.
The SufS peptides (A) 225-236, (B) 356-366 and (C) 262-274 show increased deuterium
retention for the complex, while (D) 243-255 shows a decrease in deuterium retention for the
complex. (E) The four peptides 225-236 (pink), 356-366 (green), 262-274 (purple) and 343-355
(orange) are represented of the SufS structure (PDB: 1KMJ). Active site cysteine and PLP are
also shown in yellow and blue respectively [13].
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SufS-SufE complex irrespective of the state of two proteins (Figure 4.6). The surface peptide
262-274 reports a higher retention of deuterium in the “pre-sulfur transfer” SufSper-SufEalk
complex, indicative of possible interaction with SufEalk (Figure 4.5C). This is similar to the
trapping results for SufEalk in complex with SufSapo (Figure 4.4C), suggesting that the retention is
due to the additional interactions with alkylated SufE.
It is interesting to note that SufSper peptide 243-255 loses more deuterium in complex
with SufEalk compared to the free SufSper protein (Figure 4.5D), indicative of increased solvent
accessibility at the dimer interface upon SufEalk binding. This loss of deuterium retention is not
observed in any other SufS intermediate state and is unique to the “pre-sulfur transfer” SufSperSufEalk complex (Figure 4.6D). The increase in solvent accessibility only in SufSper-SufEalk
complex suggests that this region may play a special role in the sulfur transfer mechanism.

4.4

Discussion
SufE binding to SufS enhances its cysteine desulfurase activity, but it is unclear what the

structural determinants are for the interaction [2]. In chapter 2, we reported SufEapo binding
induces stabilizing changes in structural dynamics near PLP and Cys364 of SufSapo. In chapter 3,
we determined that persulfuration of SufS affects conformational dynamics not just in the
vicinity of Cys364, but also the surface near the entrance of the active site cavity and the dimer
interface. These changes could lead to differential interactions between SufS and SufE that are
moderated by the presence of a Cys364 persulfide. If this is the case, SufS could have different
conformations in the “pre-sulfur” and “post-sulfur” transfer intermediate states that could play a
role in how SufE stimulates desulfurase activity. We used traditional HDX-MS to characterize
the SufSapo-SufEper “post-sulfur transfer” intermediate conformation. With deuterium trapping
assays, we then compared the interactions of alkylated SufE has with SufSapo and SufSper to

109

Figure 4.6. Backbone amide deuterium trapping results comparing SufSapo, SufSapo-SufEapo,
SufSapo-SufEalk, SufSper and SufSper-SufEalk for the peptides (A) 225-236, (B) 356-366, (C) 262274 and (D) 243-255.
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Figure 4.7. Schematic of HDX-MS results for SufS intermediates and accompanying changes in
conformational dynamics and solvent accessibility. The conversion of one state of protein to
another is accompanied by changes in dynamics and accessibility for various peptides depicted
according to their location in the structure of SufS.
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determine if trapping sulfur at SufS Cys364 affected the interactions with SufE. All the
HDX‒MS results have been combined into figure 4.7.
4.4.1.

SufE activation of SufS may come from changes in active site architecture. We

explored whether persulfuration of SufS (SufSper) and the subsequent transfer of sulfur to SufE
(SufSapo-SufEper) could modulate the conformational dynamics around the active site using
traditional HDX-MS. As discussed in chapter 2, the decrease in the rate of deuterium
incorporation for the SufSapo active site residues (225-236 and 356-366) upon interaction with
SufEapo suggests a conformational change to facilitate the interaction with SufE (His362,
Met366) or enhance cysteine desulfurase activity by stabilizing the formation of external
aldimine (225-236). Based on the crystal structure, persulfuration of SufS induces
conformational changes for the residues in the active site cavity, especially Arg359, Cys364 [13].
As shown in figure 4.1F, the presence of three different rate profiles for peptide 356-366
suggested three different structural conformations are possible. HDX‒MS indicated that SufSapo
is the most dynamic state. The persulfurated SufS intermediate with and without SufE had
decreased dynamics and are conformationally similar; however, the intermediate state after
sulfur transfer to SufE (SufSapo-SufEper) had the largest decrease in dynamics. We can compare
this to the other active site peptide, 225-236, which is covalently attached to PLP. Unlike 356366, peptide 225-236 exists in similar conformational states in the apo and persulfide
intermediates (Figure 4.1 B). The binding of SufEapo in the absence of the Cys364 persulfide
appeared to restrict dynamic motions, but after sulfur transfer (SufSapo-SufEper) the dynamics
were reduced even further. Thus, the region where substrate cysteine binds is not sensitive to the
state of Cys364, but only to the presence of SufE, which supports the conclusion that SufE
activation of SufS may come from changes in active site architecture. The new intermediate
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Figure 4.8. Key residues involved in SufS activity and interaction with SufE depicted on the
structure of persulfurated SufS (PDB: 1KMJ) [13].
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conformation for SufSapo-SufEper may involve a combination of altered conformation of side
chains (Cys364 and Arg359) and surface interactions (Figure 4.8).
4.4.2.

Surface peptides near the active site have altered conformation before and after

sulfur transfer. Peptides 262-274 and 338-350 at the surface of SufSapo surrounding the
entrance to the active site channel were insensitive to SufEapo binding (Figure 4.7); however, the
persulfuration of Cys364 induced stabilizing conformational changes, most likely to facilitate
SufE binding (Figure 4.7). Residues from these peptides (88-100 and 338-350) may provide a
signal for SufE binding or play a role in the direct interaction. SufS peptide 262-274 is a part of
an anti-parallel -sheet that is not present in any other class of cysteine desulfurase and is
suggested to have a specialized role in SufS enzymes [12]. The increase in dynamics for the
peptide after sulfur transfer (SufSapo-SufEper) suggested that the region may stabilize the “presulfur transfer” conformation and after the sulfur transfer it attains an alternate, more flexible
conformation that is different from SufSapo. The surface peptide, 338-350, may also be involved
in stabilizing the interaction with SufE after the sulfur transfer has taken place. Thus, the surface
near the active site channel likely plays a very important role in stabilizing the interaction of
SufS and SufE both prior to and after sulfur transfer.
4.4.3.

Communication between active sites may occur through conformational changes at

the dimer interface. HDX‒MS suggested that SufSapo peptides 88-100 and 243-255 at the
interface between the two monomers were not affected upon interaction with SufEapo (Figure
4.7). However, persulfuration of SufS Cys364 in the absence of SufE led to increased
interactions and/or decreased dynamics for these amides at the dimer interface. After transfer of
sulfur to SufE (SufSapo-SufEper), the dimer interface again became more dynamic, suggesting
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relaxation of the backbone or disruption of stabilizing interactions when Cys364 is persulfurated.
Modulation of the conformational flexibility and potential interactions at the dimer interface
upon persulfuration of Cys364 and transfer to SufE suggested that the dimer interface is most
likely involved in communication between the two monomer active sites. This may allow for the
binding of sulfur or sulfur transfer at one active site to affect the persulfuration and sulfur
transfer at the second.
4.4.4 SufS-SufE complex exist in three distinct states. Three different SufS-SufE complexes
were studied by deuterium trapping. Each gave specific information about the regions involved
in the protein-protein interactions as a function of the catalytic intermediate state. SufSapo-SufEapo
is considered the resting state complex, SufSapo-SufEalk is the “sulfur accepting complex” where
SufE Cys51 is alkylated and in the exposed conformation, and SufSper-SufEalk is the “pre-sulfur
transfer” complex. The cysteine acceptor site on SufE, Cys51, is buried in a hydrophobic pocket
and a conformational change is necessary for the interaction with SufS and the subsequent sulfur
transfer [3]. The hydrophobic pocket containing Cys51 is not big enough to accommodate the
larger carbamidomethylated side chain of Cys51. This increase in the size of the cysteine side
chain probably induces a conformational change that is conducive to accepting sulfur [4]. While
the actual trapping experiment yielded deuterium retention profiles (i.e., protection from off
exchange in regions affected by the interaction), it is easier to discuss and compare the results in
terms of increased/decreased solvent accessibility upon SufE binding. We have combined all
deuterium trapping data into figure 4.9.
4.4.5 Direct interaction with SufE modulates SufS active site to enhance cysteine
desulfurase activity. SufS active site residues (225-236 and 356-366) were less solvent
accessible by the interaction between SufS and SufE, irrespective of the state of SufS Cys364 or
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SufE Cys51 (Figure 4.6). Out of the two peptides, only 356-366 is present near the surface and
had decreased solvent accessibility upon binding SufE, suggesting direct interaction. A recent
structure of the CsdA-CsdE complex also indicated interactions in the same region as peptide
356-366 of SufS [4]. His362 and Met366 of SufS (homologous to Gln356 and Gln360 of CsdA)
are possible sites for direct interactions with SufE [4]. The change in hydrogen bonding network
around the PLP, covalently attached to Lys226, is most likely responsible for reduced solvent
accessibility for peptide 225-236. Substrate binding assays showed that SufSapo-SufEalk had a 5-6
fold increase in the affinity for L-cysteine compared to SufSapo-SufEapo (personal
communication, Y. Dai and F. W. Outten). Together with HDX and deuterium trapping, the
results suggested that SufE binding remodeled the SufS active site, restricting backbone motions,
to promote catalysis.
4.4.6 Surface interactions stabilize SufE in the sulfur accepting conformation. Previous
HDX‒MS experiments indicated that persulfuration of SufS not only affected the conformation
of the active site cavity, but also restricted backbone motions within surface residues 262-274
that could facilitate the interaction with the sulfur accepting conformation of SufE. Other than
225-236 and 356-366, only peptide 262-274 had decreased solvent accessibility for upon
interaction with SufEalk, irrespective of the state of SufS Cys364 in trapping experiments (Figure
4.9). This suggested that residues within 262-274 may be involved in stabilization of the sulfur
accepting conformation of the Cys51 loop. This is consistent with the four-fold increase in the
affinity for SufEalk compared to SufEapo (personal communication, Y. Dai and F. W. Outten).
Residues Thr265, Thr266, Thr268 and Lys269 are good candidates for the interaction with SufE
and should be further studied (Figure 4.8).
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Figure 4.9. Schematic for deuterium trapping results for different intermediate species of SufS
and SufE. The various reactions and the accompanying changes in solvent accessibility are
represented.
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4.4.7 Persulfuration alters dimer interface interactions. As suggested by earlier HDX‒MS
experiments, the active sites in the SufS dimer may communicate through dynamic changes in
the dimer interface. Deuterium trapping showed that binding of either SufEapo or SufEalk to
SufSapo did not affect amide solvent accessibility at the dimer interface. However, a single SufS
peptide (243-255) in the “pre-sulfur transfer” state, where Cys364 contains the trapped
persulfide, became more solvent accessible when SufEalk binds (Figure 4.9). Because this region
only exhibited increased exchange in the SufSper-SufEalk and not the SufSapo-SufEapo complex,
the conformational changes were most likely a result of persulfuration of Cys364 (Figure 4.6D).
Clearly, the dimer interface conformation must play an important role in sulfur transfer and/or
communication between the two active sites.

4.5

Conclusions

4.5.1 Mechanism of SufE activation of SufS cysteine desulfurase. Using HDX-MS and
deuterium trapping methodology, we determined the presence of a new intermediate state
(SufSapo-SufEper). The interaction of SufS with SufE alters the active site residues and the
hydrogen bonding network near the PLP. These changes help stabilize the external aldimine and
enhance the cysteine desulfurase activity of SufS. We also demonstrated in chapter 3, the
persulfuration of SufS alters the regions not only the active site cavity but surface and dimer
interface as well. The communication between the two active sites may involve the interactions
at the dimer interface. The persulfuration of Cys364, most likely triggers the conformational
change in SufE necessary for accepting sulfur. The interaction of SufS with SufE in the “sulfur
accepting” conformation further increases the cysteine desulfurase activity of SufS by accepting
the sulfur, allowing SufS to undergo another turnover.
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Figure 4.10. Tentative interaction sites for SufS-SufE complex. The structure of SufS (PDB:
1KMJ) and SufE (PDB: 1MZG) depicting tentative interaction sites deduced by HDX-MS and
backbone amide deuterium trapping [3, 13].
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4.5.2 HDX‒MS detection of protein-protein interactions and catalytic intermediate states.
Using both HDX-MS and deuterium trapping methodology we trapped SufS-SufE interaction.
The SufS-SufE interaction involves number of different catalytic intermediates including the
resting state (SufSapo-SufEapo), pre-sulfur transfer (SufSper-SufEapo) and post sulfur transfer
(SufSapo-SufEper) complexes. We propose the following model of SufE activation of SufS. The
initial SufS-SufE interaction is stabilized by SufS active site residues within 356-366 (possibly
His362 and Met366) and SufE residues within 38-56 and 66-83 (Asp74 and Gln54) (Figure
4.10). The persulfuration of SufS induces changes in the SufS active site and the surface around
it. These changes allow SufS to attain a conformation suitable for donating sulfur group to SufE.
After binding SufS, SufE undergoes a conformational change to expose the buried Cys51
thiolate. The sulfur accepting conformation of SufE is stabilized by the interaction with SufS
surface residues and may include Thr265, Thr266, Thr268 and Lys269 (Figure 4.10). Sulfur
transfer is accompanied by a change in the dynamics of the SufS active site and surface to
generate a new intermediate state SufSapo-SufEper.
Using SufS and SufE as a model system we demonstrated that HDX-MS and deuterium
trapping can be easily and effectively used to study protein-protein interactions and structural
dynamics. The changes in protein dynamics can provide insights into the mechanism and
functioning of proteins in many biochemical pathways. Deuterium trapping provided a sensitive
yet fast method to determine regions of interaction between two or more proteins. With the focus
shifting towards studying large protein complexes, HDX-MS and deuterium trapping
methodology will gain prominence among the scientific community as a regular tool to study
protein dynamics and interaction.
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CHAPTER 5
HYDROGEN DEUTERIUM EXCHANGE MASS SPECTROMETRY
ADVANCES AND THE FUTURE
Hydrogen deuterium exchange mass spectrometry has come a long way since its first use
by Katta and Chait [1]. The advances, both in the instrumentation and the software, are
responsible for the rapid growth of the technique. Although HDX-MS has several advantages
over traditional techniques used to study protein structure (x-ray crystallography and NMR), the
technique cannot provide high resolution structures with atomic coordinates of a protein. HDXMS provides insights into the protein structural flexibility and solution dynamics, making it
highly complementary to traditional techniques. Some of the useful applications of HDX-MS
include protein therapeutics discovery and development, study of protein structure and structural
dynamics, protein folding, studying protein-ligand and protein-protein interactions [2-5]. Some
of the industrial applications of HDX-MS include epitope mapping and comparability studies for
drug development [6, 7].
However, the use of HDX-MS is still not widespread compared to the other techniques.
The main reason for this is that HDX-MS is thought to be very tedious and time consuming for
routine use, and ten years ago this was true [8]. HDX-MS has come a long way in terms of the
time required for the experiment and data analysis. With the use of ultrafast UPLC systems and
commercially available robotics (http://www.palsupportcenter.com/products/hdx-hydrogendeuterium-exchange-system), the experiments can be completed in few hours compared to
several days when using traditional manual techniques [9, 10]. The use of automated HDX data
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analysis programs such as HD Examiner, HD Express, HD Desktop, etc. has made data analysis
and interpretation easier [11-13]. These programs calculate the amount of deuterium
incorporation from experimental data using theoretical fits generated using a series of
algorithms. Many of these programs include visualization software for easier interpretation of
the results. The use of advanced instrumentation and data analysis programs allows for the data
generation and analysis to be done in few hours. A schematic for different stages of HDX-MS
are shown in Figure 5.1.
One of the major concerns for the user is the reproducibility of results. Several variables
including protein concentration, pI, reaction temperature, pH, digestion conditions and LC/MS
analysis affect the reproducibility [14-17]. All these factors have to be controlled and kept
identical from one experiment to the next. The deuterium incorporation is most affected by the
change in pH and temperature, so these variables need to be carefully monitored. The variations
in experiments from one day to the next are corrected for by using water (m0%) and full
deuteration (m100%) controls as discussed in chapter 1 [18]. Another way to counter the effects of
these variables is the use of relative analysis. The two or more states of a protein can be
compared under the same conditions to monitor the regions affected and the extent of variations.
Using the relative methodology the minor variations in temperature, pH, incubation times and
the amount of back exchange usually cancels out. Also with advances in the instrumentation and
the use of robotics for sample preparations, the reproducibility of the results is often not a
concern [19, 20]. The use of HDX-MS in drug discovery requires the use of automated
algorithms capable of measuring the significant changes in different samples with minimum
error. The statistically significant difference analysis of different states of a protein can be done
by using
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Figure 5.1. Schematic of the advanced HDX-MS set for automated data acquisition and analysis
[21]. Fully automated sample preparation, is followed by in line pepsin digestion, and elution by
UPLC. The peptides are analyzed by very sensitive FT-ICR MS. The data is analyzed by an
automated data analysis program coupled to visualization programs.
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distribution analysis. Some recent algorithms that have emerged for the distribution analysis
include CalcDuet, DEX and Hexicon [22, 23].
Another concern was the sensitivity of the mass spectrometer and the amount of sample
required. With vast improvements in the instrument sensitivity and quality, analysis can even be
done using 1-5 pmol of protein [8]. However, this may vary from one protein to another and the
ability of the protein to be effectively digested by pepsin during the allotted time. Regardless, the
amount of protein required for HDX‒MS is still significantly lower than for NMR and x-ray
crystallography. The major limitation of traditional HDX-MS is the lack of amino acid level
spatial resolution. Efforts are being made to improve the spatial resolution by creating shorter
and overlapping peptides to gain knowledge for individual amino acid residues, but also softer
MS fragmentation methods like ETD/ECD have shown promise for site-specific identification of
deuterated amides [24]. The use of CID for ion fragmentation leads to deuterium scrambling
along peptide backbones, thus, one cannot tell which specific amides were originally exchanged
[25]. The use of ETD and ECD reduces deuterium scrambling and enhance spatial resolution [26,
27]. ETD and ECD cause peptide backbone fragmentation by a non-ergodic process which
prevents the intra-molecular vibrational energy redistribution [28]. This non-ergotic and fast
fragmentation does not allow for deuterium scrambling. However, automated programs need to
be designed to analyze the vast amount of data generated by ETD and ECD.

5.1

HDX-MS: The future
The extensive use of the high resolution FT-ICR MS enhances the sensitivity and

resolution of the isotopic data obtained by HDX-MS [7]. The study of multi-enzyme methods
will increase the complexity of both method and will generate vast amount of data, making data
126

analysis of overlapping spectra difficult. It will require methodologies such as HDX in an
isotopically depleted environment and the use of gas phase peptide separation [2, 29]. The use of
isotopically depleted environment will generate single mass peak for a peptide simplifying the
data analysis. The dramatic reduction in LC runtimes by with UPLC systems (e.g. 30 min to 3
min) is also a huge step forward in that it minimizes the loss of deuterium label during analysis.
This leads to better isotopic analysis, reproducibility and precision. The use of supercritical fluid
chromatography (SFC) to reduce the amount of back exchange associated with reversed phase
liquid chromatography is also being pursued [30]. Some researchers are reverting back to
MALDI_TOF MS and making adjustments to reduce the back exchange [31]. In conjunction
with the consistency of the sample preparation provided by advanced robotics [8] and automated
analysis [11-13], HDX-MS is poised to make a significant impact to structural biochemistry.
The utility of HDX-MS for structure function analysis will continue to push the
development of better instruments and programs capable of generating and analyzing complex
systems. HDX-MS presents itself as a very powerful tool with a variety of applications and a lot
of potential for improvement.
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APPENDIX A
HDX-MS: SufSapo and SufSapo-SufEapo
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APPENDIX B
HDX-MS: SufEapo and SufSapo-SufEapo
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APPENDIX C
Deuterium trapping: SufSapo and SufSapo-SufEapo
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APPENDIX D
Deuterium trapping: SufEapo and SufSapo-SufEapo
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APPENDIX E
HDX-MS: SufSapo and SufSper
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APPENDIX F
HDX-MS: SufSapo and SufSapo-SufEper

136

APPENDIX G
Deuterium trapping: SufSper and SufSper-SufEalk
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Deuterium trapping: SufSapo and SufSapo-SufEalk
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