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ABSTRACT

Proteins are not static objects. They have a great variety of internal motions with different
amplitudes and different timescales. These internal motions play an important role in catalytic
processes. Therefore, the existence of an intimate relationship between protein dynamics and
protein function is widely accepted. Due to the significance of protein dynamics, techniques have
been developed to study protein dynamics including nuclear magnetic resonance (NMR)
spectroscopy, electron paramagnetic resonance (EPR) spectroscopy, and mass spectrometry
(MS). Hydrogen-deuterium exchange mass spectrometry (HDX-MS), a combination of HPLC
and MS, has become a common and sensitive tool to probe protein structural flexibility and
solution dynamics.

In this dissertation, HDX-MS was applied to study dynamic changes of proteins due to
substrate binding and protein-protein interactions. The GT-A glycosyltransferase glucosyl-3-
phosphoglycerate synthase from Mycobacterium tuberculosis (MtGpgS) catalyzes the first step
of biosynthesis of 6-O-methylglucose lipopolysaccharides (MGLPs). The HDX-MS data
revealed that the two substrates UDP-glucose (UDPG) and 3-phosphoglycerate (3PGA) can bind
to MtGpgS independently, disagreeing with the previous proposal that 3PGA can only bind to
MtGpgS after UDPG. Moreover, 3PGA was found to bind to or allosterically affect the UDPG
binding site.The GT-B glycosyltransferase MshA from Corynebacterium glutamicum (CgMshA)
catalyzes the initial step of mycothiol biosynthesis. A large conformational change was observed
in CgMshA on nucleotide binding by superimposing APO structure of CgMshA and complex

structure with UDP. HDX-MS was utilized to study conformational changes of



CgMshA on substrate binding from the aspect of dynamics, providing a complementary to static
structures. HDX-MS was also employed to study dynamic changes of protein complex SufBC,D
from Escherichia coli on ADP/Mg** binding. The crystal structure of SufBC,D complex has
been determined, while little dynamic information is known. So HDX-MS was applied to study
dynamic changes of the SufBC,D complex. The HDX-MS data revealed that SufC has a
significant conformational change, which may be required by ATP binding and hydrolysis.
Moreover, SufB and SufD are detected to have dynamic changes due to SufC conformational
changes. These dynamic changes suggest that SufB-SufD protomer may have a conformational

change in order to provide a suitable conformation for Fe-S cluster assembly.
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CHAPTER 1
INTRODUCTION
1.1 Significance of Protein Dynamics

Proteins are known to be inherently flexible, and this flexibility generally plays an
important role in protein function. That is, proteins do not simply occupy one structure, they are
usually described by equilibrating sets of time-scale structures. [1-2] The transitions between
different structures require dynamic fluctuations also called dynamics. So protein dynamics are
crucial to conformational and structural changes of proteins. [3] Protein dynamics involves a
great variety of internal motions having different amplitudes and different time scales, which
affect a wide range of functions, such as catalytic process of enzymes, signaling/regulation, and
thermostability. [4] Thus the investigation of protein dynamics is particularly important for
understanding protein function, since they have an intimate relationship.

Dihydrofolate reductase (DHFR) provides a good example of insights into the link
between protein dynamics and enzymatic function. [5] It catalyzes the reduction of dihydrofolate
(DHF) to tetrahydrofolate (THF). By applying numerous experimental and theoretical
approaches, substantial backbone and side chain motions were revealed to play essential roles in
cofactor and substrate binding and in the catalytic cycle. [5] Moreover, analysis of available
crystal structures illustrates that the large-scale conformational change of DHFR is concentrated
in its Met20 active site loop (residues 9-24). The Met20 loop undergoes fluctuations over a wide
range of timescales, and different DHFR states along the catalytic pathway are defined as open,

closed, and occluded based on Met20 loop conformations (Figure 1.1). [6] Transitions between



these three states of DHFR are required by its catalytic process. Another example showing the
relationship between protein dynamics and enzymatic activity is cyclic nucleotide
phosphodiesterase (PDE). PDE plays a major role in cell signaling by hydrolyzing cAMP and
cGMP, both of which are intracellular messengers. [7] PDES5 is one of five numbers of PDE
superfamily and contains tandem GAF domain that is a ubiquitous motif present in PDE,
adenylyl cyclases, bacterial transcription factor FhlA, and hundreds of other signaling and
sensory proteins from all three kingdoms of life. [8] The sedimentation velocity studies revealed
that PDE5 undergoes a large scale conformational change of the entire catalytic dimer on cGMP
binding to GAF domain, which may represent the structural basis for PDE5 allosteric activation.
[7] Both examples illustrate that there is an intimate relationship between protein dynamics and

function.

Figure 1.1. Structures displaying the conformational changes of the Met20 loop in DHFR. A, B,
and C represent DHFR structures in closed, open, and occluded conformations, respectively. [7]

1.2 Hydrogen Deuterium Exchange Mass Spectrometry (HDX-MS)
Due to the significance of protein structure and dynamics contributing to protein

function, techniques have been developed in order to study structure and dynamics of proteins.



Traditionally, X-ray crystallography provides a high-resolution static snapshot of a protein, but it
is usually unable to reveal structural information in highly dynamic regions. [9] Techniques such
as nuclear magnetic resonance (NMR) spectroscopy, fluorescence spectroscopy, and electron
paramagnetic resonance (EPR) spectroscopy have been previously utilized in studying
conformational changes of proteins. [3, 10-16] Even though these techniques provide insight into
dynamics of proteins, they may require proteins to be modified or engineered. [9] For example, a
series of single residue mutants on proteins is engineered to incorporate active reporter probes
when applying NMR and EPR based approaches. [9] However, the modification may perturb a
protein’s structure and function. Furthermore, the NMR based approaches require high
concentrations of protein samples, along with size limitation that the molecular weight of the
protein is less than 30 kDa. So, NMR spectroscopy is not used for larger proteins and those
difficult to over-express.

Compared with NMR spectroscopy, MS has less stringent sample requirements. The
proteins at low concentrations or with high molecular weights can be characterized with MS. MS
has been applied in various fields such as proteomics, drug discovery, and clinical testing. LC-
MS, a combined system of HPLC and MS, becomes an attractive experimental system to
characterize protein dynamics and conformational changes since the combination of HPLC
technology and MS enhances the spatial resolution required for the study of large proteins. [17-
18] Some MS based techniques to characterize protein dynamics have been described, including
hydrogen deuterium exchange mass spectrometry (HDX-MS). [19-20] It is widely used in
probing soluble protein conformational dynamics, as well as dynamic changes of proteins due to
modification, ligand binding, and protein-protein interaction. [21]

Linderstrem-Lang was the first to introduce hydrogen deuterium exchange and to



describe the relationship between the H/D exchange rate and protein dynamics by proposing the
Linderstrem-Lang model, which will be explained in 1.4.2. [22-23] The discovery of HPLC
separation techniques combined with proteolysis by Rosa and Richards improved the spatial
resolution. [24] Then, the separation techniques were further enhanced by Englander et al in the
early 1980s. [25] Zhang and Smith found a new tool for protein elucidation, combining H/D
exchange with mass spectrometry. [26] The HDX-MS technique was then improved on different
aspects such as digestion condition. [27-29] Currently the HDX-MS technique has become a

commonly used tool to study structure and dynamics of proteins in solution.
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Figure 1.2. Different types of hydrogen in a protein’s structure. Red color represents backbone
amide hydrogen. Green color represents non-exchangeable hydrogen. Blue color represents side
chain hydrogen.
1.2.1 Backbone Amide Hydrogens

Proteins contain a large number of hydrogens that can exchange with deuterium, but only
hydrogens located on peptide amide linkages are used for H/D exchange studies (Figure 1.2).
They can exchange with protons from surrounding water and can be observed in HDX-MS
experiment. The backbone amide hydrogens are excellent indicators of protein structure and

dynamics since their exchange rates are related to backbone flexibility, protein secondary

structure, and solvent accessibility. [26, 30] Some amide hydrogens can exchange with



deuterium relatively rapidly if they are in unfolded states or exposed to solvent (pH 7, 25 °C). [31]
However, some amide hydrogens have significantly slower exchange rate if they are inaccessible
to solvent or participating in stable hydrogen bonds (Figure 1.3). [26, 32-33] They can undergo
structural fluctuations and conformational flexibility, which can break and reform hydrogen
bonds in the native state of protein. [34]
1.2.2 Linderstrem-Lang Model
The structural fluctuations resulting in open and closed conformations determine the rate
of H/D exchange in a folded protein (Figure 1.4). [22, 35] The open and closed conformations
are described by the kinetic rates of opening and closing, k, and k., respectively. The exchange
rate constant in the fully unfolded form is described as the intrinsic rates of exchange k;. The
exchange rates of hydrogens involved in hydrogen bonding or solvent inaccessible are
determined by ko, kc, as well as k;.
kex = koki ) (ko + ke + ki) Equation 1.1
The two extremes of hydrogen exchange mechanism exist in some proteins, named as EX1 and
EX2. [36-37] In EX1, the intrinsic rate of amide hydrogen exchange is much faster than the rate
of closing (ki >> kc). So the rate expression (Equation 1.1) can be simplified to equation 1.2.
kex = kokij (ke + Kiy=koki ) ki = ko Equation 1.2
The rate of amide hydrogen exchange is determined by the rate of opening (ko). In EX2, the rate
of closing is much faster than the intrinsic rate of amide hydrogen exchange (k; << kc). The rate
expression is simplified to equation 1.3,
kex = koki (ke + kiy=koki) ke = (ko ) ko) ki Equation 1.3
describing that the rate of amide hydrogen exchange is dependent on the intrinsic rate of

exchange and the equilibrium constant between the open and closed state (ko ke).
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Figure 1.3. Representation of a typical HDX reaction. Backbone amide hydrogens exchange
with deuterium rapidly if they are exposed to D,O. Backbone amide hydrogens inaccessible to
solvent or participating in stable hydrogen bonds exchange with deuterium slowly.
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Figure 1.4. Linderstrem-Lang model of hydrogen deuterium exchange. The structural
fluctuations result in open and closed conformations of protein, which are described by the
kinetic rates of opening and closing, k, and k., respectively. The exchange rate of amide
hydrogen in the fully unfolded form is described by k;. Backbone amide hydrogens inaccessible
to D,0 have slow exchange rate since they undergo from closed to open conformation.



1.2.3 Factors Affecting H/D Exchange Rate

Amide hydrogen exchange Kkinetics is affected by a variety of factors including
temperature and pH. [31, 35] The pH is significantly important for HDX- MS experiments since
the rate of hydrogen exchange is very sensitive to pH (Figure 1.5). [32, 36, 38] At neutral pH, the
exchange is catalyzed by base abstraction (OD"). [33] Most HDX-MS assays are performed at
pH 7 to label accessible amide hydrogens with deuterium. The hydrogen exchange with solvent
can also be catalyzed by acid (D30"), water (D,0), or buffer solutes. [21] As shown in Figure 1.5,
the exchange rate is minimal at pH 2.4, which is commonly used in HDX-MS experiments in
order to stop the H/D exchange reaction since it is necessary to quench exchange after the
appropriate incubation time. Temperature is another controlling variable in HDX assays. The
exchange rate decreases by 10-fold when the temperature drops from 25 °C to 0 °C (Figure 1.6).
[32, 36] So, the ability to control the exchange rate by changing the temperature and pH is
crucial for the HDX-MS experiments, as will be discussed in 1.2.4.
1.2.4 Procedures for HDX-MS Experiments

The HDX-MS experiments can measure deuterium incorporation uptake of an intact
protein or peptides from proteolytic digestion. The HDX study of the intact protein reveals
global protein structure and stability but cannot provide information for local structures and
protein dynamics. The proteolytic digestion of protein allows one to monitor deuterium
incorporation uptake of each digested peptide and to provide dynamic information of the protein.
Amino acid sequences of peptides are required before initiating any HDX-MS experiment. This
is achieved by tandem MS/MS sequencing (Figure 1.7). [39] The protein is digested by an acid
protease into small peptides, which are then separated by high performance liquid

chromatography (HPLC). The separated peptides are nebulized and ionized by electrospray
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Figure 1.5. The effect of pH on backbone amide hydrogen exchange rate. The exchange rate is

minimal at pH 2.3 and increases with increasing of pH. The HDX-MS experiment is usually
performed at pH 7. [32, 36, 38]
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Figure 1.6. The effect of temperature on backbone amide hydrogen exchange rate. Reduction of
pH from 7 to 2.5 leads to 1000 fold decrease in exchange rate. Decrease of temperature from 25
°C to 0 °C leads to further 10-fold decreasing in exchange rate. [32, 36]



ionization (ESI). The positively charged peptides are directed into a mass spectrometer and
precursor ions are selected for collision induced ionization (CID). Finally, the fragmented ions
are analyzed to determine the amino acid sequences of peptides by using a software Peaks Client

(http://www.bioinfor.com/). Subsequently, the peptide map is built based on the determined

sequences of peptides.
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Figure 1.7. Tandem MS/MS. The sample is nebulized and ionized into charged droplets by
electrospray ionization (ESI). The electrostatic potential helps to direct positively charged
particles into the mass spectrometer. The positive particles with a selected mass, termed as
precursor ions, pass through a region where they fall apart to produce fragment ions. It is
achieved by collision induced dissociation (CID) by using helium. The product ions are
separated according to m/z and analyzed again by the mass spectrometer.

The general procedure of backbone amide HDX-MS experiment is depicted in Figure 1.8
and includes hydrogen deuterium exchange for a specific incubation time, quenching the
exchange by lowering pH and temperature, protein digestion by an acid protease such as pepsin,
and mass to charge ratio (m/z) determination of peptides by LC-MS. [21] A native protein is
incubated in an excess of D,O (pH 7, 25 °C) for a set of time points, starting the isotopic
exchange. The incubation time usually varies from 15s to 6h, depending on protein structure. In

order to trap the deuterium label, the temperature and pH are lowered to 0 °C and 2.4,

respectively, after the incubation time. Decreasing both temperature and pH results in rapid and
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sharp reduction in amide hydrogen exchange rate. Moreover, the low pH moderately denatures
the protein to help the subsequent digestion. [21] The quenched reaction is digested with pepsin
at 0 °C. Pepsin is an acid protease breaking down protein into smaller peptides. It has maximal
activity at low pH. [40] Although pepsin is a non-specific protease, the digestion pattern is
consistent at constant pH, temperature and protein to pepsin ratio. Then, the generated peptides
are loaded onto a C18 reverse phase HPLC column, which is incubated in an ice bath. The
peptides are separated by an acetonitrile gradient. After separation, the peptides are ionized by
electrospray ionization (ESI) and introduced into a mass spectrometer. Finally, the mass to

charge ratio (m/z) of each peptide at each incubation time point is recorded by a mass analyzer.
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Figure 1.8. General procedure of a HDX-MS experiment.
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The HDX-MS data must be corrected for natural isotopic distribution and loss of
deuterium label due to back-exchange during the peptides separation in aqueous solutions. These
two controls are termed as mqy, and migoe, controls. [21, 40] mgy, control is used to determine
natural isotopic pattern for each peptide, by incubating protein in water instead of D,0. The full
deuteration control migoo, IS to measure the maximum amount of deuterium incorporated by each
peptide under the given experimental condition.

1.2.5 Analysis of HDX-MS data

The HDX-MS data output from the mass spectrometer is analyzed using Bruker Compass
DataAnalysis 4.1 (Figure 1.9). A total ion chromatogram contains all generated peptides of
protein with information of m/z, z, and retention time (RT) (Figure 1.9A). A particular peptide
can be extracted according to its m/z and RT, which has been determined in tandem MS/MS.
Figure 1.9B shows the extracted ion chromatogram of the particular peptide. The mass spectra
under the extracted ion chromatogram are averaged to generate the isotope envelope of the
peptide, which is depicted in Figure 1.9C. With the increase of incubation time, the isotope
envelope of the peptide will have mass shift (Figure 1.10). From mgy, control to mygg control,
the isotopic distribution shifts to higher mass, indicating that more amide hydrogens exchange
with deuterium with increase of incubation time.

As shown in Figure 1.9C, the area under the peak can be used to calculate centroid mass,

which is employed to calculate the amount of deuterium incorporated in the particular peptide.

(mt—-m0%)

D=N—""77—
(m100%—m0%)

Equation 1.4

where N is the number of exchangeable backbone amide hydrogens except for the N-terminal
amide and any proline residues. m;, Mg, and Mygge are centroid masses of the same peptide in the

partially deuterated at time point t, non-deuterated, and the fully deuterated samples. [24, 41-42]
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The numbers of deuterium incorporated in all generated peptides at different time points are
calculated with this equation. The amount of deuterium of each peptide is averaged from three
independent HDX-MS experiments. The amount of deuterium incorporated is plotted versus
incubation time by fitting to a sum of order rate term described in Equation 1.5,

D=N-YY, exp(—kixt) Equation 1.5
where N is the number of amides that exchange at a given rate k; for the isotopic exchange time t.
[26, 43] The kinetic curves are plotted by using KaleidaGraph (Synergy Software) , fitting to one
or two exponentials depending on the exchange process and the number of data points collected.
[21] Figure 1.11 gives an example of kinetic plots of peptides fitting to single and double
exponential equations. Figure 1.11A shows 34.64% of amide hydrogens of the peptide exchange
with deuterium at the rate of 0.14 min™. Figure 1.11B describes that 35.79% of amide hydrogens
exchange at the rate of 1.02 min™ and 38.79% amide hydrogens have exchange rate of 0.016
min™,

HDX-MS data can be analyzed manually by employing software such as MagTran
(Amgen Inc.) to calculate the centroid masses of each peptide at each time point. However, the
vast amount of data generated from a HDX-MS experiment requires a huge amount of time. In
order to perform data analysis efficiently, some software platforms have been developed to aid in
HDX-MS data analysis. They include Deuterator, HX-Express, HD Desktop, DEX, and HD
Examiner. [44-47] HD Examiner (Sierra Analytics) is a complete software solution for bottom
up H/D exchange MS data analysis. It provides powerful functionality to show the deuterium
incorporation level of a protein, by inputting peptide sequences and peptide list with charge and
retention time. The experimental HDX-MS data is analyzed by HD Examiner and fit to

theoretical isotope envelopes of peptides (Figure 1.12). Comparison of isotopic patterns between
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theoretical and experimental envelopes gives confidence scores for each fit. As shown in Figure
1.12, the two isotope envelopes fit very well, suggesting a high confidence in the amount of

deuterium incorporated calculated by HD Examiner.

Intens.
x109 /
204
1.5
1.0
0.5
D.D-,_.JJM_.*’_,W*-““. A . . L : . . : : :
0.0 25 50 75 100 125 15.0 175 20.0 225 250  Time [min]
Intens.
x108 B
3_
2_
‘I 4
Q.D 25 5.0 75 100 125 15.0 175 200 25 250  Time [min]
||"f31nD57-' +45, 17.1-17_4min #[1044-1069)
7
x C 3347
2.5
2.0
1.54
33/.2
1.04
0.5
33/7
0.0+ : | e .
3 335 336 337 338 msz

Figure 1.9. HDX-MS data shown in Bruker Compass DataAnalysis 4.1. (A) Total ion
chromatogram containing all peptides with m/z, z, and retention time (RT). (B) Extracted ion
chromatogram with m/z 334.7 as an example. (C) The peaks under the extracted ion
chromatogram are averaged to produce the isotope envelop of the peptide.
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Figure 1.11. Examples of Deuterium incorporation Curves. The percentage of deuterium
incorporated is plotted versus incubation time by fitting to (A) single double exponential
equation and (B) double exponential equation.
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Figure 1.12. Example of HDX-MS data analyzed by HD Examiner. These isotopic distribution
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1.3 HDX-MS Studies of Protein-Ligand and Protein-Protein Interactions

Proteins are involved in most biological processes of the livings. Some important aspects
required to understand protein function include protein sequence and structure, Kinetics,
evolutional history of conserved sequences, the binding of ligands, and interactions with other
proteins. [48] Many proteins have interactions with ligands in order to perform functions
properly. These ligands have different types, including ions, substrates, and cofactors.
[48]Ligand binding is crucial to some proteins since it can alter conformation of the protein by
affecting the three-dimensional shape orientation. The new conformation induced by ligand
binding is usually required by catalytic process and enzymatic activity. [49-50] Proteins can also
have interactions with other proteins. Proteins can interact with each other through a combination
of interactions including van der Waal forces, salt bridges, and hydrogen bonds. [51-52] These
interactions can be stable or transient. Transient interactions are temporary in nature and
typically require a set of conditions to promote the interaction, such as phosphorylation and
conformational changes. [53] The transient interactions are significant in controlling and
regulating many cellular processes by affecting both structure and function such as altering
kinetic properties of enzymes, allowing ligand binding and active site, changing specificity, and
inactivating a protein. [53]

Due to the importance of ligand binding and PPIs for protein function, technologies have
been developed to study these interactions. The traditional technologies to study ligand binding
include atomic force microscopy (AFM) and isothermal titration calorimetry (ITC). ITC is able
to provide information on the thermodynamic contributions of enthalpy and entropy changes to
free energies of ligand binding. [54] AFM quantifies directly the range and magnitude of the

interaction forces between protein and ligands. [55] Moreover, various methods and approaches

16



have been used to study PPIs, such as co-immunoprecipitation, pull-down assay, cross-linking
protein interaction analysis, and far-western blot analysis. [56] However, these techniques
provide little conformational and mechanistic information. So, HDX-MS becomes a useful tool
to study dynamic changes of protein on ligand binding and PPIs. [57]

This dissertation focuses on studying dynamic and conformational changes of proteins due
to ligand binding and PPl using HDX-MS technique. Chapters 2 and 3 discuss the
conformational changes of two glycosyltransferases from Mycobacterium tuberculosis and
Corynebacterium glutamicum on substrate binding by applying HDX-MS. Chapter 4 focuses on
developing HDX-MS to probe dynamic changes and protein-protein interactions within a protein

complex from Escherichia coli involved in Fe-S cluster assembly pathway.
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Illustration 1.1. Reaction schematic of retaining and inverting glycosyltransferase.
Glycosyltransferase catalyzes transfer of sugar moiety from donor substrate to acceptor substrate
with retention or inversion. R: a nucleoside, a nucleoside monophosphate, a lipid phosphate, or
phosphate.
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1.4 Glycosyltransferase Enzymes

Glycosyltransferases (GTs) are a group of enzymes that catalyze the transfer of a sugar
moiety from a sugar donor to a sugar acceptor with formation of a glycosidic bond. [58] GTs can
utilize a range of sugar donors including nucleotide sugar and non-nucleotide donors. The sugar
acceptor substrates may be monosaccharide, oligosaccharide, polysaccharide, protein, lipid,
small organic molecule, and deoxyribonucleic acid. [59] Even though the GTs have a variety of
sugar donors and acceptors, they are highly specific for substrates. Each type of glycosidic
linkage needs a unique glycosyltransferase. [60-61]
1.4.1 Retaining and Inverting Glycosyltransferase

GTs can be classified as retaining or inverting depending on the configuration at the
anomeric centre of the sugar donor product. (lllustration 1.1) [60, 62] Mechanistic study of
inverting glycosyltransferases shows that they use a direct displacement Sy2-like reaction
mechanism leading to an inverted anomeric configuration of product. (lllustration 1.2) [63] An
active site side chain acts as a base catalyst, deprotonating the incoming nucleophilic sugar
acceptor. Deprotonation facilitates nucleophilic substitution reaction leading to new bond
formation and nucleotide or phosphate group leaving. [64] In contrast, the mechanism of
retaining glycosyltransferases is still not clear. [63] A possible mechanism is a double-
displacement reaction involving a covalently bound glycosyl-enzyme intermediate. (Illustration
1.3) [63] The formation of this intermediate requires a stringently conserved active site moiety
that might play a role in protecting one side of the substrate. Then, the leaving group might act as
a base catalyst that activates sugar acceptor for nucleophilic attack. [65-67] This mechanism
explains the retention of configuration in the product. However, the absence of the highly

conserved active site suggested the presence of a different mechanism. [63] So an alternate
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mechanism was proposed for the retaining glycosyltransferases, known as Syi reaction where “i”
represents internal reaction. (lllustration 1.4) [67-69] It involves the formation of discrete and
short-lived ion pair intermediates. [70-71] The formation of ion pair intermediate requires a
back-side nucleophilic “push” from the enzyme. Then, the ion pair undergoes front-side attack

by an incoming nucleophile. [63]
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llustration 1.2. Inverting glycosyltransferase uses a direct displacement Sy2-like reaction. [63]
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llustration 1.3. Double-displacement mechanism is proposed for retaining glycosyltransferase.
[63] R: a nucleoside, a nucleoside monophosphate, a lipid phosphate, or phosphate; R’OH: an
acceptor group, such as another sugar, a protein, or an antibiotic.
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1.4.2 GT-A and GT-B fold

As discussed above, GTs can be classified as retaining or inverting with respect to the
anomeric configuration of the donor substrate. Moreover, GTs can also be classified based on
sequence and structure. Based on amino acid sequence similarities, GTs are classified into 90
families as of 2014. [60, 72] However, structural characterization of representatives of these
families has revealed that only two general folds, named GT-A and GT-B, are observed for
structurally characterized glycosyltransferases. [60, 73-75] Furthermore, some uncharacterized
families are predicted to possess one of these two folds. [63] GT-A fold consists of one
Rossmann-like fold, which is a protein structural motif for nucleotide binding. (Figure 1.13A)
The Rossmann-like fold is composed of parallel B-sheets linked with a-helices on both sides in
the topological order B/o/B. [74, 76-77] Two tightly associated B/a/B domains lead to the
formation of a continuous central -sheet. In GT-A fold, the N-terminal domain contains the
nucleotide binding site and the C-terminal domain recognizes the sugar acceptor substrate.
Moreover, GT-A glycosyltransferases possess the DXD motif, which is a determining
characteristic of GT-A enzymes. In this motif, the carboxylates usually coordinate a divalent
cation and/or a ribose. [78-79] Thus GT-A glycosyltransferases are metal ion dependent.

GT-B folds consist of two Rossmann-like folds, which are less tightly associated. (Figure
1.13B) [80] The C-terminal domain of GT-B glycosyltransferases provides the binding site for
the nucleotide sugar donor. Unlike the GT-A fold, GT-B glycosyltransferases are metal ion
independent. [59] Moreover, GT-B glycosyltransferases have open and closed conformations,
which is a characteristic of GT-B fold. The GT-B glycosyltransferase is in an open state in the
absence of donor but it has another conformation upon sugar donor binding. The conformational

transition of the two states can provide a binding pocket for substrates. [59]
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Ilustration 1.4. Proposed Syi mechanism for retaining glycosyltransferase. [63] R: a nucleoside,
a nucleoside monophosphate, a lipid phosphate, or phosphate; R’OH: an acceptor group, such as
another sugar, a protein, or an antibiotic.

Figure 1.13. Overall fold of glycosyltransferases. Blue color represents 3 strands and red color
represents o helices. (A) GT-A glycosyltransferase represented by retaining GpgS from
mycobacterium tuberculosis (PDB: 3e26) (B) GT-B glycosyltransferase represented by retaining
MshA from Corynebacterium glutamicum (PDB: 3c48)

21



1.5 Suf System Assembling Fe-S Clusters
1.5.1 Iron-Sulfur Clusters

Iron plays an important role in biology since it is often at the active site of many redox
enzymes dealing with cellular respiration and oxidation/reduction in plants and animals. [81]
Another reason for significance of iron in biology is that the iron is able to combine with
elemental sulfur to form iron-sulfur (Fe-S) clusters, which are thought to be one of the earliest
iron cofactors used in biology. [82] Fe-S clusters play different roles in biology. First, Fe-S
clusters are often stable at multiple oxidation states and have relevant redox potentials, so that
they have an electron transfer function. [83] Second, some Fe-S clusters are involved in substrate
binding and activation in some enzymes. [94] Third, some Fe-S clusters play important roles in
gene regulation at both transcriptional and translational levels. [85] In addition to the variety of
cluster functions, the Fe-S clusters also have various cluster forms. The most common forms are
[2Fe-2S], [3Fe-4S], and [4Fe-4S]. (lllustration 1.5) The forms of Fe-S clusters depend on the
number and arrangement of Cys residues provided by proteins. Even though the clusters are
usually coordinated to proteins through Cys residues, some other residues can also coordinate
clusters at single sites. [86-87]
1.5.2 Fe-S Cluster Biogenesis Pathways

Carefully coordinated biogenesis pathways are necessary for Fe-S cluster assembly, since
both iron and sulfur are highly reactive and toxic in living cells. [81] Multiple pathways for Fe-S
cluster assembly exist in livings, while three distinct pathways have been identified. They are Isc
(iron sulfur cluster) system, Nif (nitrogen fixation) system, and Suf (sulfur formation) system.
[88] These three systems have similar procedures for Fe-S cluster assembly. (Illustration 1.6)

[89] First, the proteins mobilize Fe and S atoms from their donors. Second, the related proteins
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assemble Fe and S atoms in cluster form and transport them. Finally, the assembled Fe-S clusters

are transferred to target proteins. [90]

CYS\S/Fe\S/CyS
Cys/ ~Fe” \Cys

[2Fe-2S] cluster

[4Fe-4S] cluster

Illustration 1.5. The most common forms of Fe-S clusters.

Even though they have similar assembly processes, these three systems have different
taxonomic distributions. The Nif system is primarily found in nitrogen fixing bacteria. The Suf
and Isc systems are dominant in bacteria, eukaryotes, and archaea, while the distribution of Isc
and Suf is complicated. For example, the Suf pathway seems to be more important in
cyanobacteria than Isc pathway. The Isc pathway appears to be major system in Escherichia coli
compared to the Suf pathway, while the Suf system synthesizes clusters in E. coli instead of the
Isc system when iron or sulfur metabolism is disrupted by iron starvation or oxidative stress. [91-
95] Furthermore, the Suf pathway is the only system assembling Fe-S clusters for some bacteria

such as Mycobacterium tuberculosis. [81]
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Illustration 1.6. Comparison of the Nif, Isc, and Suf systems. They share the same procedures
for cluster assembly: mobilization of sulfur atoms, assembly of Fe-S clusters, and transfer of Fe-
S clusters. The proteins involved in each procedure are different for each system. [95]
1.6 HDX-MS Applied in Dynamics of Protein and Protein Complex

Protein dynamics is an important aspect for understanding protein function. HDX-MS is
an essential technique to study the protein’s structure and dynamics, which can provide
information for the enzymatic mechanism and protein functions. It is commonly applied in
observing the conformational changes of protein due to ligand binding, PPI, and protein
modifications. This dissertation focuses on dynamic changes of proteins and protein complex
upon ligand binding and PPI. The GT-A glycosyltransferase glucosyl-3-phosphoglycerate
synthase from Mycobacterium tuberculosis (MtGpgS) possesses a flexible loop (residues 253-
262). This loop was detected to have two conformations on substrate binding by observing
crystal structures of free and substrate-binding MtGpgS. [96] The GT-B glycosyltransferase
MshA from Corynebacterium glutamicum (CgMshA) has two conformations upon nucleotide

binding and the closed conformation provides binding pocket for two substrates. [97] Even

though both glycosyltransferases have been identified to have conformational changes in large or
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small scale, their detailed dynamic information are still unknown. HDX-MS was applied to study
dynamic changes of the GT-A glycosyltransferases MtGpgS and GT-B glycosyltransferase
CgMshA on substrate binding, which will be discussed in chapters 2 and 3, respectively. The
SufBC,D complex, the scaffold responsible for Fe-S clusters assembly in Suf pathway, is
composed of proteins SufB, SufC, and SufD. The cross-linking experiments showed that SufC
can form a dimer in the presence of ATP and Mg?*. Moreover, SufB and SufD subunits were
proposed to have conformational changes due to SufC dimerization. [98] However, more studies
are required to fully characterize SufC function and mechanism of Fe-S cluster assembly. So
HDX-MS experiments were applied to study dynamic changes of SufC on ADP/Mg?" binding
within SufBC,D complex and conformational changes of SufB and SufD due to their interactions

with SufC.
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CHAPTER 2
INSIGHTS INTO STRUCTURE AND DYNAMICS OF RETAINING
GLYCOSYLTRANSFERASE GLUCOSYL-3-PHOSPHOGLYCERATE
SYNTHASE FROM MYCOBACTERIUM TUBERCULOSIS
2.1 Introduction
2.1.1 Significance of MGLPs for Mycobacterium tuberculosis

Tuberculosis is a widespread and infectious disease caused by various strains of
mycobacterium. It is a serious threat to human health worldwide, accounting for over one million
deaths annually. [1] With the advent of the antibiotic era, tuberculosis was treatable, and at one
point eradication was even believed to be possible. [2] However, tuberculosis has reemerged as a
human health threat due to the emergence of extensively drug-resistant strains that are almost
untreatable with current therapies. [3] In recent years, it is even becoming prevalent in the world
due to the lack of development of novel drugs against M. tuberculosis. [3] In order to resist the
resurgence of tuberculosis, new drugs for M. tuberculosis are urgently needed.

Some unique carbohydrates produced by M. tuberculosis have become a source of
potential targets for new drugs against the tuberculosis. [4] These unique carbohydrates are
important for the growth of mycobacteria. One type of unusual carbohydrate is polymethylated
polysaccharides (PMPS). PMPS are cytoplasmic polysaccharides of intermediate size composed
of 10-20 sugar units. Many of sugar units are partially methylated thus leading to PMPS having a
slight hydrophobicity. [4-5] Mycobacteria produce two classes of PMPS. One class is the 6-O-
methylglucose lipopolysaccharides (MGLPs), and the second is the 3-O-methylmannose

polysaccharides (MMPs). MGLPs are made up of 16-20 hexose units that have esterified acetate,

34



octanoate, propionate,

isobutyrate, and succinate (lllustration 2.1). [6] MMPs are linear

unbranched chains of 11-14 sugar units, each terminated by a single mannose at the nonreducing

end and by a methyl aglycon at the reducing end. [7] Both MGLPs and MMPs are able to form

stable 1:1 complex with long-chain fatty acids and acyl-coenzyme A derivatives in vitro, leading

to the suggestion that they may be an important regulator of lipid metabolism in mycobacteria.

Moreover, MGLPs can sequester acyl-coenzyme A, protecting them from degradation in the

cytoplasm. [4, 8-9] Due to the important role of MGLPs in the existence and growth of

mycobacteria, enzymes involved in MGLP biosynthetic pathway have stimulated the interest of

scientists from the perspective of potential drug targets. [10]
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Illustration 2.1. Structure of MGLPs, in which R, R" and R” are acyl groups. R and R” represent
octanoate and succinate respectively. R’ represent acetate, propionate, or isobutyrate. Made with

ChemDraw Professional 15.0
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Illustration 2.2. Formation of MGLPs. Glucose is transferred to 3PGA by GpgS. The formed
glucosyl-3-phosphoglycerate is dephosphorylated to GG by GpgP. With more reactions, MGLP
is generated. Made with ChemDraw Professional 15.0
2.1.2 Biosynthesis of MGLPs

In the pathway of MGLP biosynthesis, glucosylglycerate (GG) is the putative precursor
for MGLP synthesis. [11-13] GG is considered essential for M. tuberculosis growth and has been
identified to be important in other organisms. [14-16] The biosynthesis of GG has a two-step
process (lllustration 2.2). [17] In the first step, glucosyl-3-phosphoglycerate synthase (GpgS)
transfers the glucose moiety from donor UDP-glucose (UDPG) to acceptor 3-phosphoglycerate
(3PGA). The glucose adds to hydroxyl group in carbon 2 of 3PGA and forms glucosyl-3-
phosphoglycerate (GPG). In the second step, the phosphate group of GPG is removed by

glucosyl-3-phosphoglycerate phosphatase (GpgP) and GG is generated. Then, GG goes through
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reactions catalyzed by unknown enzymes and MGLP is produced. As one of two known
enzymes involved in MGLP biosynthesis pathway, GpgS from M. tuberculosis (MtGpgS) is
attractive to be studied. Indeed, the interruption of gene encoding GpgsS in Mycobacterium
smegmatis resulted in bacteria with a severely deficient growth rate. [18-19]
2.1.3 Classification of MtGpgS

MtGpgS belongs to family of glycosyltransferase enzymes. As discussed in chapter 1,
GTs are classified into 90 families based on amino acid sequence similarities. [20] MtGpgsS is
assigned to the GT81 family, which was recently created. [20-22] Moreover, it is a retaining
glycosyltransferase due to the retention of configuration at the anomeric center of glycosyl
groups. [20] Based on the structural characterization, GTs have two general folds, as discussed in
chapter 1. MtGpgS was revealed to possess a GT-A like domain with DXD motif that is a
characteristic of GT-A fold. [10, 23]
2.1.4 Crystal Structure of MtGpgS

The crystal structure of MtGpgS has been reported to possess a GT-A like fold, which
contains a single Rossmann fold domain (Figure 2.1). [10] The structure of MtGpgS can be
subdivided into two closely associated sub-domains, an N-terminal nucleotide domain (residues
45-137), resembling the Rossmann-like fold, and a C-terminal domain (residues 138-281),
consisting of a mixture of o/p secondary structure. [10] Like other GT-A glycosyltransferases,
the N-terminal domain recognizes the nucleotide donor substrate, and the C-terminal domain is
involved in the acceptor substrate recognition.

Some residues of MtGpgsS are proposed to contribute to substrate binding (Figure 2.2).
The N-terminal domain contains a D™*X™°D™® motif, in which Aspl34 forms a stable

hydrogen-bonded network with Lys114 and Glu232. This network provides one side for the
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nucleotide binding pocket. The second aspartate coordinates with metal cation Mg®* which has
interactions with the a and B phosphates of UDP. The phosphate moiety of UDP is further
stabilized by polar interactions between the a phosphate and side chain of Tyr229 and between
the a and B phosphate groups and side chain of Arg261. [10] The residues Val 186 and Thr187
are involved in acceptor recognition. The side chain of Thr187 forms a hydrogen bond with the
carboxyl group of 3PGA. [10] A loop from residues 253-262 was identified to play an important
role in substrate binding and catalysis since it adopts two conformations in dimer. [23] In this
loop, residues Arg256 and Arg261 were observed to form hydrogen bonds with side chain of
Aspl36 and Tyr229, respectively. These hydrogen bonds may contribute to the two

conformations of the loop in dimer. [23]

Figure 2.1. Crystal structure of MtGpgS monomer in complex with UDP, 3PGA, and Mg**. Pink
color represents the N-terminal domain and cyan color represents the C-terminal domain. Made
with Chimera. PDB: 3e25
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V186 T187

Figure 2.2. Active site residues mapped in crystal structure of MtGpgS. Made with Chimera.
PDB: 3e25

2.1.5 Conclusion

Although much information is known about the structure of MtGpgS, a dynamic
characterization of this enzyme is still lacking. By observing MtGpgS APO and complex
structures, only the loop 253-262 was observed to have a conformational change on ligand
binding. [23] However, MtGpgS is expected to have more dynamic and conformational changes
on substrate binding, which cannot be detected by static structures. Moreover, the structural
differences between GT-A and GT-B glycosyltransferases have been detected by comparing
crystal structures, but the differences in dynamic and conformational changes on substrate
binding are still unknown. Therefore, HDX-MS was applied to study dynamic changes of
MtGpgS on UDPG and 3PGA binding. The HDX-MS data can provide important clues into the
substrate binding mechanism and conformational changes of MtGpgS. Moreover, the dynamic

clarification of MtGpgS promotes the dynamic investigation of GT-A glycosyltransferases.
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2.2 Materials and Methods
2.2.1 Materials

Primers for amplification and mutagenesis of Rv1208 were obtained from Eurofins
Genomics (Huntsville, AL). UDP-Glucose was purchased from Merck Millipore (Billerica, MA).
3PGA, NADH, phosphoenolpyruvate (PEP), deuterium oxide (D,0O), and porcine pepsin (3200-
4500 u/mg) were purchased from Sigma-Aldrich (St. Louis, MO). The coupling enzymes
pyruvate kinase (PK) and lactate dehydrogenase (LDH) were obtained from Roche Diagnostics
(Indianapolis, IN). The HisTrap HP and the Q Sepharose HP column were obtained from GE
Healthcare (Piscataway, NJ). Microbore C18 reverse phase column with internal diameter
between 0.5-2.0 mm and a guard column were bought from Phenomenex (Torrance, CA).
Competent E. coli cells (BL21(DE3)pLysS and XL-10Gold) were purchased from Invitrogen
(Grand Island, NYY). All other reagents were obtained from VWR (Radnor, PA).
2.2.2 Amplification and Overexpression of MtGpgS

Amplification of the gene Rv1208 encoding GpgS has been described previously except
that gene Rv1208 was cloned into plasmid pET28. [10] The amplified Rv1208-pET28 was
transformed into BL21(DE3)pLysS E. coli cells and grown in LB media with 0.03 mg/ml of
kanamycin and 0.035 mg/ml of chloramphenicol at 37 °C. When ODg reached 0.8, 0.5 mM
isopropyl-b-D1-thiogalactopyranoside was added. The LB media was incubated while shaking
for 8 hours at 30 °C. Finally the cells were harvested by centrifugation at 6330 xg for 10 minutes
at4 °C.
2.2.3 Purification of MtGpgS

Cell pellets were resuspended in lysis buffer (20 mM sodium phosphate (pH 7.4), 0.5 M

sodium chloride, and 20 mM imidazole), lysozyme (0.25 mg/ml), phenylmethylsulfonyl fluoride
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(ImM, PMSF), DNase (10 pg/ml) and few crystals of magnesium chloride. The resuspended
cells were sonicated, and the supernatant was collected by centrifugation at 34540 xg for 30
minutes at 4 °C. MtGpgS was purified by using Ni** HisTrap column (5 ml) with the linear
gradient of 20 column volumes of elution buffer (20 mM sodium phosphate (pH 7.4), 0.5 M
sodium chloride, and 1 M imidazole). The purity of protein was checked by SDS-PAGE gel, and
the fractions containing MtGpgS were dialyzed against 20 mM sodium phosphate (pH 6.99).
MtGpgS was further purified by using anion exchange Q Sepharose HP column with the linear
gradient of 20 column volumes of elution buffer (20 mM sodium phosphate (pH 6.99) and 1 M
sodium chloride). The purest fractions were pooled and dialyzed against 20 mM sodium
phosphate (pH 7.4) and 200 mM sodium chloride. Finally, MtGpgS was concentrated by
ultracentrifugation to the concentration of about 200 M and stored with 20% glycerol in -20 °C.
2.2.4 Site-directed Mutagenesis of MtGpgS

Oligonucleotide primer of each substitution was designed and listed in table 2.1. These
primers were ordered from Eurofins Genomics. The substitutions in Rv1208-pET28 plasmid
were created by using QuikChange Lightning site-directed mutagenesis kit (Stratagene). The
mutated Rv1208-pET28 plasmids were transformed into XL-10 Gold E. coli cells and grown in
LB media containing 0.03 mg/ml kanamycin with shaking overnight at 37 °C. The Rv1208-
pET28 plasmids were purified and sequenced (Eurofins Genomics, Huntsville, AL) in order to
confirm the presence of target mutation. Then the plasmids with correct mutations were
transformed into BL21(DE3)pLysS E. coli cells. The overexpression and purification of MtGpgS
variants was similar to that of wild type MtGpgsS.
2.2.5 Steady State Assays

The condition for kinetic assays of wild type MtGpgS was 50 mM of triethanolamine
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(TEA) (pH 7.8), 100 uM of NADH, 250 uM of phosphoenol pyruvate (PEP), 20 mM of
magnesium chloride, 20 units of pyruvate kinase (PK), 55 units of lactate dehydrogenase (LDH),
and saturating concentration of each substrate (UDP-Glucose and 3-PGA) in a 1 ml reaction at
25 °C. The reaction was initiated by addition of enzyme MtGpgS (lllustration 2.3). The released
UDP has a reaction with PEP and the pyruvate consumes NADH. The velocity of formation of
UDP was measured by the consumed amount of NADH at 340 nm (¢=6.22 mM™cm™).

Table 2.1. Sequences of forward and reverse primers of each MtGpgS Substitution.

D134A Forward - catcgtggtgttcatcgcctcagacctgatcaacc -
D134A Reverse - ggttgatcaggtctgaggcgatgaacaccacgatg -
D136A Forward - gtgttcatcgactcagcecctgatcaacccgeac -
D136A Reverse - gtgcgggttgatcagggctgagtcgatgaacac -
T187A Forward - gcgggagggtcgcecgagetggtg -

T187A Reverse - caccagctcggcegaccctcecgc -

R256A Forward - caggtcaacttgggcgttgcggcegcaccgt -
R256A Reverse - acggtgcgcecgcaacgcccaagttgacctg -
R261A Forward - gggcgcaccgtaacgcgceccctagacga -
R261A Reverse - tcgtctaggggcegcegttacggtgegecc -

2.2.6 Determination of Kinetic Parameters
Kinetic parameters were determined by fitting initial velocities of reactions to the
Michaelis-Menten equation (Equation 2.1) using Kaleidagraph (Synergy Software, Reading,

PA).
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keat[S .
p = KeatlS] Equation 2.1
K +[S]

In the equation, v is the velocity of reaction corresponding to varied substrate concentration, [S]
is the concentration of varied substrate, k., is the maximum velocity of the reaction, and K,,, is

the Michaelis-Menten constant.

MtGpgS
UDP-glucose + 3-PGA _pg» Glucosyl-3-phosphoglycerate + UDP

PK
UDP + PEP = UTP + Pyruvate

LDH +
Pyruvate + NADH > NAD + Lactate

Ilustration 2.3. Schematic of PK/LDH coupled assay measuring enzymatic activity of MtGpgs.
2.2.7 Sequencing of MtGpgS by MS/MS

The peptide map of MtGpgS was determined before the continuous HDX-MS
experiments. The stock MtGpgS was diluted to 20 uM with 20 mM of TEA (pH 7.8) and 200
mM of NaCl. Fresh 5 mg/ml of pepsin was dissolved in 0.01 M of potassium phosphate (pH 7).
The HDX reaction was initiated with 50 pl of 20 uM MtGpgS to 50 pl of quench solution (0.1 M
potassium phosphate, pH 2.4). The digestion started with addition of 6 pl of 5 mg/ml pepsin and
lasted for 5 minutes. The final concentrations of MtGpgS and pepsin were 10 uM and 0.3 mg/ml
respectively. The generated peptides were loaded onto a 2 mm x 50 mm C18 reverse-phase
column, which had been equilibrated with solvent A (98% H,O, 2% acetonitrile, and 0.4%
formic acid). The peptides were separated by solvent B (98% acetonitrile, 2% H,O, and 0.4%
formic acid) with a linear gradient 0% to 50% for 20 minutes (Table 2.2). The separated peptides
were sequenced using a HCT Ultra PTM Discovery ion trap mass spectrometer. The ion trap

scanning range was set at 100 — 2000 m/z in positive ion mode. The maximum accumulation
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time was set as 100 ms with an average of 5 spectra. The nebulizer pressure, drying gas flow
rate, and capillary temperature were set as 28 psi, 7 L/min, and 350 °C, respectively. The number
of precursor ions selected for CID was set as 6. The MS/MS data was analyzed using Peaks
Client software, and the peptide map of MtGpgS was determined.
2.2.8 Continuous HDX-MS Experiments

The continuous HDX-MS experiments were initiated by the addition of 5 ul of 200 uM
free MtGpgS into 45 pl of 99.5% D0 in a PCR tube. D,O was preheated at 25 °C water bath.
The protein was incubated in D,O at 25 °C for various time points (15s — 1h). The isotopic
exchange was quenched by decreasing pH to 2.4 and temperature to 0 °C with addition of 50 pl
of quench solution in ice bath. The protein was digested on ice by 6 ul of 5 mg/ml pepsin for 5
minutes. The digested peptides were separated by HPLC with elution method listed in Table 2.3.
The mass spectrometer was set in positive mode with ion trap scanning range 300 — 1500 m/z.
The nebulizer pressure, drying gas flow rate, and capillary temperature were set as 28 psi, 7
L/min, and 250 °C, respectively. The HDX-MS experiments of MtGpgS bound by UDPG or
3PGA had the same procedures with free MtGpgS except the protein sample used to incubate in
D,0.100 pl of 200 uM free MtGpgS was incubated with 10 pl of 100 mM UDPG and 4 pl of 1
M MgCl, for 30 min, in order to make sure UDPG and Mg®* bound to MtGpgS. Similarly, 100
pl of 200 uM free MtGpgS was incubated with 10 pl of 100 mM 3PGA for 30 min to make
3PGA bound to MtGpgsS. Then, these protein complexes were incubated with D,0, starting the
isotopic exchange as described above. All protein samples were prepared individually and one
set of continuous HDX-MS experiments was run within one day.

The two control experiments corresponding to no deuteration (moe), and full deuteration

(m1000%) Were also run. The mg control was run as the normal sample except that 5 pl of 200 uM
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MtGpgS was dissolved H,O instead of D,O. The mjgo control was run with the same procedures
except that MtGpgS was incubated in D,O at 50°C for 8 hours to make sure all possible amide
hydrogens exchanged with deuterium. Then, the reaction was quenched and digested as
described above.

Table 2.2. Elution method of MS/MS for MtGpgs.

0.00 100 0
1.00 100 0
21.00 50 50
22.00 0 100
32.00 0 100
33.00 100 0
40.00 100 0

Table 2.3. Elution method of continuous HDX-MS experiments.

0.00 100 0
1.00 100 0
13.00 50 50
14.00 0 100
24.00 0 100
25.00 100 0
35.00 100 0
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2.2.9 Analysis of HDX-MS Data

The software HD Examiner was applied to analyze HDX-MS data. The protein sequence
in fasta format, peptide list with m/z ratio and RT, and .mzxml format files of all HDX-MS
experiments with continuous incubation time and two controls were input into HD Examiner.
The software in fasta searched the experimental isotopic envelope of each peptide according to
its m/z ratio, sequence, and RT, which was fit to theoretic isotopic envelope. The centroid of
each peptide was calculated and employed to calculate the amount of deuterium incorporated,
which was plotted versus incubation time by fitting to exponential equation. The dynamic plots
of free MtGpgS, MtGpgS-UDPG-Mg?*, and MtGpgS-3PGA were compared to investigate the
conformational changes of MtGpgS on substrate binding.
2.3 Results
2.3.1 Steady State Kinetics of Wild Type MtGpgsS and Variants

The PK-LDH coupled assay was employed to determine the kinetic parameters of wild
type MtGpg$S by the consumption of NADH. The ke value is 50 + 2 min™. The K, values for
UDP-glucose and 3-PGA are 0.80 = 0.06 mM and 0.20 + 0.03 mM, respectively (Figure 2.3). As
discussed in 2.1.4, the D***X**D® motif and the loop 253-262 were proposed to contribute to
substrate binding. So, the residues D134, D136, R256, and R261 were selected to study their
specific roles in MtGpgS activity. Moreover, the residue T187 was proposed to be involved in
acceptor recognition. Therefore, in order to understand the roles of these active site residues, five
mutations D134A, D136A, T187A, R256A, and R261A were designed and constructed on
MtGpgS (Figure 2.4). Alanine was utilized to substitute target residues since it is small and
neutral. The kinetic parameters of five MtGpgsS variants were determined by PK-LDH assays and

shown in Table 2.4. Substitution of any aspartate residue from DXD motif, which plays an
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important role in UDP and Mg?* binding, results in undetectable activity. The T187A variant
exhibits a 100-fold decrease in the value of ke, relative to wild type MtGpgS, while its K, values
for UDPG and 3PGA do not show obvious changes. Both residues R256 and R261 are from a
flexible loop (253-262), which is proposed to be critical in substrate binding and catalysis. [23]
The ket and K values of R256A variant are not obtainable due to high Ky, values, but Ke/Knm
values with varying UDPG and 3PGA concentrations were determined. The Ke./Kupps and
Kea/ Kspea values are reduced by 636- and 2388-fold, respectively, relative to wild type MtGpgs.
However, the R261A variant does not show a dramatic kinetic difference with wild type. The K
value only decreases by 2-fold, and K, values corresponding to UDPG and 3PGA increase by 2-

and 5-fold, respectively.

50
50 + E
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30 |- A

% (min'l)

10 - B 10 4

O 1 1 1 1 1 0 1 1 1
0 1 2 3 4 5 6 0 0.5 1 15 2 25

[UDPG] (mM) [3-PGA] (mM)

Figure 2.3. Michaelis-Menten plots of wild type MtGpgS. The initial velocity for UDPG and
3PGA were shown in (A) and (B) respectively.
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Figure 2.4. Substituted residues of MtGpgS. Selected residues for substitution were labeled in

MtGpgS crystal structure with UDP, Mg®*, and 3PGA. Made with Chimera. PDB: 3e25.

Table 2.4. Kinetic parameters of wild type MtGpgS and variants. ND means not detectable.

Wild Type |50+2 0.80 +0.06 0.20+0.03 705 215+ 25
D134A ND ND ND ND ND
D136A ND ND ND ND ND
T187A 0.70 +0.03 0.48+ 0.07 0.74 +0.09 1.43+0.16 0.85+0.09
R256A ND ND ND 0.11+0.01 0.09 +0.01
R261A 23+1 15+01 1.1+01 149+0.8 185+1.3
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2.3.2 Peptide Map of MtGpgS

Tandem MS/MS technology and Peaks Client software were used to generate the peptide
map of MtGpgsS (Figure 2.5). By using the elution method described in Table 2.2, about 95% of
peptides are detected. In order to minimize back-exchange of amide hydrogens, the gradient time
was reduced to 12 min, which is listed in Table 2.3. The reduction of gradient time results in loss

of some peptides. As shown in Figure 2.5, about 83.6% of peptides are determined by tandem

MS/MS.
10 20 30 40 50
MTASELVAGD LAGGRAPGAL PLDTTWHRPG WITIGELEAAK AGRTISVVLP
60 70 g0 g0 100
ATNEEATIES VIDSISPLVD GLVDELIVLD SGSTDDTEIERE ATASGARVVS
110 120 130 140 150
REQATLPEVPV EPGKGEALWER SLAATSGDIV VFIDSDLINP HPLEVPWLVG
160 170 180 190 200
PLLTGEGIQL VESEYERPLQ) VSDVTSGVCA TGGGRVTELV ARPLLAATERP
210 220 230 240 250
ELGCVLOQPLS GEYAASRELL TSLPFAPGYG VEIGLLIDTE DRLGLDATAQ
260 270 280 290 300
VNLGVEAHEN EPLDELGAMS BROQVIATLLSE CGIPDSGVGL TQFLPGGPDD
310 320
SDYTRHTWPV SLVDRPPMEV MREPE

Figure 2.5. Peptide map of MtGpgS. MtGpgS was digested by pepsin and generated peptides
were subject to collision induced dissociation (CID). MS/MS data was analyzed using software
Peaks Client.
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2.3.3 Solvent Accessibility Changes on Substrate Binding

The deuteration level at 15s can be used to estimate the relative D,O accessibility of a
protein’s backbone amide hydrogens. In order to observe the difference in solvent accessibility
between free protein and protein-ligand complex, the solvent accessibility of free MtGpgS was
compared with MtGpgS-UDPG and MtGpgS-3PGA complex. Figure 2.6 (A) shows the
percentage difference in solvent accessibility between free MtGpgS and the MtGpgS-UDPG
complex. Most peptides have decreases in solvent accessibility on UDPG binding, except
peptides 7-24 and 233-239, which show minor increases in solvent accessibility. Considerable
protection by UDPG is observed for peptides 47-52, 50-54, 103-118, 133-144, and 164-173.
They have percentage difference greater than 5% and are labeled on MtGpgS crystal structure
(Figure 2.6 B). These peptides show significant decreases in solvent accessibility, suggesting that
some backbone amide hydrogens are buried due to the binding of UDPG. As shown in Figure
2.6, these peptides are surrounding the binding site of UDPG, confirming that these peptides
provide the binding site for UDPG and may have interactions with the substrate in order to
stabilize it.

The difference plot between free MtGpgS and the MtGpgS-3PGA complex shows that
more peptides are protected by 3PGA compared to the MtGpgS-UDPG complex (Figure 2.7
A).Peptides showing decreases in solvent accessibility larger than 5% are labeled in the crystal
structure of MtGpgsS. As shown in Figure 2.7 (B), the peptides expected to compose the 3PGA
binding site are protected, including peptides 189-195, 254-268, and 269-277. They show
significant decreases in solvent accessibility on 3PGA binding. Moreover, the peptides
surrounding the UDPG binding pocket also show protection by 3PGA, including peptides 50-54,

55-60, 77-91, 92-102, 133-144, and 164-173. So, the binding of 3PGA induces decreases in
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solvent accessibility of both binding sites for UDPG and 3PGA. Therefore, it is proposed that

3PGA can bind to or can allosterically affect the UDPG binding site.

A

15\\\\\\\\\\\\\\\\\\\\\\\\\\

10 - B

% Difference in Deuteration

_15\\\\\\\\\\\\\\\\\\\\\\\\\\

Figure 2.6. Solvent accessibility changes of MtGpgS on UDPG binding. (A) % Difference in
solvent accessibility between free MtGpgS and MtGpgS-UDPG complex. It was calculated by
subtracting percentage of deuterium incorporated of MtGpgS-UDPG complex from that of free
MtGpgS. The positive and negative values of y axis correspond to increase and decrease in
solvent accessibility, respectively. (B) Peptides with significant decrease in solvent accessibility
were mapped in crystal structure of MtGpgs, with UDP in sphere format. Made with Chimera.
PDB: 3e25
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A % Difference in Deuteration for 3PGA
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% Difference in Deuteration

Figure 2.7. Solvent accessibility changes of MtGpgS on 3PGA binding (A) % Difference in
solvent accessibility between free MtGpgS and MtGpgS-3PGA complex. (B) Peptides with
significant decrease in solvent accessibility were mapped in crystal structure of MtGpgS, with
UDPand 3PGA in sphere format. Made with Chimera. PDB: 3e25
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Figure 2.8. Deuterium incorporation curves of peptides from MtGpgS on UDPG binding. Black
curve represents percentage of deuterium incorporation of free MtGpgS, and red curve represents
that of MtGpgS-UDPG complex. Made with KaleidaGraph.

Figure 2.9. Dynamic Changes of peptides on UDPG binding. Peptides showing dynamic
changes on UDPG binding were labeled on crystal structure of MtGpgS dimer with UDP marked
as sphere. Draw with Chimera. PDB: 3e25
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2.3.4 Dynamic Changes of MtGpgS on UDPG Binding

The dynamic changes of MtGpgS on substrate binding could be detected by comparing
deuterium incorporation curves of free MtGpgS with substrate-bound MtGpgS. The solvent
accessibility changes of MtGpgS on UDPG binding show that the peptides surrounding the
binding site of UDPG have decreases due to the binding of UDPG. So, the UDPG binding is
expected to induce dynamic changes in these peptides. The HDX-MS data shows three peptides
47-52, 50-54, and 77-91 have dynamic changes on UDPG binding (Figure 2.8). These peptides
are proposed to be involved in UDPG binding. The side chain of Glu54 is predicted to form a
hydrogen bond with the hydroxyl group of the ribose (Figure 2.9). [10] This is supported by
decreased dynamics of the region from residue 47 to 54. Peptides 47-52 and 50-54 show
reduction in exchange rate by 4-fold and 3-fold, respectively. Another residue Ser81 is predicted
to form a hydrogen bond with the uracil moiety, which is supported by 3-fold reduction in
exchange rate for peptide 77-91. A flexible loop from residues 164 to 173, missing in the crystal
structure, shows about 20% decrease in deuterium incorporation. It indicates that the loop loses
some conformational flexibility due to the binding of UDPG. Overall, the binding of UDPG does
not induce large conformational changes of MtGpgS, suggesting that MtGpgS may have a
necessary conformation for UDPG binding.
2.3.5 Dynamic Changes of MtGpgS on 3PGA Binding

While the binding of UDPG does not induce major conformational changes of MtGpgs,
the deuterium incorporation curves of peptides listed in Figure 2.10 reveal that MtGpgS has
significant dynamic changes on 3PGA binding. Peptides showing dynamic changes on 3PGA
binding are labeled on the crystal structure of MtGpgS dimer (Figure 2.11). This figure shows

the binding of 3PGA induces dynamic changes of peptides located at both binding sites of
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UDPG and 3PGA. So, the dynamic changes of MtGpgS upon 3PGA binding are consistent with
the conclusion drawn from changes in solvent accessibility that 3PGA can bind to or

allosterically affect the UDPG binding site.
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Figure 2.10. Deuterium incorporation curves of peptides from MtGpgS. Black curve represents
percentage of deuterium incorporation of free MtGpgs, and red curve represents that of MtGpgS-
3PGA complex. Made with KaleidaGraph.

Some regions located at the N-terminal domain and proposed to contribute to the UDPG binding
have changes in dynamics. Peptide 47-54 containing the residue Glu54 shows a decrease in
exchange rate by 5-fold, supporting the formation of the hydrogen bond between the side chain
of Glu54 and the hydroxyl group of the ribose (Figure 2.12). Peptide 77-91 shows a decrease in
exchange rate by 4-fold, supporting the importance of the residue Ser81. The dynamic changes
of these two regions are consistent with the dynamic changes of MtGpgS on UDPG binding.

Another region of UDPG binding site showing dynamic changes is located at peptide 132-137.



The DXD motif (residues 134-136) is predicted to be important for UDPG and Mg** binding,
supported by 5-fold reduction in exchange rate of the peptide 132-137. The decreasing dynamics
of these regions support the conclusion that 3PGA can bind to or allosterically affect the UDPG
binding site. In addition to the UDPG binding site showing dynamic changes, some other regions
from the N-terminal domain also have dynamic changes on 3PGA binding. Peptide 37-46 has a
4-fold reduction in exchange rate, suggesting it has decreasing dynamics on 3PGA binding.
Peptides 55-60 and 60-72 compose an a-helix within the Rossmann-like fold, showing 4-fold
decrease in exchange rate and 20% decrease in deuterium incorporation, respectively. Moreover,
peptide 92-102 neighbor to the peptide 77-91 also shows 20% decrease in deuterium
incorporation, and peptide 119-128 located at an a-helix within the Rossmann-like fold shows 5-
fold reduction in exchange rate. The dynamic changes of these peptides support the conclusion

of the decreasing dynamics of the N-terminal domain induced by 3PGA binding.

Figure 2.11. Dynamic Changes of peptides on 3PGA binding. Peptides showing dynamic
changes on 3PGA binding were labeled on crystal structure of MtGpgS dimer with UDP and
3PGA which were acted as sphere. Made with Chimera. PDB: 3e25
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Figure 2.12. Residues involved in substrates binding. Residues contributing to substrates binding
were labeled in structure of MtGpgS. Made with Chimera. PDB: 3e25

Dynamic changes of the C-terminal domain induced by 3PGA binding are also observed.
As shown in Figure 2.11, the interface between two MtGpgS monomers has decreasing
dynamics, supported by the dynamic changes located at the interface. Peptides 189-195 and 196-
203 show decreases in exchange rate by 9-fold and 3-fold, respectively. The two residues Val186
and Thr187 are proposed to form interactions with 3PGA (Figure 2.12). The loop containing
these two residues is missing in HDX-MS experiments. But, decreasing dynamics of the peptide
189-195 may provide an evidence for the dynamic change of this missing loop. Another two
peptides 237-245 and 269-277 also show significant decreases in exchange rate, suggesting that
the dimer interface has decreasing dynamics on 3PGA binding. In addition to the dynamic
changes of the dimer interface, two regions proposed to contribute to UDPG binding are
identified to have dynamic changes. Peptide 221-232 containing Tyr229 has 3-fold decrease in

exchange rate, supporting the proposal that the side chain of Tyr229 may have an interaction
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with the phosphate group of UDPG. The flexible loop 253-262 is identified to have two
conformations on UDPG binding by obsersing crystal structures of MtGpgS. [23] It is supported
by the dynamic change of peptide 254-268. So, the binding of 3PGA induces the loss of
conformational flexibility of this loop. Moreover, the decreasing dynamics of the peptide 254-
268 supports the possibility that the side chain of Arg261 may form an interaction with UDPG.
Besides the dynamic changes happening in the UDPG binding site and dimer interface, more
peptides located at the C-terminal domain show decreasing dynamics. Peptides 213-220 and 248-
253, composed of B-sheets from the C-terminal domain, show decreases in exchange rate by 6-
fold and 5-fold, respectively. Furthermore, the end of the C-terminal domain also shows
decreasing dynamics, supported by dynamic changes of peptides 303-312 and 313-324. The
flexible loops were reported to be important for the MtGpgS substrate binding and activity,
supported by the HDX-MS data. [23] Two loops are detected to have dynamic changes,
including the loop 253-262 described above and the loop 165-184. The dynamic change of the
loop 165-184 is supported by 30% decrease in deuterium incorporation of peptide 164-173.
Overall, the dynamic changes of MtGpgS on 3PGA binding suggest that the binding of 3PGA
can induce decreasing dynamics of substrate binding sites, dimer interface, as well as the surface
of both domains, supporting the conclusion that 3PGA can induce the dynamic changes of the
UDPG binding pocket allosterically or by binding to it.
2.4 Discussion
2.4.1 Roles of Active Site Residues in MtGpgS

The crystal structure of MtGpgS has been determined, and two conserved architectures
are proposed to play a role in substrate binding. [10] The DXD motif is conserved in GT-A

enzymes and significant for substrate binding. So, the residues D134 and D136 contained in the
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DXD motif of MtGpgS are predicted to be important for UDPG and Mg?* binding. Another
conserved architecture in GT-A enzyme is a flexible loop (residues 253-262 in MtGpgS). This
loop has been implicated to contribute to catalytic activity and substrate specificity of several
GT-A enzymes including MtGpgS. So the two residues R256 and R261 may be essential to the
catalytic activity. Moreover, the residue D178 is proposed to be involved in 3PGA recognition.
Based on their importance, the variants of these five residues were constructed in order to study
their specific roles in substrate binding and enzymatic catalysis.

The DXD motif is a determining characteristic in GT-A glycosyltransferase. [24-25]

® motif, in which both aspartate

MtGpgS is identified to have conserved Asp™**Ser'*Asp®
residues are involved in UDP and Mg”* binding. [10] The D134 residue forms a hydrogen-
bonded network with K114 and E232, and these three residues are predicted to have interactions
with UDPG. The kinetic assay of the D134A variant shows that its kinetic parameters cannot be
detected, indicating that residue D134 is essential to the activity of MtGpgS. The Frantom lab
has reported that the substitution of K114 with alanine results in insoluble enzyme, indicating
this residue is important for integrity of MtGpgS. The E232A variant results in a fully
functioning enzyme, suggesting this residue is not critical to the MtGpgsS activity. [26] So within
this hydrogen-bonded network, only the residue D134 is indispensable to the function of
MtGpgS. The second aspartate was reported to coordinate with Mg?* which bridges the oxygens
of the UDP a and B phosphates. [10] The undetectable activity of D136A variant is consistent
with the role of D136 playing in ion binding, which is required by the activity of MtGpgs.

3PGA is predicted to form hydrogen bonds with the main chain nitrogen of V186 and

side chain of T187. [10] The T187A variant shows about 100-fold decrease in reaction velocity,

suggesting the important role of T187 in MtGpgs catalysis. However, the K, values for UDPG

60



and 3PGA have minor changes relative to wild type MtGpgS, indicating that both substrates
UDPG and 3PGA can bind to MtGpgS as normal even though T187 was substituted by alanine.
The substitution of T187 is proposed to lead to the reorientation of 3PGA which has an effect on
reaction velocity.

The loop 253-262 was reported to be the only one significant structural change of
MtGpgS upon substrate binding. [10] Residues R256 and R261 were selected for site-directed
mutagenesis since the side chain of Arg256 participates in Mg®* coordination and R261 makes
electrostatic interaction with the a-phosphate of the UDP. [23] The substitution of R256 results
in undetectable ke and Kp, values of the R256A variant. So the kea/Kn values for UDPG and
3PGA were calculated and shown to be reduced by 636-fold and 2388-fold, respectively. It
indicates that R256 residue is essential to the binding of UDPG and 3PGA. It also confirms the
significance of the flexible loop 253-262 which has structural changes when substrates bind to
MtGpgS. Compared with R256A variant, R261A variant shows smaller difference in key and Kp,
values. It suggests that residue R261 is dispensable for catalysis of MtGpgsS.

2.4.2 Insight into Dynamic Changes of MtGpgS

As discussed in 2.3.4 and 2.3.5, MtGpgS may have a necessary conformation for UDPG
binding, but it goes through large conformational changes upon 3PGA binding. The binding of
3PGA induces dynamic changes of both UDPG and 3PGA binding sites. As shown in Figure
2.10, the peptides 47-54, 77-91, 132-137, 221-232, and 254-268 display significant decreases in
exchange rate. These peptides contain important residues that may form interactions with UDPG
and Mg?*, including Glu54, Ser81, Asp134, Aspl36, Tyr229, and Arg256 (Figure 2.12). The
decreasing dynamics of these peptides confirms the significance of these residues for substrate

binding, which is also consistent with the kinetics of MtGpgS variants. The undetected activity of
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D134A and D136A variants supports the role of DXD motif in MtGpgS activity, which is also
confirmed by the decrease in exchange rate of the peptide 132-137. The reduced dynamics of the
peptide 254-268 is also consistent with the low activity of the R256A variant, indicating the
essential role of R256 in MtGpgS catalysis. Moreover, the peptides 189-195, 196-203, 237-245,
and 269-277 also show decreases in dynamics, indicating the dynamics of dimer interface is
reduced upon 3PGA binding. It suggests that the dynamic changes of dimer interface may be
necessary for MtGpgs activity.

The catalytic site of MtGpgS was proposed to be preformed before donor and acceptor
binding, since very few differences were found between the conformations of the free and
complexed MtGpgs in the crystal structure. [23] However, the HDX-MS data disagrees with the
proposal. The free MtGpgS indeed provides a necessary confirmation for UDPG binding since
the UDPG binding does not induce any significant changes in MtGpgS. While MtGpgsS displays
significant changes in dynamics on 3PGA binding. The peptides involved in substrate binding
sites and located at dimer interface show decreases in dynamics. These changes in dynamics are
proposed to be required by 3PGA binding and MtGpgs activity.

2.4.3 Substrate Binding Mechanism of MtGpgS

Kinetic and structural studies have reveled that most GT- A glycosyltransferases follow
an ordered mechanism that nucleotide sugar donor binds first prior to the binding of the acceptor.
[23] Isothermal titration calorimetry (ITC) was applied to study substrate binding reactions of
MtGpgS. The ITC data demonstrated that binding of UDPG and 3PGA are sequential. [23]
However, the HDX-MS data disagrees with the ITC data. The solvent accessibility of peptides
surrounding the 3PGA binding site decreases due to the binding of 3PGA, indicating that the

residues involved in the 3PGA binding pocket are protected by 3PGA. Moreover, the binding of
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3PGA induces significant dynamic changes of MtGpgS in the absence of UDPG. These

evidences support that 3PGA can bind to MtGpgsS independently.

25 mM [3PGA] 15 mM [3PGA]

T 71

0.5 mM [3PGA]
1 mM [3PGA]

0 5 10 15 20 25 30 35 0 0.602 0.604 0.(;06 0.608 0.61 0.012
[3-PGA] (mM) 1/[UDP-Glu] (upM™)

Figure 2.13. Substrate inhibition of MtGpgS by 3PGA versus UDPG. (A) x axis is the
concentration of 3PGA, and y axis is the velocity of reaction. (B) x axis is 1/[UDPG] and y axis
is 1/keat. In each reaction, the concentration of 3PGA is a constant marked in red. [26] Made with
KaleidaGraph.

The decrease in solvent accessibility of MtGpgS due to the binding of 3PGA suggests
that the peptides involved in both UDPG and 3PGA binding pockets are protected by 3PGA. It
supports that 3PGA can bind to or allosterically affect the UDPG binding site. Furthermore, the
deuterium incorporation curves of MtGpgS-3PGA complex relative to free MtGpgS display that
the peptides surrounding the UDPG binding site have decreasing dynamics on 3PGA binding.
The decreases in solvent accessibility and dynamics points out a possibility that 3PGA may
compete to the UDPG binding site with UDPG. This proposal is confirmed by the substrate
inhibition mechanism of MtGpgS by 3PGA versus UDPG (Figure 2.13). [26] The kinetic plot

shown in Figure 2.13 (A) indicates that high concentration of 3PGA inhibits the activity of

MtGpgs since the velocity of reaction decreases due to the increase of 3PGA concentration. The
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plot shown in Figure 2.13 (B) suggests that 3PGA is a competitive inhibitor. The four curves
intersect at one point when the concentration of UDPG is infinitely high, indicating 3PGA
cannot inhibit the activity of MtGpgS when UDPG is saturated. Moreover, the reaction velocity
increases when the concentration of 3PGA increases from 0.5mM to 1mM, while the velocity
decreases when the concentration of 3PGA continues to increase from 15mM to 25mM. Both
two plots showed that 3PGA is a competitive inhibitor versus UDPG, which is also supported by
the HDX-MS data.
2.4.4 Role of Loop Flexibility in Substrate Recognition and Binding

Loop mobility around the active site upon ligand binding has been reported for some
members of GT families. [27] The two loops of inverting GT B-(1, 4)-galactosyltransferase were
revealed to have conformational changes by comparing substrate bound and unbound crystal
structures. [28] The active site of retaining GT a-(1, 4)-galactosyltransferase LgtC is almost
buried by two loops that play an important role in organizing substrates before reactions.
Essential dynamics analysis (EDA) revealed a limited movement in one loop and a larger
conformational change in another loop. [29] In GT-A superfamily, several loops of N-acetyl-a-
galactosaminyl-transferase were identified to have conformational changes. Especially, the loop
(residues 361-377) that is folded back over the active site might be involved in positioning
substrates into active site since it undergoes a large movement on substrate binding. [27] So it is
proposed that loop mobility around the active site may be a general feature of GT-A superfamily,
which required further testing of other members of this superfamily. [27] The HDX-MS data of
MtGpgS displays that the loops indeed play a significant role in substrate recognition and
binding, supporting the proposal. The loops 106-112, 133-142, and 165-184 are identified to

contribute to the recognition of substrate UDPG, since the peptides involving these three loops
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show significant decreases in solvent accessibility on nucleotide binding (Figure 2.6 A). The
binding site of UDPG has been preformed before binding, thus very few dynamic changes of
MtGpgS are observed on UDPG binding. Furthermore, the loop mobility plays a key role in
recognition and binding of 3PGA. Five loops of MtGpgS show significant decreases in solvent
accessibility and dynamics on 3PGA binding (Figure 2.7A and Figure 2.8). Two loops (residues
165-184 and 253-262) are located around the binding site of 3PGA. They might be responsible
for recognizing and positioning 3PGA in the active site. The loops 106-112 and 133-142 are
involved in nucleotide binding site. They show decreases in solvent accessibility and dynamics
because 3PGA can bind to nucleotide binding site in the absence of UDP-GIcNAc. The loop
303-316 is located at the end of C-terminal domain and far away from the active site. Therefore,
the dynamic changes of these loops confirm that the loop mobility is necessary for substrate

binding and catalysis of MtGpgs.
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CHAPTER 3

INSIGHTS INTO CONFORMATIONAL CHANGES OF RETAINING
GLYCOSYLTRANSFERASE MSHA FROM CORYNEBACTERIUM GLUTAMICUM

3.1 Introduction
3.1.1 Significance of Mycothiol (MSH)

In most organisms, proper cellular function requires maintenance of appropriate reducing
environment in cells. It is usually achieved by synthesis and cellular balance of low-molecular-
weight thiols. [1] Glutathione is the major thiol in Gram-negative bacteria and eukaryotes, while
in the Actinomycetales, mycothiol (MSH) is the predominant thiol. [2] MSH is composed of a
cysteine residue with an acetylated amino group linked to glucosamine, which is then linked to
inositol (lllustration 3.1). Actinomycetales deficient in MSH biosynthesis are identified to be
more susceptible to oxidants and antimicrobial agents, making MSH important for the existence

and growth of Actinomycetales. [3]
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Illustration 3.1. Structure of MSH. Made with ChemDraw Professional 15.0
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The Actinomycetales family has high diversity in function and is important to humans.
On the positive side, Corynebacterium species are often utilized in industrial large-scale
production of amino acids. [4] On the negative side, some members of Actinomycetales are the
causative agents of various diseases, such as Mycobacterium tuberculosis that accounts for over
one million deaths annually. [5] MSH is the primary thiol found in mycobacteria and the
important role MSH plays in mycobacteria suggests that the MSH metabolism may provide
potential targets for new drugs against M. tuberculosis. [6] This is supported by studies of
Mycobacterium smegmatis mutants blocked in MSH biosynthesis. These mutants were shown to
have enhanced sensitivity to rifampin and other antibiotics. [3, 7]
3.1.2 Biosynthetic Pathway of MSH

The biosynthetic pathway of MSH contains at least four enzymes: MshA, MshB, MshC,
and MshD (lllustration 3.2). [8] MshA catalyzes the initial step of MSH biosynthesis,
transferring N-acetylglucosamine from UDP-N-acetylglucosamine (UDP-GIcNACc) to 1-L-myo-
inositol 1-phosphate (11P) and producing 3-phospho-1-D-myo-inosityl-2-acet-amido-2-deoxy-a-
D-glucopyranoside (GIcNAc-Ins-P). [9-10] GIcNAc-Ins-P is dephosphorylated by an unknown
phosphatase, producing GIcNAc-Ins. [9] Then GIcNAc-Ins is deacetylated by MshB and
subsequently cysteinylated by MshC, producing Cys-GIcN-Ins. [11-14] Finally, MSH is
generated by acetylation of Cys-GIcN-Ins. [15] Gene disruption studies of these four enzymes
were carried out in order to investigate their significance. The mutants blocked in MSH
biosynthesis were reported to be not viable in M. tuberculosis (Erdman strain). [16] Of the four
genes, mshA and mshC, encoding MshA and MshC respectively, were identified to be vital to the
production of MSH and viability of bacteria. [16-17] However, the interruption of genes mshB

and mshD, encoding enzymes MshB and MshD, respectively, could be complemented by either
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the product of interrupted synthesis or a promiscuous cellular activity. [18-19] Therefore, the
enzymes MshA and MshC become important potential drug targets for the treatment of

tuberculosis and infections by other Actinomycetales.
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Illustration 3.2. Biosynthesis pathway of MSH. Made with ChemDraw Professional 15.0
3.1.3 Crystal Structure of CgMshA

Based on sequence similarity, MshA is grouped into the GT-4 family of
glycosyltransferases. As discussed in Chapter 1, GTs can be termed retaining and inverting based
on the configuration of the anomeric centre of sugar donor. MshA is identified to be the retaining
glycosyltransferase. Based on MshA structure, it is identified to have the GT-B fold. [20] As

shown in Figure 3.1, MshA from C. glutamicum (CgMshA) monomer contains two domains.
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The N-terminal domain (residues 1-196 and 391-418) contains eight B-sheets bounded by six a-
helices. The C-terminal domain (residues 197- 390) contains six p-sheets bounded by eight a-
helices. The B-sheets of C-terminal domain are parallel, whereas -sheets of N-terminal domain
are a mixture of parallel and anti-parallel strands. The two domains of CgMshA are connected by
the hinge residues 193-208. As shown in CgMshA structure, both domains contain Rossmann-
like folds. Gel filtration chromatography data showed that CgMshA is a dimer in solution. [20]
This is supported by crystal structure of CgMshA dimer, which shows the dimer interface is

completely composed of residues from the N-terminal domains of two CgMshA monomers.
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Domain //
) AW Domain
N-terminal N-terminal.

Domain Domain

Figure 3.1. Crystal structure of CgMshA dimer in the absence of substrates. Blue color
represents B strands and red color represents o helices. The N- and C-terminal domains are
connected by the flexible loops labeled as hinge. The interface of dimer is composed of residues
involved in N-terminal domain. Made with Chimera. PDB: 3c48.
3.1.4 Conformational Changes of CgMshA on Nucleotide Binding

By superimposing the APO structure of CgMshA and the structure of CgMshA bound by
the product UDP, a large conformational change was observed in CgMshA upon the nucleotide

binding. This conformational change brings the binding sites for substrates UDP-GICNAc and

I1P into close proximity (Figure 3.2). [20] The C-terminal domain has a 97° rotation relative to

72



the N-terminal domain and yields a V-shape oligomer. [20] The axis of the rotation is almost
parallel to a-helices (residues 357-408) and intersects the hinge residues connecting two
domains. Therefore, the nucleotide binding induces the formation of a closed form of CgMshA.
Figure 3.3 shows the closed form of CgMshA dimer bound by UDP and I1P. The binding sites
for both substrates are located at the cleft between the N- and C-terminal domains. The majority

of residues having interactions with UDP are located in the C-terminal domain. [20]

N-terminal
Domain

N-terminal
Domain

C-terminal

b Domain
C-terminal

Domain

Figure 3.2. Alignment of the N- and C-terminal domain of CgMshA before and after nucleotide
binding. Free CgMshA was labeled in blue color. CgMshA bound by UDP was in tan color.
Made with Chimera. PDB: 3c48 and 3c4q.
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C-terminal Domain

Domain

N-terminal
Domain N-terminal

Domain
Figure 3.3. Crystal structure of CgMshA dimer in closed conformation. Blue color represents 3

strands and red color represents a helices. The formation of V-shape oligomer due to the binding
of UDP provides binding sites for substrates UDP and 11P. Made with Chimera. PDB: 3c4v.
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Figure 3.4. Active site residues. The residues contributing to substrate binding were labeled in
CgMshA structure with UDP and 11P. Made with Chimera. PDB: 3c4v.
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Some residues were proposed to have interactions with UDP and I1P and may play an
important role in substrate binding (Figure 3.4). [20] As shown in Figure 3.4, the residues
located at the C-terminal domain mainly contribute to the UDP binding. The uracil moiety of
UDP may form polar interactions with the main-chain atoms of Arg294 and the side chain of
Cys262. The ribose of UDP may have an interaction with the side chain of Glu324. And, the
pyrophosphate group may be stabilized by interacting with the main-chain atoms of Leu320,
Val321, and the side chains of Arg231 and Lys236. Upon nucleotide binding and domain
rotation, some residues from the N-terminal domain also contribute to UDP binding. In the new
conformation, GIn15 may form a hydrogen bond with the uracil moiety, and the backbone amide
of Gly23 may be hydrogen bonded to the pyrophosphate group. No significant structural changes
were identified between crystal structures of CgMshA-UDP-I1P and CgMshA-UDP complexes,
but several key residues are required for the binding of 11P. [20] The side chains of Lys78 and
Arg154 can form electrostatic interactions with the phosphate moiety of 11P. Moreover, the side
chains of Tyr10 and Thr134 may form hydrogen bonds with the phosphate group of 11P.

3.1.5 Conclusion

Based on the APO structure of CgMshA and the structure of CgMshA with the
substrates, the large conformational change of CgMshA upon nucleotide binding was identified.
[20] However, the dynamic information of CgMshA on substrate binding is still lacking. The
comparison of crystal structures of CgMshA-UDP and CgMshA-UDP-11P complexes reveals
that the binding of I1P does not induce significant structural changes, but dynamic changes of
CgMshA on the I1P binding are expected. Moreover, the investigation of CgMshA dynamics can
provide important information for other GT-B glycosyltransferases. So HDX-MS was employed

to study dynamic changes of CgMshA on substrate binding. The positively charged residues
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His9, Lys78, and Argl54 were predicted to form electrostatic interactions with the phosphate
moiety of 11P. Moreover, the residue Arg231 was proposed to form a polar interaction with the
phosphate group of UDP. [20] Therefore, site-directed mutagenesis has been utilized to probe
how these residues participate in catalysis.
3.2 Materials and Methods
3.2.1 Materials

Primers for mutagenesis of CgMshA gene were obtained from Eurofins Genomics
(Huntsville, AL). UDP-GIcNAc was purchased from Calbiochem (Billerica, MA). Uridine-5’-
diphosphate  disodium salt hydrate (UDP), NAD®, NADH, glucose-6-phosphate,
phosphoenolpyruvate (PEP), deuterium oxide (D20), and porcine pepsin (3200-4500 u/mg) were
purchased from Sigma-Aldrich (St. Louis, MO). The coupling enzymes pyruvate kinase (PK)
and lactate dehydrogenase (LDH) were obtained from Roche Diagnostics (Indianapolis, IN). The
HisTrap HP, Q Sepharose HP and Phenyl Sepharose HP column were obtained from GE
Healthcare (Piscataway, NJ). Microbore C18 reverse phase column with internal diameter
between 0.5-2.0 mm and a guard column were bought from Phenomenex (Torrance, CA).
Competent E. coli cells (BL21(DE3)pLysS and XL-10Gold) were purchased from Invitrogen
(Grand Island, NYY). All other reagents were obtained from VWR (Radnor, PA).
3.2.2 Overexpression of CgMshA

The plasmid MshA-pET29a was transformed into BL21(DE3)pLysS E. coli cells and
grown in LB media with 0.03 mg/ml of kanamycin, 0.035 mg/ml of chloramphenicol, and 5
mg/ml glucose at 37°C overnight. Then, overnight media was induced into auto-induction media
(2 mM MgSOQOy, 25 mM NayHPOy, 19.6 mM KH,PO4, 50 mM NH4CI, 5 mM Na,SO,4, 14 mM

disodium succinate, 97 mM glycerol, 190 mM lactose, 17 mM glucose, 0.1 g/ml yeast extract,
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and 0.4 g/ml tryptone) with 0.1 mg/ml of kanamycin and 0.035 mg/ml of chloramphenicol at
25°C, 280 rpm until ODgoo of media reached 12. Finally, the cells were harvested by
centrifugation at 6330 xg for 10 minutes at 4°C.
3.2.3 Purification of CgMshA

The cell pellets were resuspended in lysis buffer (100 mM TEA (pH 7.8), 200 mM
ammonium sulfate, 10% glycerol, and 15 mM imidazole), lysozyme (0.25 mg/ml), and DNAase
(10 pg/ml). The resuspended cells were sonicated, and the supernatant was collected by
centrifugation at 34540 xg for 30 minutes at 4°C. CgMshA was purified by using Ni* HisTrap
column (5 ml) with a linear gradient of 15 mM to 300 mM imidazole of 20 column volumes. The
purity of protein was checked by SDS-PAGE gel, and the fractions containing CgMshA were
mixed with 1 M of ammonium sulfate at 4°C for 30 minutes. After the centrifugation of fractions
with SS-34 rotor at 4500 xg and 4°C, the fractions containing CgMshA were loaded onto 20 ml
phenyl sepharose column which was equilibrated with buffer B (20 mM TEA (pH 7.8), 1 M
ammonium sulfate, 10% glycerol, 0.5 mM EDTA, and 1 mM DTT). The bound protein was
eluted out with a linear gradient of 1 M to 0 M (NH,).SO,4 of 20 column volumes. The purest
fractions were dialyzed against 20 mM TEA (pH 7.8). Finally CgMshA was concentrated by
ultracentrifugation to the concentration of about 200 uM and stored in -20°C.
3.2.4 Site-directed Mutagenesis of CgMshA

Oligonucleotide primers of each substitution were designed and are listed in Table 3.1.
The mutations in MshA-pET29a plasmid were created by using QuikChange Lightning site-
directed mutagenesis kit (Stratagene). The detailed procedures of amplifying CgMshA variants
are the same to MtGpgS variants that have been described in 2.2.4. Then, the overexpression and

purification of CgMshA variants are similar to the wild type CgMshA.
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Table 3.1 Sequences of forward and reverse primers of each CgMshA Substitution.

H9A Forward -cgtagctatgatttccatggcecacctctecattgcageag -
HIA Reverse -ctgctgcaatggagaggtggccatggaaatcatagetacg -
K78A Forward - cgtatgaggggctttccgcagaggagcttectactc -
K78A Reverse -gagtaggaagctcctetgeggaaagececcteatacg -
R154A Forward - cggagtcggaggcggctcgcatttgtgagce-

R154A Reverse -gctcacaaatgegagecgectccgacteeg -

R231A Forward -tagtggcttttgtgggtecgttgcageegtttaagg -
R231A Reverse -ccttaaacggctgcaacgcacccacaaaagecacta -

3.2.5 Production of I11P

The gene for inositol-1-phosphate synthase is from Archaeoglobus fulgidus and termed as
Af_INO. The ligation and amplification of Af_INO-pET23a plasmid has been described in
references 20 and 21. The amplified Af_INO-pET23a plasmid was transformed into
BL21(DE3)pLysS E. coli cells and grown in LB media with 0.03 mg/ml ampicillin, 0.035 mg/ml
chloramphenicol, and 5 mg/ml glucose at 37 °C overnight. The Af_INO enzyme was expressed in
auto-induction media containing 0.1 mg/ml ampicillin and 0.035 mg/ml chloramphenicol. The
auto-induction media containing cells were incubated at 37 °C and shaken for 18h. Finally the
cells were harvested by centrifugation at 6330 xg for 10 minutes at 4°C.

The cell pellets were resuspended in buffer A (50 mM Tris, pH 8.5) and sonicated. The
supernatant was collected by centrifugation at 17,000 rpm for 30 min. The collected supernatant
was heated in 80 °C water bath for 5 min and then cooled to 4 °C. Precipitated proteins were

removed by centrifugation. The new collected supernatant was loaded onto a Q anion exchange
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column which was equilibrated with the buffer A. The target protein was eluted out with a linear
gradient of 0 M to 0.25 M (NH,4),SO,4 of 10 column volumes. The fractions containing target
protein were further purified by utilizing a phenyl sepharose column with a linear gradient of 1
M to 0 M (NH,)2SO4. The purity of the target protein was checked by SDS-PAGE, and the pure
fractions were dialyzed in buffer A. Pure Af_INO protein was concentrated by ultrafiltration and
stored in -20 °C.

The synthesis of I1P required Af_INO, glucose-6-phosphate, and NAD". The starting
condition for I1P synthesis was 125 mM glucose-6-phosphate, 0.625 mM ZnCl,, 1.25 mM
NAD®, 3.6 mg Af_INO, and 50 mM Tris, pH 7.5. The reaction was incubated in 85 °C water
bath. Every 45 min 0.5 mM NAD™ and 2 mg Af_INO were added into the reaction. The progress
of I1P synthesis was monitored by PK/LDH coupled assays explained in 3.2.6. The
concentration of I11P was detected by decreasing amount of NADH. Finally the reaction was
stopped when the I11P concentration reached 125 mM.

3.2.6 Steady State Assays and Determination of Kinetic Parameters

The enzymatic activity of CgMshA was measured by PK/LDH coupled assays at 340 nm
(Mlustration 3.3). The standard condition of assay was 50 mM TEA (pH 7.8), 10 mM MgCl,, 200
MM NADH, 500 pM PEP, 20 units of pyruvate kinase (PK), and 55 units of lactate
dehydrogenase (LDH), and saturating concentration of each substrate (UDP-GICNAc and I1P) in
a 1ml reaction at 25 °C. The reactions were initiated by the addition of enzyme. The
determination of kinetic parameters has been described in 2.2.6.

3.2.7 Sequencing of CgMshA by Tandem MS/MS
The amino acid sequences of CgMshA generated from pepsin digestion were determined.

CgMshA was digested with pepsin and the proteolytic peptides were sequenced using MS/MS
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CID. The stock CgMshA was stored in 20% glycerol at a concentration of 100 uM. The
procedures of sequencing were similar to that of MtGpgS. 4 ul of the stock CgMshA was mixed
with 46 ul of H,O. The diluted protein was incubated with 50 pl of quench solution (0.1 M
potassium phosphate, pH 2.4). The protein was digested on ice with 6 pl of 5 mg/ml pepsin for 5
minutes. The final concentrations of CgMshA and pepsin were 4 uM and 0.3 mg/ml,
respectively. The generated peptides were loaded onto the C18 reverse-phase column, which has
been equilibrated with solvent A (98% H,O, 2% ACN, and 0.4 % FA). The peptides were
separated by solvent B (98% ACN, 2% H,0, and 0.4 % FA) with a linear gradient 0% to 50% for
25 minutes (Table 3.2). The separated peptides were sequenced by the ion trap mass
spectrometer. Finally the MS/MS data was analyzed by Peaks Client software and the peptide

map of CgMshA was determined.

UDP-GIcNACc + I1P Cg—MShA> I1P-acetylglucosamine + UDP

UDP + PEP ——— UTP + Pyruvate

LDH +
Pyruvate + NADH =—> NAD + Lactate

Illustration 3.3. Schematic of PK/LDH coupled assay measuring enzymatic activity of
CgMshA.

3.2.8 Continuous HDX-MS Experiments of CgMshA

The D,0 stock and the quench solution were always kept at 25 °C and 0 °C, respectively,
during the course of experiment. Separate HDX-MS experiments were performed with free
CgMshA, CgMshA-UDP-GIcNAc, CgMshA-11P, CgMshA-UDP, and CgMshA-UDP-I1P
complexes. The CgMshA-UDP-GIcNAc complex was generated by incubating 100 uM CgMshA

with 10 mM UDP-GIcNAc for 30 min. Similarly, the CgMshA-I1P and CgMshA-UDP
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complexes were generated by incubating 100 uM CgMshA with 10 mM 1P and 10 mM UDP,
respectively, for 30 min. And the CgMshA-UDP-I1P complex was generated by incubating 100
MM CgMshA with 10 mM UDP and 10 mM I1P together for 30 min. The HDX reaction was
initiated with 46 pl of 99.5% D,0 added to 4 pl of the protein stock or preformed protein
complex. The samples were incubated at 25 °C from 15s to 1h. The reaction was quenched by 50
ul of quench solution on ice. Then, the quenched reaction was digested on ice for 5 min using 6
ul of 5 mg/ml pepsin. The digested peptides were separated by ACN with a linear gradient of
0%-50% for 10 min (Table 3.3). The parameters for the mass spectrometer were set to be the
same to MtGpgs described in 2.2.8.

Table 3.2. Elution method of MS/MS sequencing.

0.00 100 0
1.00 100 0
26.00 50 50
27.00 0 100
37.00 0 100
38.00 100 0
45.00 100 0

Two control experiments Moy and mMaigoe, Were run to correct HDX data. For the mg,
protein stock (4 pl of 100 uM) was incubated with 46 pl of ultrapure water at 25 °C, followed by
quenching and digestion as described above. For the myog, protein stock was incubated with 11-
fold excess of D,O at 50°C for 8 hours. The reaction was quenched using 50 pl of quench

solution and transferred to ice immediately. Then quenched solution was digested as described
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above. Finally the HDX-MS data of the continuous HDX experiments including two controls
were loaded into HD Examiner software, and dynamic curves of all peptides were made by
KaleidaGraph.

Table 3.3. Elution method of continuous HDX-MS experiments.

0.00 100 0
1.00 100 0
11.00 50 50
12.00 0 100
22.00 0 100
23.00 100 0
30.00 100 0
3.3 Results

3.3.1 Steady State Kinetics of Wild Type CgMshA and Variants

PK/LDH coupled assays were performed to determine the kinetic parameters of wild type
CgMshA and its variants. For wild type CgMshA, The ke value is 17.6 + 1.1 s, The Ky, values
for UDP-GIcNACc and I1P are 0.48 £ 0.09 mM and 0.22 £+ 0.04 mM, respectively. Four CgMshA
variants H9A, K78A, R154A, and R231A were designed and constructed in order to understand
the roles of these four residues in catalysis (Figure 3.5). The kinetic parameters of four CgMshA
variants were determined by PK/LDH coupled assays and are listed in Table 3.4. Based on the
crystal structure of CgMshA complex, the residues H9, K78, and R154 are proposed to form

electrostatic interactions with the phosphate moiety of 11P. [20]
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Table 3.4. Kinetic parameters of wild type CgMshA and variants. *Performed at K
concentration of 11P. ND means not detectable.

Wild Type | 176 +1.1 | 0.48+£0.09 0.22 £0.04 37+2 60 + 7
H9A 0.25+0.03 | 1.15+0.33 0.72+0.15 0.25+0.05 0.41+0.09
K78A 4+1* 9+4* 5x1 0.64 +0.04* 0.71 +0.02
R154A ND ND ND ND ND
R231A ND ND ND ND ND

The substitution of R154 results in undetectable activity, suggesting the residue R154 is
crucial to the activity of CgMshA. It is possible that 11P cannot bind to CgMshA without the
interaction with the residue R154. While the undetectable activity of the R154A variant can also
be explained by the high K, values of substrates required. Both explanations support that the
residue R154 plays an essential role in I1P binding. The H9A variant shows reduced activity on
the order of a 70-fold reduction in the kg value as compared to the wild type CgMshA,
suggesting an important role of H9 in CgMshA catalysis. However, the K, values for UDP-
GIcNACc and 11P have minor changes relative to wild type CgMshA. This indicates that both
substrates can bind to CgMshA normally despite the residue H9 being substituted by alanine.
Thus, the substitution of residue H9 probably leads to the reorientation of the substrate I11P,
reducing the reaction velocity. The residue K78 is also proposed to form an electrostatic
interaction with 11P and may play an important role in I11P binding. This is supported by Kinetic
parameters of the K78A variant. The substitution of K78 results in a reduction of kg value but

shows increases in K, values. The side chain of the residue R231 may form an electrostatic
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interaction with the pyrophosphate group of UDP. The substitution of R231 leads to undetectable

activity of CgMshA, suggesting the residue R231 is essential to the catalysis of CgMshA.

Figure 3.5. Substituted residues of CgMshA. Four residues for substitution were labeled in
CgMshA crystal structure bound by UDP and I11P. Made by Chimera. PDB: 3c4v.

3.3.2 Peptide Map of CgMshA

The peptide map of CgMshA was created by analyzing tandem MS/MS sequencing data
using the program Peaks Client. The identified peptides with confidence score (10LgD) greater
than 20 were chosen. With acetonitrile gradient of 0% to 50% for 25 min, about 92% peptides
were determined. In order to minimize the back-exchange, the gradient time was decreased to 10
min, leading to the missing of some peptides. Overall, CgMshA has sequence coverage of 85.2%

(Figure 3.6).
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10 20 30 40 50
MEVAMISMHT SPLOOPGTGD SGGMNVYILS TATELAFRQOGI EVDIYTEATR
&0 70 a0 =11] 100
PSCQGEIVEVA ENLEVINIAA GPYEGLSEEE LPTOLARAFTG GMLSFTRRER
110 120 130 140 150
VITYDLIHSHY WLSGOVGWLL RDLWRIPLIH TAHTLAAVEN SYRDDSDTEE
160 170 180 150 200
SEARRICEQQO LVDNADVLAV NTOEEMODLM HHYDADPDRI SVVIPGEADVE
210 220 230 240 250
LYSPGNDRAT ERSRERELGIF LHTEVVAFVGE RLOFPFEGPUV LIFAVAALED
260 270 280 290 300
RDPDENLEVI ICGGPSGPNA TPDTYRHMAE ELGVERRIREF LDPRPEFSELV
310 320 330 340 350
AVYRAADIVLA VPSFNESFGL VAMEAOASGT PVIAARVGGL PIAVAEGETG
360 370 380 390 400
LLVDGHSPHA WADALATLLD DDETRIRMGE DAVEHARTEFS WAATARQLSS
410
VDGETHHG

LYNDATIANEN

Figure 3.6. Peptide map of CgMshA. CgMshA was digested by pepsin and generated peptides
were subject to collision induced dissociation (CID). MS/MS data was analyzed using software
Peaks Client.
3.3.3 Solvent Accessibility Changes on Substrate Binding

Substrate binding can induce dynamic changes of proteins performing proper functions.
These dynamic changes can be observed by HDX-MS experiments via changes in amount and/or
rate of deuterium incorporation for each peptide. The percentage of deuterium incorporated
within 15s was used to compare the solvent accessibility of backbone hydrogens for free

CgMshA and substrate-bound CgMshA complexes. The difference in solvent accessibility

between free CgMshA and CgMshA-UDP-GIcNAc complex is shown in Figure 3.7 (A).
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Figure 3.7. Solvent accessibility changes of CgMshA on UDP-GIcNAc binding. (A) %
Difference in solvent accessibility between free CgMshA and CgMshA-UDP-GIcNAc complex.
(B) Peptides with significant decrease in solvent accessibility were mapped in crystal structure of
CgMshA, with UDP molecule in sphere format. Made with Chimera. PDB: 3c4v
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Figure 3.8. Solvent accessibility changes of CgMshA on I1P binding. (A) % Difference in
solvent accessibility between free CgMshA and CgMshA-I1P complex. (B) Peptides with
significant decrease in solvent accessibility were mapped in crystal structure of CgMshA, with
UDP and I1P in sphere format. Made with Chimera. PDB: 3c4v
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Figure 3.9. Deuterium incorporation curves of peptides from CgMshA on UDP-GIcNAc
binding. Black curve represents deuterium incorporation of free CgMshA, and red curve
represents that of CgMshA-UDP-GIcNAc complex. Made with KaleidaGraph.

Most peptides of CgMshA are protected by the substrate UDP-GIcNAc, apart from
peptides 138-152, 169-175, and 402-418 showing minor increases in solvent accessibility. The
peptides showing solvent accessibility differences greater than 5% are labeled in CgMshA
structure (Figure 3.7 B). These peptides are located in the C-terminal domain of CgMshA,
indicating that the C-terminal domain provides a binding site for UDP-GIcNAc. This is
consistent with the nucleotide binding location in the crystal structure. Four peptides 229-241,
291-299, 308-314, and 324-334 show over 10% decreases in solvent accessibility. These four
peptides are located at the UDP binding site and contain residues Arg231, Lys236, Arg294, and
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Glu324, which are proposed to have interactions with UDP. The modest protection by UDP-
GIcNAC is observed in peptides 335-343, 344-351, 369-381, 381-388, and 389-398, which are
surrounding the nucleotide binding site. Therefore, the differences in solvent accessibility upon
UDP-GIcNAc binding lead to the conclusion that the substrate UDP-GICNAc can bind to
CgMshA independently and the C-terminal domain provides a binding site.

The solvent accessibility of backbone hydrogens between free CgMshA and CgMshA-
I1P complex was also compared. As shown in Figure 3.8 (A), most peptides are protected by I1P
since these peptides show decreases in solvent accessibility. The peptides showing decreases in
solvent accessibility greater than 5% are labeled in the crystal structure of CgMshA (Figure 3.8
B). Peptides 229-241, 260-281, 291-299, 308-314, 324-334, and 344-351 contribute to the 1P
binding, since these peptides have decreases in solvent accessibility. Thus, I11P can interact with
the C-terminal domain of CgMshA in the absence of UDP-GIcNAC.
3.3.4 Dynamic Changes of CgMshA on Substrate Binding

The difference in solvent accessibility on substrate binding shows both UDP-GIcNAc and
I1P can bind to CgMshA independently. So, it is attractive to study the dynamic changes of
CgMshA induced by both substrates. The significant loss of conformational flexibility is
observed from deuterium incorporation for CgMshA in complex with the substrate UDP-
GIcNAc (Figure 3.9). The peptides showing dynamic changes on UDP-GIcNAc binding are
labeled in the crystal structure of CgMshA dimer (Figure 3.10). These peptides are located in
both the N-terminal and C-terminal domains. The dynamic changes of these peptides support that
CgMshA has a major conformational change due to the binding of UDP-GIcNAC.

As observed in Figure 3.7, UDP-GIcNACc binding leads to solvent accessibility decreases

of peptides located in the C-terminal domain, pointing out the possibility of the C-terminal
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domain having conformational changes. This is supported by deuterium incorporation changes of
peptides from the C-terminal domain. As discussed in 3.1.4, the residues Arg231 and Lys236 are
proposed to form polar interactions with the pyrophosphate group of UDP-GIcNAc. This is
supported by 6-fold decrease in exchange rate of peptide 229-241. Moreover, peptide 291-299
has significant reduction in exchange rate by 14-fold on UDP-GIcNAc binding, supporting the
formation of an interaction between the residue Arg294 and the uracil moiety. Another region
contributing to UDP-GIcNAc binding is located at peptide 323-334. The residue Glu324 is
predicted to form an interaction with the ribose, supported by 15-fold reduction in exchange rate
of the peptide 323-334. Several loops involved in the C-terminal domain also show loss of
conformational flexibility. Peptide 199-207, composing the hinge connecting two domains of
CgMshA, shows a decrease in exchange rate by 7-fold. Loop 312-319 is observed to surround
the nucleotide in the structure of CgMshA-UDP complex. So, CgMshA is predicted to have a
conformational change when UDP-GIcNAc binds to it. This proposal is supported by 4-fold
reduction in exchange rate of peptide 308-314. Moreover, peptide 335-351 containing loops 336-
339 and 344-349, has a decrease in exchange rate by 10-fold. It indicates the flexibility of loops
is important for substrate binding. In the C-terminal domain, more regions are detected to have
dynamic changes, though they are not located at the binding site. Peptides 224-248, 242-248, and
275-281 composing the Rossmann-like fold, show significant decreases in deuterium
incorporation and exchange rate. Moreover, the two helixes, peptides 300-307 and 352-365, have
decreases in exchange rate by 13-fold and 6-fold, respectively. Peptides 369-381 and 381-388,
located at the surface of the C-terminal domain, also have decreases in exchange rate. Overall,

the dynamic changes of these peptides support the conclusion that the UDP-GICNAC binding

induces a large conformational change in the C-terminal domain.
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308-314

335-351

Figure 3.10. Dynamic changes of CgMshA on UDP-GIcNAc binding. Peptides having dynamic
changes on UDP-GIcNAc binding were labeled on crystal structure of CgMshA dimer bound by
UDP marked in sphere. Made with Chimera. PDB: 3c4v

As shown in Figure 3.10, not only the C-terminal domain but also the N-terminal domain
has dynamic changes on UDP-GIcNACc binding, supporting that the nucleotide binding induces a
large conformational change of CgMshA observed in crystal structures of free CgMshA and
CgMshA complex. Several regions located at the N-terminal domain are detected to have
decreasing dynamics, suggesting these regions may have interactions with UDP-GIcNAc.
Peptide 26-31 has a decrease in exchange rate by 5-fold, supporting the residue Val26 may form
a hydrogen bond with the uracil moiety. Peptides 105-110 and 169-175 may contribute to the
stabilization of acetylglucosamine molecule since the residues Tyr110 and Asnl71 may form

hydrogen bonds with the acetylglucosamine. This is supported by the decreasing dynamics of the

peptides 105-110 and 169-175. The crystal structure of CgMshA dimer displays that the N-
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terminal domains of two CgMshA monomers provide the interface for the dimer. The HDX data
suggest that the interface has a dynamic change due to the binding of UDP-GICNAC. Peptides 77-
85 and 111-119 show about 20% decrease in deuterium incorporation, and peptides 153-158 and
159-165 also have significant decreases in amount of deuterium incorporated, indicating that
some backbone hydrogens of dimer interface are buried due to the UDP-GIcNAc binding.
Furthermore, another two peptides 389-398 and 402-409, located at the surface of the N-terminal

domain, show about 30% decrease in deuterium incorporation.
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Figure 3.11. Deuterium incorporation curves of peptides from CgMshA on I1P binding. Black
curve represents deuterium incorporation of free CgMshA, and red curve represents that of
CgMshA-11P complex. Made with KaleidaGraph.

Figure 3.12. Dynamic changes of CgMshA on I1P binding. Peptides having dynamic changes on
I11P binding were labeled on crystal structure of CgMshA dimer bound by I1P marked in sphere.
Made with Chimera. PDB: 3c4v
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Figure 3.13. Comparison of deuterium incorporation curves between CgMshA-UDP-GIcNAc
and CgMshA-UDP complexes. Black curve represents deuterium incorporation of CgMshA-
UDP-GIcNAc complex, and red curve represents deuterium incorporation of CgMshA-UDP
complex. Made with KaleidaGraph.

The solvent accessibility changes suggest the 11P can bind to the C-terminal domain of
CgMshA independently, which is strongly supported by the dynamic changes of CgMshA on I1P
binding (Figure 3.11). All of these peptides show decreases in exchange rate, suggesting these
regions have decreasing dynamics on I1P binding. As shown in Figure 3.12, these peptides are
located at the C-terminal domain that provides a binding site for I1P. So, the C-terminal domain

has a dynamic change when I1P binds to it. However, compared with the dynamic changes of

CgMshA induced by UDP-GIcNACc, peptides located at the N-terminal domain do not have any
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dynamic changes on I1P binding. It is very likely that the binding of I1P cannot induce a major
conformational change observed from crystal structures. Thus, a conclusion is drawn that both
substrates can bind to CgMshA independently and induce dynamic changes of CgMshA, but

only UDP-GIcNAc can induce the transition of CgMshA from an open to a closed form.

369-381

Figure 3.14. Differences in dynamic changes upon UDP and UDP-GIcNAc binding. Peptides
showing dynamic changes between CgMshA-UDP-GIcNAc and CgMshA-UDP complexes were
labeled in crystal structure of CgMshA dimer. Made with Chimera. PDB: 3c4v

Comparison of crystal structures between CgMshA-UDP complex and CgMshA-UDP-
I1P complex displays that the 11P binding does not have effects on CgMshA conformation in the
presence of UDP-GIcNAc. [20] However, the dynamic changes of CgMshA on I1P binding are
expected in the presence of UDP-GIcNAc. So HDX-MS was employed in order to study the
further dynamic changes of CgMshA on I1P binding. HDX-MS experiments of CgMshA bound
by UDP were performed first in order to see if UDP can work as UDP-GIcNACc inducing the

major conformational change of CgMshA. The deuterium incorporations are compared between

free CgMshA and CgMshA-UDP complex. The HDX data shows that UDP can induce the major
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conformational change of CgMshA. Interestingly, the differences in deuterium incorporation
between CgMshA-UDP and CgMshA-UDP-GIcNAc complexes are observed despite both UDP
and UDP-GIcNAc molecules can induce the major conformational change of CgMshA (Figure
3.13). Peptides showing differences in deuterium incorporation are labeled in the CgMshA
dimer structure and these peptides are located at both domains (Figure 3.14). These peptides
show decreases in exchange rate or deuterium incorporation upon UDP binding compared with
CgMshA bound by UDP-GIcNAc. The decreasing dynamics of these peptides may result from
the loss of acetylglucosamine molecule. Interestingly, the peptide 6-25 does not show a change
in dynamics on UDP-GIcNAc binding while it has 8-fold reduction in exchange rate on UDP
binding, suggesting that the loop (residues 7-22) contained by the peptide 6-25 has decreasing
dynamics due to the loss of acetylglucosamine. It is very likely that this loop may be involved in
the binding of the acetylglucosamine.

Even though the amplitudes of changes induced by UDP-GIcNAc and UDP are different,
both of them can induce the major conformational change that is necessary for substrate binding
and enzymatic catalysis. So the HDX-MS experiments of CgMshA bound by UDP and I1P were
performed and the deuterium incorporation was compared with CgMshA-UDP complex. The
HDX data shows that the majority of CgMshA does not have dynamic changes on I1P binding.
Only one peptide 191-198 shows 4-fold increase in exchange rate. This peptides is contained the
hinge connecting two domains. Thus, the binding of I1P may induce the increase of loop
flexibility in the presence of UDP.

3.4 Discussion
MshA is a potential drug target for tuberculosis treatment since disruption of the gene

mshA leads to MSH biosynthesis being blocked. [17] The structure of CgMshA has been
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determined and a conformational change was observed by comparing the structure of free
CgMshA and CgMshA-UDP-GIcNAc complex. [20] However, the crystal structures cannot
provide dynamic information for proteins. To understand the dynamic changes of enzymes on
substrate binding, it is essential to characterize the conformational changes in the active/binding
site along with surrounding regions. [22] It also provides insights into reaction mechanism.
3.4.1 Substrate Binding Mechanism of CgMshA

Initial velocity studies were employed to determine whether CgMshA proceeds through a
sequential or ping-pong mechanism. [20] The data indicates a sequential mechanism where
UDP-GIcNAc almost always binds first followed by 11P. However, the HDX-MS data shows
that I11P can interact with the C-terminal domain of CgMshA in the absence of UDPG. The
peptides 291-299, 229-241, 308-314, and 324-334 may provide a binding site for UDP-GIcNAC,
since these peptides have significant decreases in solvent accessibility upon UDP-GICNAC
binding. Moreover, the substrate I11P is identified to bind to the C-terminal domain of CgMshA
based on the decreases in solvent accessibility and dynamics of CgMshA. However, the crystal
structure of CgMshA-UDP-I11P complex shows that the N-terminal domain provides a binding
site for I11P. Therefore, the substrate 11P can have interactions with the C-terminal domain of
CgMshA in the absence of UDP-GIcNAC, but this is a non-productive binding. In the presence of
UDP-GIcNAc, I1P binds to the formed substrate binding pocket induced by the UDP-GIcNAc
binding.
3.4.2 Insights into Dynamic Changes of CgMshA

As discussed in 3.3.4, CgMshA has a major conformational change upon UDP-GIcNAc
binding. The peptides located at the binding site have significant decreases in exchange rate or

deuterium incorporation, including peptides 224-228, 229-241, 242-248, 291-299, 300-307, 308-
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314, and 323-334. The 6-fold reduction in exchange rate of peptide 229-241 is consistent with
the undetectable activity of R231A variant, confirming the importance of the residue R231 in
CgMshA catalysis. Apart from the dynamic changes in binding site, the surface of the C-terminal
domain also has dynamic changes, which is supported by decreasing dynamics of peptides 192-
207, 275-281, 335-351, 352-365, 369-381, 381-388, and 389-398. These changes support the
conclusion that CgMshA goes through a large conformational change on UDP-GIcNAc binding.
It is consistent with the rotation of the C-terminal domain on nucleotide binding by comparing
CgMshA APO and complex structures. Moreover, the peptides 77-85, 153-158, and 159-165,
located at the dimer interface, also have decreasing dynamics on UDP-GIcNAc binding. The
dynamic changes of these peptides are consistent with the undetectable activity of the R154A
variant and high K, values of the K78A variant, supporting that the R154 and K78 residues play
an important role in CgMshA catalysis and substrate binding, respectively.
3.4.3 Roles of Hydrogen Bonds in Substrate Binding

The CgMshA-UDP-GIcNAc complex was not crystallized successfully, so a model of
UDP-GIcNAc binding to CgMshA was built. [20] In this model, an important loop composed by
residues from 306 to 319 is proposed to contribute to binding and orientation of the sugar moiety
GIcNAc, since the model shows that the GIcNAc molecule is bent back over the pyrophosphate
moiety and interacts with loop 306-319. Hydrogen bonds are proposed to be formed between 4-
OH and the main chain amides of Gly319 and Phe318 and between the 3-OH and the main chain
amides of Ser317 and the side chain of Glu316. This model is supported by 4-fold reduction in
exchange rate of the peptide 308-314 (Figure 3.9). The loop containing peptide 308-314 has
reduction in flexibility due to the hydrogen bonds formed with GIcNAc. Moreover, the side

chains of His133 and Asnl171 are proposed to form hydrogen bonds with 6-OH of the GIcNAc
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moiety. [20] This is supported by the HDX data that peptide 169-175 containing Asnl171 has
20% decrease in deuterium incorporation due to the binding of UDP-GIcNAc (Figure 3.9). The
hydrogen bonding interactions play an important role in not only GIcNAc moiety binding but
also the nucleotide binding. The uracil moiety is stabilized by polar interactions with the main
chain of Arg294 and the side chain of Cys262, which is supported by significant decreases in
exchange rate of peptide 291-299. The dynamic changes of peptides 323-334 and 229-241
support hydrogen bond formation between Glu324 and the ribose and between pyrophosphate
and the side chains of Arg231 and Lys236.

3.4.4 Interdomain Flexibility in GT-B Glycosyltransferases

Crystal structures have revealed open and closed conformations of CgMshA, implying

that large-scale conformational dynamics is required by CgMshA catalysis. The HDX data
indicates that the peptides located not only at the binding sites but also on the surface have
significant reduction in exchange rate and deuterium incorporation. This provides dynamic
evidence for the conclusion about the rotation of the C-terminal domain and the formation of
binding sites. The dynamic changes of CgMshA also provide information on substrate binding
and catalysis of other glycosyltransferases in GT-B family. Many GT-B members have been
identified to have another conformation on sugar donor binding. E. coli MurG adopts a more
closed conformation on UDP-GIcNAc binding, which results from the entire C-terminal domain
rotation. [23] TDP-vancosaminyltransferase (GtfD) and glycogen synthase also have a closed
conformation for catalytic process. [24-25] Identification of closed conformation of these
glycosyltransferases supports that the GT-B structural family has interdomain flexibility for
formation of binding sites and transfer of sugar moiety. However, the identification of closed

conformation of these GT-B glycosyltransferases are only based on comparison between APO
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and complexes structures; the dynamic characterization is lacking. Therefore dynamic changes of
CgMshA detected by HDX-MS provide dynamic information for a GT-B glycosyltransferase
undergoing substrate binding-induced transition from an open to a closed state. The dynamic
information of CgMshA is particularly important for understanding protein dynamics in GT-B

glycosyltransferases and for designing inhibitors against CgMshA.
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Chapter 4

CONFORMATIONAL DYNAMICS OF ESCHERICHIA COLI SUFBC,D SCAFFOLD
COMPLEX ON ADP/MG?** BINDING

4.1 Introduction
4.1.1 Machinery of Suf Pathway

As discussed in Chapter 1, the Suf system is the major biogenesis pathway for Fe-S
clusters under oxidative stress in E. coli. The Suf system contains six proteins: SufA, SufB,
SufC, SufD, SufS, and SufE, encoded by sufA, sufB, sufC, sufD, sufS, and sufE, respectively
(Mustration 4.1). SufS is a cysteine desulfurase enzyme using pyridoxal-phosphate (PLP) as a
cofactor to mobilize sulfur from L- cysteine. [1-4] SufE binds to SufS tightly and form a stable
1:1 complex. [4] Cys364 of SufS is critical for cysteine desulfurase activity since it forms a
persulfide by abstracting a sulfur atom from L-cysteine. [2, 5] This sulfur atom is then
transferred from persulfide to Cys51 of SufE. [6-7] The binding of SufE greatly enhances the
cysteine desulfurase activity of SufS with regard to that of SufS alone. [4, 6] The high cysteine
desulfurase activity of SufS may result from the binding of SufE actively remodeling the active
site of SufS. [8]

SufE transfers persulfide to SufBC,D complex, which is a scaffold complex assembling
Fe-S clusters. [9-11] SufB, SufC, and SufD are all critical in this pathway since deletion of any
of them leads to abolishment of Suf function. [12-14] SufB accepts sulfur transferred from SufkE
and provides a site for cluster assembly, and SufD is proposed to play a role in iron acquisition.

[11] SufC is a novel type of ATP-binding cassette (ABC) ATPase, which also includes ABC
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transporters and structural maintenance of chromosome (SMC) proteins. [15-18] In ABC
transporters and SMC proteins, ABC ATPase activity drives conformational changes in partner
domains required for each function. Therefore, it is likely that the ATPase activity of SufC may
induce conformational changes of SufB and SufD subunits, providing a suitable conformation
for cluster assembly. [16, 19-20] Moreover, SufC may provide energy for iron acquisition on

SufD in the form of ATP hydrolysis. [21-22]
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ADF Fe-S

l [Fe-S]

[Fe-S]
|

Fe-S proteins

ADF

llustration 4.1. Schematic of Suf pathway. The first step is to mobilize sulfur atoms by SufS-
SufE complex. The second step is to assemble [Fe-S] clusters by SufBC,D scaffold complex.
The last step is to transfer formed [Fe-S] clusters to target proteins directly or via SufA.
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Within the SufBC,D complex, SufB, SufC, and SufD exhibit a 1:2:1 (B: C: D)
stoichiometry. SufB and SufD are homologues and show limited sequence similarity (17%
identity and 37% similarity). They show very similar structures and the mode of SufC binding
are strikingly similar between SufB and SufD. [6, 19] The binding of SufB or SufD was reported
to enhance the ATPase activity of SufC, since their binding leads to SufC having a suitable
conformation for ATP binding and hydrolysis. [23-24] Furthermore, the addition of SufBC,D
complex in E. coli can further enhance the cysteine desulfurase activity of SufS-SufE, since the
transfer of the sulfur atom from SufE to SufB allows SufE to accept another sulfur atom from
SufS. [6, 11, 25] The last protein SufA is a Fe-S carrier protein that transfers clusters to target
proteins. It transfers assembled Fe-S clusters from SufBC,D complex to Fe-S proteins. [26]
However, the Fe-S clusters can also be transferred to target proteins directly.

4.1.2 Crystal Structure of SufBC,D Complex

The SufBC,D complex is the scaffold for nascent Fe-S cluster assembly, playing a central
role in the Suf machinery. SufB, SufC, and SufD can interact with each other, and their different
states have been reported in a SufBC subcomplex, a SufCD subcomplex, and a SufBCD ternary
complex. [21, 23, 27] Recently, the crystal structure of SufBC,D complex was determined by x-
ray crystallography (Figure 4.1). [28] Each SufBC,D complex consists of one SufB subunit, two
SufC subunits, and one SufD subunit. The SufB and SufD subunits form a heterodimer, where
the interface is primarily composed of 25 hydrogen bonds. [28] Each of two SufC subunits binds
to SufB and SufD, termed as SufCsyss and SufCsysp, respectively. These two SufC subunits are
facing each other but are spatially separated.

SufB and SufD have limited sequence similarity, but they have very similar structures.

[28] Both of them have the same domain organization: a N-terminal helical domain, a core
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domain composed of parallel B-strands arranged in a helical architecture, and a C-terminal
helical domain (Figure 4.1). The C-terminal domains of SufB and SufD provide binding sites for
two SufC subunits, and the core domains provide interface for SufB/SufD heterodimer. The

interface is stabilized by hydrogen bonds.

N-terminal domain

core domain

C-terminal domain

Figure 4.1. Overall crystal structure of E. coli SuUfBC,D complex. Individual subunits were
shown in tan (SufB), blue (SufD), and yellow (SufC). Adapted with Chimera. PDB: 5awf

The SufC subunit has two domains: a catalytic o/f domain and a helical domain (Figure
4.2). [28] It contains highly conserved sets of amino acid residues including Walker A motif,
Walker B motif, ABC signature motif, H motif, Q loop, and D loop. All of them are
characteristics of ABC type ATPase. [19-20, 29] The Walker A motif was identified to be

involved in nucleotide binding and the Walker B motif is likely to be involved in ATP
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hydrolysis. [30-32] The Q loop connects the two domains of SufC. As discussed above, the SufB
or SufD binding enhances the ATPase activity of SufC, supported by structural changes of SufC
within the SufBC,D complex. [28] A unique salt bridge between Glu171 and Lys152 observed in
SufC monomer is cleaved within the SufBC,D complex, and His203 shifts toward Glul71. [28,
30-31] So the binding of SufB/SufD drives SufC to rearrange the ATP binding site, leading to

the enhancement of SufC ATPase activity.

a-helical domain

ABC signature —
(146-150)

Q-loop )
(84-93) /

D-loop /

(173-177)

Walker-B
(166-170)

H-motif
(199-204)

Catalytic a/p domain

Walker-A
(34-41) l

Figure 4.2. Overall crystal structure of E. coli SufC. It is divided into two domains: catalytic o/
domain and a-helical domain. The characteristics of ABC-type ATPase were labeled in SufC
structure. Adapted with Chimera. PDB: 2d3w
4.1.3 SufC Dimer Model

According to the current consensus model, ABC ATPases can form a transient head to

tail dimer in which two nucleotides are sandwiched at dimer interface between the Walker motifs

of one subunit and the ABC signature of another subunit. [28] The structure of the SufC dimer is
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still not determined, but disulfide cross-linking experiments support that SufC can form a
transient dimer within the SufBC,D complex, in the presence of ATP and Mg?®*. [28] A SufC
dimer model was generated by superimposing the structure of SufCgys and SufCs,p onto the
dimer structure of ATP-bound HIyB that is ABC ATPase and has very similar topology with
SufC (Figure 4.3). [28] In the dimer model, the Walker A and Walker B motifs contained in
catalytic o/ domain and ABC signature located at a-helical domain may provide the binding site

for ATP.

Figure 4.3. Generated dimer model of SufC. Walker A, Walker B, and ABC signature motifs
were indicated in green, orange, and blue, respectively. Adapted with Chimera. PDB: 5awf and
1mt0.

4.1.4 Conclusion
As discussed above, the SufBC,D complex plays a crucial role in the Suf pathway, but

the mechanism of Fe-S cluster assembly within the SufBC,D complex is still enigmatic. The
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disulfide cross-linking experiments revealed that the two SufC subunits can form a transient
dimer within the SufBC,D complex, in the presence of ATP/Mg?*. The ATPase activity of SufC
may drive the structural changes of SufB-SufD protomer, since fluorescent labeling experiments
revealed that SufC dimer formation may lead to exposure of the heterodimer interface of the
SufB-SufD protomer. [28] However, more studies are required to fully characterize the SufC
function and the assembly mechanism of SufBC,D complex. The HDX-MS technique was
applied to study the dynamic and conformational changes of SufC on ADP/ Mg?* binding. The
HDX-MS experiments can also provide insight into conformational changes of the SufB-SufD
protomer due to the structural changes of SufC. Furthermore, the investigation of dynamics of
SufBC,D complex may provide more evidence for mechanism of Fe-S cluster assembly.
4.2 Materials and Methods
4.2.1 Materials and Instruments

E. coli SufBC,D complex was provided by Dr. F. Wayne Outten, University of South
Carolina. Deuterium oxide (D,0), porcine pepsin (3200-4500 u/mg), and protease XIII from
Aspergillus saitoi (> 0.6 u/mg) were purchased from Sigma-Aldrich (St. Louis, MO). Other
reagents were purchased from VWR. All buffers were prepared using ultrapure water (18 MQ at
25C). An Agilent 1100 HPLC with a 1/16” internal diameter tubing was connected to guard
column and microbore C18 reverse phase column (Phenomenex) for peptides separation. A gas
tight syringe (Hamilton) was utilized to load protein sample into an external injector (Rheodyne).
A Bruker HCT Ultra PTM Discovery ion trap mass spectrometer was applied for peptides
detection.
4.2.2 Sequencing of SufBC,D Complex with Tandem MS/MS

In order to improve the sequence coverage of peptides, the peptide maps of SufBC,D
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complex digested by pepsin and protease Xl were combined. The SufBC,D complex stock was
170 pM. It was diluted to 150 pM by 25 mM Tris (pH 7.5), 150 mM NacCl, and 10 mM BME.
The sequencing of SufBC,D complex was initiated with the addition of 2 pl of 150 pM SufBC,D
complex into 43 pl H,O. Addition of 1M urea and 2 mM tris (2-carboxyethyl) phosphine (Tcep)
solutions was applied to denature the protein and break disulfide bonds, respectively. The
addition of urea and Tcep solutions enhanced protein digestion efficiency. Then 2 ul of 10
mg/ml pepsin was added to digest protein complex and the digestion lasted for 5 minutes. The
generated peptides were loaded into HPLC and eluted by C18 reverse column with a linear
gradient of acetonitrile solvent for 50 min (Table 4.1 A). The digestion of SufBC,D complex by
protease XIII was almost identical to pepsin, except that 5 pl of 12 mg/ml protease XIII was
applied for protein digestion, and the elution methods for peptides separation were different
(Table 4.1 B). Finally, the separated peptides were detected by ESI ion trap mass spectrometer.
4.2.3 Continuous HDX-MS Experiments of SufBC,D Complex

After determining the peptide maps of SufBC,D complex, continuous HDX-MS
experiments of free SufBC,D and ADP/Mg”* bound SufBC,D complex were performed. The
SufBC,D complex bound by ADP and Mg?* was preformed by incubating 150 pM SufBC,D
complex with 4 mM MgCl, and 1 mM ADP on ice for 30 min. A HDX experiment was initiated
by incubating 2 pul of 150 uM SufBC,D or preformed SufBC,D complex in 23 pl of 99.9% pure
D,0 at 25°C for specific incubation time (15s, 30s, 45s, 60s, 5min, 10min, 30min, 60min, 2h,
4h). The H/D exchange reaction was quenched by adding 20 pl of quench solution (0.1 M
potassium phosphate, pH 2.4) and incubating on ice. Then 5 pl of 10 M urea and 1 pl of 100 mM
Tcep were added into reaction in order to enhance digestion efficiency. The protein complex was

digested by 2 pl of 10 mg/ml pepsin or 5 pl of 12 mg/ml protease XIII for 5 min. The generated
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peptides were loaded onto C18 reverse phase column equilibrated by buffer A (98% H,0, 2%
acetonitrile, and 0.4% formic acid) and separated by a linear gradient of buffer B (98%
acetonitrile, 2% H,0, and 0.4% formic acid) for 17min (Table 4.2).

Table 4.1. Elution method of tandem MS/MS for E. coli SufBC,D complex. (A) The E. coli

SufBC,D complex was digested by pepsin; (B) The E. coli SufBC,D complex was digested by
protease XIII.

A

0.00 100 0
2.00 90 10
50.00 70 30
55.00 50 50
60.00 0 100
63.00 100 0
65.00 100 0

B

0.00 100 0
40.00 50 50
41.00 0 100
51.00 0 100
52.00 100 0
60.00 100 0
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Two control experiments corresponding to no deuteration (mog) and fully deuteration
(m1g09) Were also performed. The mgy, control was performed as the normal HDX experiment
except that 2 pl of 150 uM SufBC,D complex was incubated in H,O instead of D,O. The Mmoo
control was performed in the same procedures except that the SufBC,D complex was incubated
in D,O at 25 °C for 12 hours to make sure all possible amide hydrogens exchanged with
deuterium. These two controls were utilized to correct HDX data.

Table 4.2. Elution method of continuous HDX-MS experiments for E. coli SufBC,D complex.

0.00 100 0

17.00 50 50

20.00 0 100

24.00 0 100

25.00 100 0

30.00 100 0
4.3 Result

4.3.1 Peptide Maps of SufBC,D Complex

The SufBC,D complex was digested by both pepsin and protease XIII in order to obtain
sufficient sequence coverage for SufB, SufC, and SufD. Tandem MS/MS was employed to detect
digested peptides and Peaks Client software was utilized to determine sequences of detected
peptides. Pepsin was the major acid protease to digest SufBC,D complex and protease XIII was
used to find missing peptides. By combining peptides created by both proteases, the peptide

maps of SufB, SufC, and SufD were determined (Figure 4.4). SufB, SufC, and SufD were
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identified tohave sequence coverage of 87.8%, 100%, and 86.5%, respectively. The peptide maps

of SufBC,D complex were employed in continuous HDX-MS experiments.

A

10 20 30 40 50
MSRNTEATDD VEIWIGGPLN YEEGFFIQLA TDELAKGINE EVVRAISAKR
(1] T0 80 G0 100
NEPEWMLEFE LHNAYRAWLEM EEPHWLKAHY DELNYQDYSY YSAPSCGNCD
110 120 130 140 150
DICASEPGAV QUIGRNAFLS FEVERAFEQL GVEVREGEEV AVDRIFDSVS
160 170 180 190 200
VATTYREFKLA EQGIIFCS5FG EATHDHPELV BEYLGIVVPG NDNFFAALNA
210 220 230 240 250
AVASDGTIFIY VPEGVRECEME LSTYFRINAE KIGQFERTIL VADEDSYVEY
260 270 280 290 300
IEGCSAFVED SYQLHAAVVE VIIHENAEVE YSTVONWFPG DNNIGGILNE
3140 320 330 340 350
VITEBALCEGE NSFMSWIQSE TGSAITWEYF SCILEGDNSI GEFYSVALTS
360 370 380 390 400

GHOQADTIGTE MIHIGENWIES TIISKGISAG HSQNSYRGLV KIMPTAINAR

410

420
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HFTQCDSMLI GANCGAHTFP YVECENNSAQ LEHEATTSREI GEDQLFYCLQO
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480 490
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10 20 30 40 30

(: MAGLPFNSSHNA LOOWHHLFEA EGTERSPQAQ OHLQOLLETG LETEEHENWE
a0 70 80 S0 100

YTPLEGLINS QFVSIAGEIS POQOQEDALALT LDSVRLVEVD GRYWVPALSDA

110 120 130 140 150
TEGSGYEVSI NDDEOQGLFDA IQAEVFLHLT ESLAQSVIHI AVERGORPAK

160 170 130 190 200
PLLLMHITQG VAGEEVNIAH YRHHLDLAEG AEATVIEHFV SLNDAERHFIG

210 220 230 240 250
ARFTINVAAN AHLQHIFLAF ENPLEHHFAH NDLLLAEDAT AFSHSFLLGG

2680 270 280 280 300
AVLRHNTSTQ LNGENSTLRI NSLAMPVENE VCODTRTWLEH NEGFCNSROL

310 320 330 340 350
HETIVSDEGR AVENGLINVA QHAIFKTDGOM TWNNLIMGKL AEVDTEPQLE

360 370 380 390 400
IYADDVECSH GATVGRIDDE QIFYLRSRGI NOQDAQQMII YAFARAELTEA

410 420
LEDEGLEQQV LARIGQELPG GAR

Figure 4.4. Peptide maps of (A) SufB, (B) SufC, and (C) SufD. Peptides digested by pepsin are
underlined in blue, and peptides digested by protease XIII are underlined in green.
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Figure 4.5. Solvent accessibility changes of SufC on ADP/Mg*" binding. (A) Difference in
solvent accessibility of free SufC relative to SufC bound by ADP/Mg**. (B) Peptides showing
difference in deuteration > 5% were labeled in crystal structure of SufC monomer. Made with
Chimera. PDB: 2d3w
4.3.2 Solvent Accessibility Changes of SufC on ADP/Mg?* Binding

The deuterium incorporation at 15s is used to estimate the relative solvent accessibility of
proteins. So, comparison of free SufC and ADP/Mg”*- bound SufC complex shows most
peptides decrease in solvent accessibility due to the binding of ADP/Mg**, apart from peptides
209-217 and 218-232 showing minor increases (Figure 4.5 A). The peptides showing changes in
solvent accessibility greater than 5% are labeled in structure of SufC monomer (Figure 4.5 B).
Both domains show changes in solvent accessibility. In the catalytic o/p domain, peptides 23-43,
199-209, and 230-248 have a reduction in solvent accessibility due to ADP/Mg®" binding. In the
a-helical domain, the region form residues 104 to 159 show a decrease in solvent accessibility,
supported by changes of peptides 104-115, 116-123, 124-130, 131-139, and 138-159. The three
peptides 82-97, 116-123 and 131-139 have over 10% decrease in solvent accessibility, in which

the peptide 82-97 contains the Q loop connecting two domains of SufC. Its significant decrease
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in solvent accessibility indicates that SufC may have a conformational change on ADP/Mg**
binding, which is also supported by the solvent accessibility changes of both domains. Moreover,
the peptides 23-43, 82-97, 138-159, and 199-209 located at the interface of SufC dimer model
show decreases in solvent accessibility, supporting the model of SufC dimer. The crystal
structure of ATP-bound SufC complex is still not determined so the binding site of ATP is not
identified. However, the Walker motifs of SufC are proposed to provide a binding site for ATP,
since Walker A and Walker B motifs are observed to be involved in nucleotide binding in ABC
ATPase family. This proposal is supported by changes to solvent accessibility in SufC. The
peptide 23-43 containing the Walker A motif has a significant reduction in solvent accessibility
due to the ADP/Mg?* binding. Based on the SufC dimer model, the ABC signature contained in
the o-helical domain may also contribute to the ADP/Mg**binding. This is supported by the
decrease in solvent accessibility of the peptide 138-159. Therefore, the changes of solvent
accessibility support the SufC dimer model that the Walker A motif and the ABC signature may
provide a binding site for ADP/Mg®*".
4.3.3 Dynamic Changes of SufC on ADP/Mg”* Binding

By comparing deuterium incorporation curves of ADP/Mg?*- bound SufC with free SufC,
both domains of SufC were observed to have dynamic changes on ADP/Mg?* binding. Figure 4.6
depicts the SufBC,D complex structure labeled with peptides that are located at the catalytic o/
domain and show dynamic changes. The deuterium incorporation curves of these peptides are
shown in Figure 4.7. Peptide 1-17 shows a tiny decrease in exchange rate but about 40%
decrease in amount of deuterium incorporated due to ADP/Mg?* binding. The reduction in
deuterium incorporation suggests that the peptide 1-17 may have a structural change leading to

four backbone hydrogens being buried. This structural change may contribute to the binding of
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ADP. The peptide 44-53 has a 7-fold decrease in exchange rate, suggesting its dynamics are
decreased by ADP binding. Its decreasing dynamics may be due to its location close to the
Walker A motif. Moreover, the region from residues 62 to 97 shows decreasing dynamics,
supported by the dynamic changes of peptides 62-68, 69-81, and 82-97. The peptide 69- 81 is
located at the interface between SufC and SufB/SufD protomer. It shows a 40% decrease in
deuterium incorporation due to the binding of ADP/Mg*". The sharp decrease in exchange rate
may result from the formation of hydrogen bonds between SufC and SufB-SufD protomer. The
decrease in exchange rate of the peptide 69-81 suggests the interface between SufC and SufB-
SufD protomer has decreasing dynamics, which is also supported by the dynamic changes of
peptides from SufB/SufD promoters located at the interface (discussed in 4.3.4). The decreasing
dynamics of the catalytic domain is also supported by the changes of peptide 82-97 containing
the Q loop that connects two domains of SufC. This peptide shows not only a significant
decrease in solvent accessibility but also a decrease in exchange rate by 2-fold. The dynamic
decrease of the Q loop indicates the loss of conformational flexibility due to the binding of
ADP/Mg?*. Overall, the catalytic o/ domain shows decreasing dynamics on ADP/Mg?* binding.
Unexpectedly, the Walker motifs contributing to nucleotide binding do not show dynamic
changes.

The a-helical domain of SufC also has changes in dynamics, supported by decreases in
deuterium incorporation of peptides located at the a-helical domain upon ADP/Mg** binding
(Figure 4.8 and 4.9). The region of residues 104-139 has decreasing dynamics, supported by
dynamic changes of peptides 104-115, 116-123, 124-130, and 131-139. The three peptides 116-
123, 124-130, and 131-139 show reductions in exchange rate by 3-fold, 3-fold, and 4-fold,

respectively. The peptide 104-115 located at the interface between SufC and SufB/SufD
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protomer, shows a decrease in exchange rate by 2-fold. The decreasing dynamics of the peptides
104-115 and 69-81 suggests that the interface between SufC and SufB/SufD indeed has lower
dynamics due to the binding of ADP and Mg**. Moreover, the peptide 160-167 neighboring the
Walker B motif shows a 20% decrease in deuterium incorporation. And peptides 182-189 and
199-204 show decreases in exchange rate by 2-fold and 10-fold, respectively. The dynamic
changes of these peptides point out the possibility that the o-helical domain of SufC has
conformational changes upon ADP/Mg?* binding. Therefore, the SufC is concluded to undergo a
conformational change within SufBC,D complex when ADP and Mg?* bind to it, leading to the

interface between SufC and SufB/SufD protomer having decreasing dynamics.

44-53

Figure 4.6. Dynamic changes of catalytic o/f domain of SufC on ADP/Mg?* binding. Peptides
from catalytic o/ domain of SufC showing dynamic changes were labeled in SufBC,D complex
structure. The SufB, SufC, and SufD subunits were indicated in gold, tan, and blue respectively.
Adapted with Chimera. PDB: Sawf
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% Deuterium incorporated

% Deuterium incorporated

Figure 4.7. Deuterium incorporation curves of peptides located at catalytic o/ domain of SufC.
The black and red curves represent percentage of deuterium incorporation of SufC peptides in
the absence and presence of ADP/Mg**, respectively. Made with KaleidaGraph.

Figure 4.8. Dynamic changes of a-helical domain of SufC on ADP/Mg?* binding. Peptides of a-
helical domain showing dynamic changes were labeled in SufBC,D complex structure. The
SufB, SufC, and SufD subunits were indicated in gold, tan, and blue respectively. Adapted with
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Figure 4.9. Deuterium incorporation curves of peptides located at a-helical domain of SufC. The
black and red curves represent percentage of deuterium incorporation of SufC peptides in the
absence and presence of ADP/Mg**, respectively. Made with KaleidaGraph.
4.3.4 Dynamic Changes of SufB/SufD Protomer on ADP/Mg** Binding

The HDX-MS data shows that the ADP/Mg?* binding induces conformational changes of
SufC, resulting in the decreasing dynamics of the interface between SufC and SufB/SufD

protomer. So, the SufB/SufD protomer is expected to have conformational changes due to the

SufC motions. This speculation is supported by the dynamic changes of SufB/SufD protomer
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(Figure 4.10). Deuterium incorporation curves of peptides from SufB and SufD are shown in

Figure 4.11 and Figure 4.12, respectively.

462-471

Figure 4.10. Dynamic changes of SufB/SufD protomer. Peptides of SufB/SufD subunits
showing dynamic changes were labeled in SufBC,D complex structure. The SufB, SufC, and
SufD were indicated in tan, yellow, and blue respectively. Adapted with Chimera. PDB: Sawf
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Figure 4.11. Deuterium incorporation curves of SufB peptides. The black and red curves
represent percent of deuterium incorporation of SufB in the absence and presence of ADP/Mg?",
respectively. Made with KaleidaGraph.
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Figure 4.12. Deuterium incorporation curves of SufD peptides. The black and red curves
represent percent of deuterium incorporation of SufD in the absence and presence of ADP/Mg?*,
respectively. Made with KaleidaGraph.

In SufB subunit, peptides 431-445, 447-456, 457-461, and 462-471, located at the
interface between SufB and SufC, display significant decreases in exchange rate by 3-fold, 12-
fold, 12-fold, and 3-fold, respectively. This is consistent with the conclusion that the interface

between SufB and SufC has decreases in dynamics due to the ADP/Mg?®* binding. Compared

with the SufB subunit, SufD has more peptides showing dynamic changes. In SufD subunit, the
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peptides located at the interface between SufD and SufC also show decreases in dynamics.
Peptide 369-376 has a 20% reduction in deuterium incorporation and peptide 374-388 has a 4-
fold decrease in exchange rate. Moreover, peptide 394-411 shows a 4-fold decrease in exchange
rate, supporting that the interface between SufC and SufD has decreasing dynamics on
ADP/Mg?* binding. Furthermore, several peptides far away from the interface with SufC also
show dynamic changes. Peptide 63-77 containing a loop shows 5-fold decrease in exchange rate,
indicating the loss of loop flexibility. Peptides 87-91, 106-112, 184-189, and 276-283 are located
at the core domain of SufD. All of them show dynamic changes upon ADP/Mg?* binding. The
peptide 106-112 has 50% reduction in deuterium incorporation, and the peptides 87-91, 184-189,
and 276-283 show decreases in exchange rate by 16-fold, 4-fold, and 3-fold, respectively. The
dynamic changes of these peptides indicate that some conformational changes may happen on
SufD in order to provide a suitable conformation for Fe-S cluster assembly or iron acquisition.
Overall, the SufB/SufD protomer does not show as large a conformational change as SufC
subunit. It has decreasing dynamics in the interface with SufC and shows dynamic changes in
core domains, which may play a role in cluster assembly.
4.4 Discussion
4.4.1 HDX-MS Data cannot Support the Proposed SufC Dimer

E. coli SufC has very similar overall topologies with E. coli HIyB, a typical ABC-type
ATPase. Based on dimer structure of HlyB bound by ATP, the SufC dimer model was proposed
and built (Figure 4.3). [28] As discussed above, in ABC-type ATPase family, Walker A and
Walker B motifs contained in catalytic o/} domain are involved in nucleotide binding. This point
is strengthened by changes in solvent accessibility of SufC peptides. The peptide 23-43 contains

Walker A motif (residues 34 — 41) and has reduction in solvent accessibility, suggesting it may
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be involved in ADP binding. The peptide 138-159 containing ABC signature (residues 146-150)
shows 6.5% decrease in solvent accessibility. The decreases in solvent accessibility of these two
peptides support that the Walker A motif and ABC signature of SufC are likely to play an
important role in nucleotide binding. This seems to be consistent with the SufC dimer model that
the two nucleotides are sandwiched at the dimer interface between Walker motifs of one
monomer and ABC signature of another monomer. [28] The peptide 82-97 shows over 10%
decrease in solvent accessibility, confirming the important role of Q-loop (residues 84 — 93) in
ADP binding. Overall, the significant decreases in solvent accessibility of Walker A, ABC
signature, and Q loop show that the residues of these characteristics may be indispensable for

ATPase activity of SufC.

Figure 4.13. SufC dimer model labeled with peptides showing dynamic changes and indicated
by yellow. Adapted with Chimera. PDB: 5awf and 1mt0.

Previous studies revealed that the SufC monomers can form a transient dimer in the
presence of ATP and Mg?*. However, the HDX data does not correlate with a formation of SufC

dimer of this type by observing dynamic changes of peptides from SufC. All the peptides
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showing dynamic changes are labeled in SufC dimer model (Figure 4.13). The peptides located
at both domains are detected to have dynamic changes, indicating that the two SufC subunits
may have conformational changes on ADP/Mg®" binding. But, it cannot support that these
dynamic changes induce the formation of SufC dimer, since most peptides proposed to be
located at the dimer interface do not show significant dynamic changes (Figure 4.14). The
Walker A and ABC signature located at the dimer interface are supposed to provide binding site
for nucleotide, but neither of them show changes in dynamics even though they have significant
decreases in solvent accessibility due to ADP/Mg** binding. Therefore, the HDX-MS data
cannot provide strong evidence for the formation of this type SufC dimer within SufBC,D
complex in the presence of ADP and Mg?. It is possible that ADP cannot induce the dimer

formation as a product, since ATP and ADP have different structures and energies.
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Figure 4.14. Deuterium incorporation curves of peptides from SufC dimer interface. The black
and red curves represent percent of deuterium incorporation of SufD in the absence and presence
of ADP/Mg?*, respectively. Made with KaleidaGraph.
4.4.2 Insight into Dynamic Changes of SufB/SufD Protomer

In 2015, Hirabayashi et al. detected that SufC with ATP/Mg*" induced exposure of
hydrophobic regions of SufB/SufD subunits by using fluorescent labeling experiments. [28] The
Cys405 of SufB, which is located at the heterodimer interface between SufB and SufD subunit,

is a potential Fe-S cluster assembly site. His360 of SufD is another candidate for the cluster

128



coordination residue. [28] They reported that the residue Cys405 was exposed on ATP binding,
which was buried inside the dimer interface. Moreover, His360 of SufD could also be exposed
due to SufC dimerization. [28] However, the HDX-MS data cannot provide evidence for this
point. The residues Cys405 of SufB and His360 of SufD are contained in peptides 401-411 of
SufB and 358-368 of SufD, respectively. Both of these peptides do not show any significant
changes in solvent accessibility and dynamics. Based on the HDX data, these two residues are
not supported to be potential sites for Fe-S cluster assembly and exposed due to the SufC
conformational changes. However, the HDX data shows the dynamic changes happening on
other peptides that are located at the interface between SufC and SufB/SufD protomer and
involved in (-sheet core domains of SufB/SufD protomer (Figure 4.10). The changes of these
peptides indicate that the SufB/SufD protomer has conformational changes due to ADP/Mg®*
binding, which may provide an active conformation for iron acquisition and Fe-S cluster
assembly. The peptide 276-283 from SufD contains Cys282 that is able to interact with Fe-S
cluster. The dynamic change of the peptide 276-283 points out the possibility that the residue
Cys282 may be a potential Fe-S cluster assembly site. The peptides 63-77, 87-91, 106-112, and
184-189 from SufD show decreasing dynamics, indicating the SufD has a regional
conformational change. This change may contribute to the iron acquisition and cluster assembly

under oxidative stress.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
5.1 Summary

Apart from the structure of a protein, dynamics also contribute to protein function. There
exists an intimate relationship between protein dynamics and protein function, which has been
widely accepted. [1] So, the study of protein dynamics is useful and necessary for understanding
protein function. Several techniques have been developed to study protein dynamics, including
NMR spectroscopy, EPR spectroscopy, and MS. [2-4] Compared with NMR and EPR
spectroscopies, MS has less stringent sample requirements, including protein concentration and
protein size. Moreover, the mass accuracy, sensitivity, and faster data analysis also contribute to
the rapid growth of MS. [4] HDX-MS, a combination of HPLC and MS, has become a common
and sensitive tool to probe protein structural flexibility and solution dynamics. [5-6] HDX-MS
can be applied in study of protein structure and dynamics, studying protein-ligand and protein-
protein interactions, protein folding, and protein therapeutics discovery and development. [7] In
this dissertation, HDX-MS was applied to study dynamic and conformational changes of
glycosyltransferases and SufBC,D complex upon substrate binding.

Chapter 2 focused on exploring the dynamic changes of MtGpgS on ligand binding.
MtGpgS is the retaining GT-A glycosyltransferase catalyzing the first step in the MGLP
biosynthesis. [8] The crystal structure of MtGpgS and complex bound by substrates have been
determined, however, little dynamic and conformational changes on substrate binding were

detected. [9] In order to identify conformational changes of MtGpgS on UDPG and 3PGA
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binding, HDX-MS was performed and deuterium incorporation curves were compared between
free MtGpgS and substrate-bound complexes. Differences in solvent accessibility between
MtGpgS APO and MtGpgS bound by UDPG or 3PGA revealed that both substrates UDPG and
3PGA could bind to MtGpgS independently and 3PGA could bind to or allosterically affect the
UDPG binding site. This conclusion was consistent with the substrate inhibition mechanism of
MtGpgS by 3PGA versus UDPG. [10] Moreover, the deuterium incorporation curves identified
that MtGpgS might provide a necessary conformation for UDPG binding. However, MtGpgS
showed dynamic changes in the substrate binding site and the dimer interface upon 3PGA
binding.

Chapter 3 utilized HDX-MS to investigate conformational changes of CgMshA on ligand
binding. CgMshA is a retaining GT-B glycosyltransferase catalyzing the initial step of MSH
biosynthesis. [11] A large conformational change was observed in CgMshA on nucleotide
binding by superimposing APO structure of CgMshA and complex structure with UDP. [12]
HDX-MS was utilized to investigate conformational changes of CgMshA on substrate binding
on the aspect of dynamics, providing a complementary to static structures. Solvent accessibility
changes of CgMshA on substrate binding revealed that both substrates UDP-GIcNAc and I1P
could bind to CgMshA independently, disagreeing with the previous proposal that UDP-GICNAC
bound to CgMshA first followed by I1P. Moreover, the HDX-MS data suggested that only the
substrate UDP-GIcNAc could induce large conformational changes of CgMshA even though the
3PGA binding could also lead to some dynamic changes in CgMshA.

Chapter 2 and chapter 3 focused on investigation of dynamic changes of proteins due to
ligand binding, so chapter 4 applied HDX-MS to study dynamic changes of the protein complex

SufBC,D due to ligand binding and PPIs. SufBC,D complex is a scaffold for Fe-S clusters
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assembly under oxidative stress. [13-14] Three proteins SufB, SufC, and SufD can interact with
each other and are indispensable for Fe-S clusters assembly. So, it is important to understand the
functions of each protein in the SufBC,D complex. HDX-MS was utilized to study
conformational changes of SufC on ADP/Mg?* binding and changes in SufB and SufD due to the
interactions with SufC. The HDX data revealed that the N-terminal domain of SufC provided a
binding site for ADP and SufC had conformational changes due to the ADP binding. Moreover,
SufB and SufD were observed to have regional dynamic changes that might play a role in iron
acquisition and Fe-S cluster assembly.
5.2 Impact of HDX-MS Study

The HDX-MS study in MtGpgS gives a deeper insight into the substrate binding
mechanism of GT-A glycosyltransferases. The solvent accessibility changes of MtGpgS
identified that both substrates can bind to MtGpgsS independently and 3PGA can bind to UDPG
binding site and act as a competitive inhibitor versus UDPG. It disagrees with the previous
proposal that MtGpgS follows a sequential mechanism that UDPG binds to MtGpgS first
followed by 3PGA. [15] Most GT-A glycosyltransferases follow an ordered mechanism in which
the divalent cation and nucleotide sugar donor bind first, prior to binding of the acceptor. [16-18]
MtGpgs is the first GT-A enzyme identified to not follow the sequential binding mechanism.
Moreover, the HDX-MS data revealed that MtGpgS has conformational changes upon 3PGA
binding, disagreeing with the proposal that the catalytic site of MtGpgS was preformed before
donor and acceptor binding. So the investigation of MtGpgS dynamics disagrees with some
previous proposals and provides a good example for other members of GT-A family especially
those having similar structures with MtGpgS. Similarly, the dynamic investigation of CgMshA

also gives a deeper insight into substrate binding mechanism of GT-B glycosyltransferase. Initial
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velocity studies indicated an ordered mechanism of CgMshA with UDP-GIcNAc binding first
followed by 11P. [12] However, the HDX-MS data disagrees with this proposal and shows that
both UDP-GIcNAc and I1P can bind to CgMshA independently. Thus, the study of MtGpgS and
CgMshA gives a better understanding of substrate binding mechanism of glycosyltransferases
and provides dynamic evidences for studying substrate binding and conformational changes of
other glycosyltransferases.

The dynamic investigation of SufBC,D complex provides evidence for understanding the
roles of each protein SufB, SufC, and SufD playing in Suf pathway. Even though the HDX-MS
data cannot support the SufC can form a dimer in the presence of ATP and Mg?*, it displays that
the SufC has conformational changes on ADP/Mg”* binding within SufBC;D complex.
Moreover, the dynamic changes of SufD points out the possibility that the SufD residue Cys282
may be a potential Fe-S cluster assembly site and the peptides 63-77, 87-91, 106-112, and 184-
189 may contribute to the iron acquisition under oxidative stress. So, the clarification of structure
and dynamics of SufBC,D complex helps to understand how Fe-S clusters are assembled and
transferred when iron or sulfur mechanism is disrupted by iron starvation or oxidative stress.

5.3 Future Work

The HDX-MS data has revealed that MtGpgS provides a necessary conformation for
UDPG and has a global conformational change upon 3PGA binding site. But the conformational
changes of MtGpgsS induced by 3PGA in the presence of UDPG are still not identified. So HDX-
MS could be performed to study dynamic changes of MtGpgS induced by 3PGA in the presence
of UDPG. The determination of these changes would clarify the peptides contributing to 3PGA
binding and the necessary conformation required by both substrates. The complementary of

dynamic changes of MtGpgS would benefit understanding catalytic mechanism of MtGpgS and
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being amodel in GT-A glycosyltransferases. Furthermore, dynamic changes of MtGpgS could
provide evidences for comparison between GT-A and GT-B glycosyltransferases.

In the Suf pathway, SufBC,D complex is responsible for Fe-S clusters assembly and has
the ability to bind multiple cluster types. [19] Each of cluster types has its own geometrical
constraints. It is very likely that the formation and stabilization of a particular cluster type is in
part controlled by protein dynamics. [20] So, different conformations of SufBC,D may be
important to support the intermediate cluster types along the Suf pathway. HDX-MS could be
applied to define the structural and dynamic changes that occur between APO SufBC,D and
SufBC,D with Fe-S clusters. It could also provide a mechanistic understanding of Fe-S clusters

biogenesis and cluster stabilization.
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