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ABSTRACT OF THE DISSERTATION

Mass Spectrometry for Determination of Conformation and Dynamics of Proteins a
Structure and Biosynthesis of Bacterial Peptidoglycan

By
Jiawei Chen
Doctor of Philosophy in Chemistry
Washington University in St. Louis, 2011
Professor Michael L. Gross, Chair

Mass spectrometry (MS) has emerged as an important tool for analyding an
characterizing large biomolecules. In this dissertation, two aspectsadvbmpment
and application of MS-based approaches are presented; they include (1) protein
conformation and folding dynamics (in Chapters 2 to 5) and bacterial peptidoglygan (P
structure and biosynthesis (Chapters 6 to 8). Chapter 1 serves as the introduction for both

aspects.

Part | of the dissertation focuses on the development of analytical methods
combining fast photochemical oxidation of proteins (FPOP) and mass spectrometry
analysis. In chapter 2 to 4, we discuss protein folding with sub-millisecond time
resolution by a new pump/probe procedure. Perturbations in protein structure are by
temperature jump of the protein solution, followed by fast photochemical @madatti

proteins (FPOP) as the probe. The hydroxyl radical lifetime was predicted b



dosimeter experiment (Chapter 2). The T jump-induced folding constant was rdeasure
at the global protein level (Chapter 3), and the residue level detail waseckbgal
proteolysis and liquid chromatography-mass spectrometry (LC-MS) (Chapt€hdpter

5 discusses the development of a new FPOP reagent, iodobenzoic acid, and its

application on studying conformational differences between apo- and holo- proteins

Part Il of the thesis discusses the development and application of MS-based
methods to investigate bacterial peptidoglycan. Chapter 6 focuses on the nugthadol
the bottom-up MS to characterize the fine structurentsr ococcus faecium (E. faecium)
peptidoglycan. Furthermore, we developed a time-dependent isotopic labeliagystr
and applied it tdc. faecium during the cell wall growth to determine quantitatively the
percentage of heavy isotope incorporation into different muropeptides through
peptidoglycan growth cycles, discussed in chapter 7. The results are imfoortant
understanding tertiary structure and designing novel drugs for antibiststanet
pathogens. In chapter 8, we applied the above approaches to investigatelmethicil
resistanstaphylococcus aureus (S. aureus) and itsfemmutants. We emphasize the

peptidoglycan composition, fine structures, and biosynthesis.
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1. Introduction



Part |: Mass-Spectrometry-Based Studies of Protein Conformation and

Dynamics

1.1 Protein Structure and Conformation Analysis

111 General Methods

The determination of the structure and conformation of a protein is essential to
understanding its biological function. The approaches include the high resolution
methods of X-ray crystallography and nuclear magnetic resonance)(BidRtroscopy,
the low resolution methods of circular dichroism spectroscopy and fluorescence
spectroscopy, and the intermediate-level methods of mass spectromettyjsahore
recently developed.

X-ray crystallography and NMR are the two main approaches that provide
structural information of macromolecules at atomic resolution. X-rayatlygraphy has
been a vital tool for studying protein structure since the late 1950¢ produces a
three-dimensional picture of the density of electrons within the protein ¢rystal
revealing positions of the atoms. It is now used routinely to determine proteituss
and protein-protein or protein-ligand interactio85 (It is limited, however, by the
difficulty of getting some proteins, especially intrinsic membrane prot@risrm
crystals. The nearest competing method, NMR, is carried out in solution, thus
eliminating the crystallization probler8)( Furthermore, NMR provides additional
information about protein folding, dynamics and conformational equilif&).( Given
that there are problems in resolving overlapping peaks in larger proteins, NMR

spectroscopy has been restricted to relatively small protBinsNMR also requires



significant quantities (milligram) of protein samples at high conceoitr&-100 puM);
under conditions of high concentration, proteins can aggregate and precipitate.
Several additional resolution methods have been developed over the last decades
to obtain general, less-detailed information about protein structure and catilormCD
arises from differential absorbance of polarized light by the sample, dralrsoist
common method for providing a general picture of secondary strugl8e (
Fluorescence and Fdrster resonance energy transfer (FRET) are nsedtigate
protein conformational changes and protein-protein/protein-ligand interacti®ag)(
They can be highly sensitive, cost-efficient, and quantitative. Other lowtiesol

methods include FTIR, Raman, and cryo-electron microscopy.

1.1.2 Mass Spectrometry-based Footprinting

Mass spectrometry has emerged during the last two decades as an impaolrtant t
for analyzing proteins and peptides, spurred by the groundbreaking invention of
electrospray ionizatiorilB) and matrix-assisted laser desorption ionization (MALDI) in
the 1980s. Both of these ionization methods allow the transfer of biomolecules into the
gas phase as intact species usually bearing some excess charge fros) prakory
them amenable to detection by M), Despite its high sensitivity (femtomole level),
MS has other advantages owing to its capability to analyze not only intachprotei
also constituent peptides after proteolysis. By incorporating MS/MS methods,
information at the residue level can be obtained without using the time-consuming

method of site-directed mutagenesis.



Mass spectrometry-based footprinting serves as an intermediatapgvelch in
studying protein structure and conformation. Although it does not provide atomic-level
definition, protein footprinting assays protein conformation by either selectively
modifying or cleaving amino acid residues. It uses changes in chemialitgahat is
based on sensitivity of reactivity to solvent accessibility of various aasitbresidues.

A typical footprinting experiment determines those regions of a prdtatiruhdergo a
change in solvent accessibility between two or more states (e.gyvsabolo- , folded

vs. unfolded). The readout, usually a mass shift, can be measured by MS often in
combination with proteolysis to give peptides, which can be separated and définitive
analyzed in an LC/MS experiment.

Hydrogen deuterium exchange (HDX) is a footprinting technique that probes the
solvent accessibility and hydrogen bonding environment of amide backbone hydrogens
(15, 16). By monitoring the global deuterium uptake, the net change of a protein upon
unfolding, rearrangement, or ligand-binding can be detected by MS measumrement i
comparison with a control protein sample. By proteolysis and LC-MS, deuterium uptake
at the peptide level can be revealed. Recently, with the development of etesntisiar
dissociation (ETD) and electron-capture dissociate (ECD) as fragtioenmethod, one
can minimize any amide backbone hydrogen scramblifigahd obtain information at

the residue-levellg, 19).

1.2 Hydroxyl Radical Footprinting

1.2.1 Principlesand Methods



The hydroxyl radical is emerging as a widely-applicable footprintiagent
owing to its easy-formation, high reactivity and low selectiva)( Hydroxyl radical
probes solvent accessibility of amino-acid sidechains by oxidizing them, and such
modification is preserved throughout the following proteolysis and LC-MS/MS
experiments, allowing time for peptide and amino acid level data acquisitson. |
advantage over H/DX is that the modification is usually irreversible (iexg 1B likely to
be no scrambling).

There are different pathways for hydroxyl radical labeling on sidechaimmggam
which the incorporation of oxygen is the major o2& 24). Table 1.1 lists the common
modifications observed in hydroxyl-radical labeling experiments. Although hyldrox
radicals are non-specific reactants, they do not label sidechains witreéouhcy, as
shown by the wide range of rate constants that underlie their reactivitgiecated in the

table.

amino acid 11{ "OH common modifications (Da)
(M sec)
Cys 3 5x10l0 -15.9772 +31.9898 +47.9847
Trp 1.3 x1010 +3.9949 +15.9949 +31.9898 +47.9847
Tyr 1.3x1010 +15.9949 +31.9898 +47.9847
Met 8.5x10° —32.0085 +15.9949 +31.9898
Phe 69x10° +15.9949 +31.9898 +47.9847
His 4 8x10° —23.0160 —22.0320 —-10.0320 +4 9789 +15.9949
Arg 35x10° —43.0534 +13.9793 +15.9949
Ile 1.8x10° +13.9793 +15.9949
Leu 1.7x10° +13.9793 +15.9949
Val 8.5x108 +13.9793 +15.9949
Pro 6.5x108 +13.9793 +15.9949
Gln 54 x108 +13.9793 +15.9949
Thr 51x108 —2.0157 +15.9949
Lys 3.5x108 +13.9793 +15.9949
Ser 32x108 —2.0157 +15.9949
Glu 23x108 —30.0106 +13.9793 +15.9949
Ala 7.7x107 +15.9949
Asp 7.5x107 —30.0106 +15.9949
Asn 49x107 +15.9949
Gly 1.7x107 n.d.

Table 1.1: InitiakOH-amino acid side-chain reaction rates and common mass

spectrometry-observed producte®H-mediated protein footprintin@4, 25).

5



There are many ways of generating hydroxyl radicals for protein footgy, and
most were reviewed by Chance et a#)( They include electron-pulse radiolysis,
synchrotron radiolysis, use of the Fenton reaction, and laser photolysis. The sgnchrot
radiolysis of water with X-ray photons involves photoionization, where the energy of a
photon is transferred to water, causing its ionization to make a radical catioh,ledes

HsO" to give-OH (eq 1) 26).
H,0
H,O + ionizing radiation —= H,0'* + e g, — H;O" + "OH +e,, (1)

The advantage of this method is that no reagents need to be added to the solutions. Itis
limited, however, by the availability of a synchrotron radiation source and thefcost
operation. The Fenton reaction is one of the inexpensive ways to generate hydroxyl
radicals. In this reaction, hydroxyl radicals are produced from hydrogexrigeiby

oxidizing EDTA-chelated Fé to F€*. A major disadvantage is that it is a continuous
labeling approach and susceptible to overlabeling. It is used as part mdadtamethod

for studying DNA and RNA interaction&%).

1.2.2 Fast Photochemical Oxidation of Proteins (FPOP)
Hambly and Gros28, 29) developed a fast-labeling, pulsed method, FPOP,
utilizing a 248 nm laser beam to dissociate hydrogen peroxide into hydroxylisgeiga

2).

hv
H,0, — 2°0H (2)



The protein solution mixed with hydrogen peroxide and glutamine flows through a fused
silica capillary and is irradiated by an excimer laser at a frequéatgnsures all sample
protein is exposed to the beam only once. The pulse rate is adjusted so that there is a
measurable exclusion fraction (Figure 1.1) (i.e., a region that is not expokeddsdr

and serves to isolate the plugs of solution that are oxidatively modified by tbalsadi

~2.4 mm spot width
5 Hz frequency

248 nm
150 um ID fused silica

—  ~15 pl/min flow

l_f_l
Reacted Y
volume

Exclusion
volume

Figure 1.1: Schematic of the FPOP reaction region with normal setfihgslaser beam
intersects the flow tube (ID = 150n) at right angles. Its frequency and the flow rate are
adjusted to insure that the protein is only exposed once to radicals and to provide an

exclusion region or buffer between two successively irradiated plugs.

One advantage of FPOP is that the reaction time is controlled by adding
glutamine as a radical scavenger. Kinetic analysis reveals tloaiebyicrosecond, the
free POH] is almost all consume@&). Thus, for proteins that are structurally sensitive

to oxidation, any FPOP-perturbed conformations are not sampled by the labelingt Ga



al. (30) further demonstrated that the protein after FPOP under proper control shows that
the distribution of modified states (i.e., 0, +16, +32...) fit a Poisson distribution,
indicating that the protein population shares an invariant conformation during the
oxidative modification. In the absence of the glutamine scavenger, the protein
distribution is shifted to higher states of modification and is not well descnbad b

Poisson distribution, indicating that partial unfolding can occur during thedateesf

modification if proper controls are not made.

1.3 Protein Folding

1.3.1 Principles

The folding of a protein to its native compact structure is a fundamental biological
process. The correct fold that leads to a proper structure is critical foteando
function effectively. The process is far from perfect, however, and sometisudts iia a
fraction of proteins failing to fold correctly. Cells have mechanismartorelte this
problem by either degrading the incorrect structures or motivating refoltimgarrect
structures. When the cells fail to do so, the accumulation of misfolded proteins can lead
to some serious diseases including Alzheimer’s, Huntington’s, Parkinson’s, and prion
related disease81, 32). Investigating the mechanisms of protein folding is crucial to
understanding the misfolding problem from a fundamental viewpoint. Moreover, more
knowledge about the folding mechanisms may provide insight for protein structure
prediction.

It is believed that the native state of a protein usually corresponds to the most

thermodynamically stable structui@S)]. Although the classic view of protein folding is



based on models involving folding intermediates in a structural way and somatenes
regarded as a linear sequence of events, a new view replaces the “foldmgypatea
with an “energy landscape and folding funnels”, emphasizing the ensemble nature of
protein conformations. Thus, folding can be viewed as a multi-pathway, diffusion-like
process 34, 35). Studies of a series of small proteins with 60-100 amino acid residues
has suggested that the fundamental mechanism of protein folding involves the onteracti
of a relatively small number of residues to form a folding nucleus, around whiclsthe re
of the structure rapidly condens&6); The incorporation of experimental measurements
into computer simulation shows that these transition states, although highly
heterogeneous, share a similar overall topology as that of the native strtiaigr
indicating that the final folding to the native structure happens invariablytb&é&orrect
topology is formed37). For larger proteins, one or more intermediates can be often
observed during the folding proce88), In such cases, proteins fold in modules and
establish folds within local regions before the fully native structuesfoamed 89).

Protein folding can be as rapid as microseconds to milliseconds, thus presenting a
challenge for analysis. To investigate the kinetics and the structurassifion states in
such fast-folding events, several techniques have been developed to stunldifagsbly

accommodating the folding speed with high time and temporal resolution.

1.3.2 Protein Folding Studied at Atomic Resolution
Experimental techniques have been developed to study protein folding since the
1950s. Folding probes generally include low resolution ones such as CD and

fluorescence, and high resolution ones that are emphasized in this section.



NMR spectroscopy plays an importance role in studying protein folding. Early
NMR investigations focused on the equilibrium conversion between the unfolded state
and the native state under severe conditions; this approach can provide thermodynamics
information @0). Additionally, NMR spectroscopy of non-native states determines the
rates of conversion between different states of folding, although the sysiem is
equilibrium. Slow folding on the second timescale and above can be determinesg directl
by NMR exchange spectroscopy, whereas fast folding on a microsecondgeaoiid
timescale are accessible by line shape analyses of MR Non-equilibrium reactions
can directly be followed by NMR combined with stopped-flow device to observe real
time protein folding42, 43). The recent development of real-time 1D and 2D NMR
techniques allow simultaneous observation of reaction kinetics for a large number of
nuclear sites along the polypeptide chain of a protein with an unprecedented time
resolution of a few secondé4). To complement solution NMR on studying
inhomogeneous unfolded or partially folded states, solid-state NMR methods have bee
developed and applied to frozen solutions where non-equilibrium, transient states ar
trapped. It was demonstrated that solid-state NMR can provide information about folding
processes that is not obtained by other methis)s (

The only experimental technique available for fine structure charzatien of
protein folding transition states is tfbevalue analysis. It uses site-directed mutagenesis
to alter the direct interaction of a sidechain of a protein with a ligand or with othe
residues in the protein, perturbing the interaction. Then by comparing thedate a

equilibrium of the native protein and the mutant, it can be determined whether the
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interaction is formed in an intermedia#®). The® value is calculated following
equation 3.

® = AAGs.p / AAGnp (3)
AAG:.p andAAGy.p are the change of free energy of activation and the free energy of
folding caused by mutatiodq). A ® value of 1 implies that the structure at the mutated
site is native-like, while & value of 0 means the structure at the mutated site is
denatured.® values in between imply that either partial folding is reached in the
transition or a mixture of structure is forme). This technique has high spatial
resolution, yet it is relatively time and cost-consuming. The sites toemutst be

selected carefully to avoid structure perturbation at other regions.

1.3.3 Rapid Folding I nitiation Techniques

One approach to study protein folding or unfolding is to introduce a sudden
change in the solvent environment of the protein to shift rapidly the equilibrium gbnsta
The response of the protein is then measured by the techniques described above.

The earliest and also the most widely used technique for folding initiationas rapi
mixing (49-51). In a stop-flow mixing device, a solution containing protein and
denaturant is combined with a buffer to induce refolding, and the consequence of mixing
is then detected by techniques such as circular dichroism spectrometer aggtéooe
spectrometer. The time resolution of the conventional mixing device is linyited b
insufficient turbulence to a few milliseconds. Later, with a number of innovativgndes
the dead time can be pushed down to microseconds. These designs include: 1. wider

tubes for transporting the two streams to the tip-shaped mixing chambéichtsite is a
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mixing sphere as small as a few micrometBg3.( 2. a mixer with narrower cross-
section (<100 um) incorporated into the classic mixing de®@®g 3. a combination of a
mixing sphere and a continuous-flow mixing head of high stab8#y55).

Temperature jump can also be applied to study protein fast folding/unfolding and
peptide secondary structure formatié6-69). There are two major T jump methods,
electrical-discharge-induced T jump with rise times of 500 ns to T0arsl laser-
induced T jump on the nanosecond time sa&@0¢ (Given that the fastest possible
secondary structure formation is 100 ns for heli&8s4nd 6 us fop-sheets§l), the T
jump approach is required for investigating such events. Besides the time oesdluti
jump studies are advantageous because they are usually carried out unddikeati
conditions without high denaturant content.

Photochemical triggering methods, including laser flash photolysis and electron-
trannsfer-induced folding/refolding, can also be used to study proteins withdresther
prosthetic/binding groups. One example is the photodissociation of CO-bound
cytochromet initiated by laser flash photolysis, which allows refolding to be investigat
on the nanosecond time sca@)( The same protein has also been investigated by laser-

initiated electron-transfer reactioB3).

1.3.4 Protein Folding Probed by Mass Spectrometry

Protein folding/unfolding can be studied by MS in various ways. One strategy is
to monitor the changes in the positive-ion charge-state distributions of protein ions
induced by changes in solvent composition. Wang eb4)l.gtudied the stability of

myoglobin and apomyoglobin in different solvent conditions by analyzing charge state
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distribution observed in the mass spectra and demonstrated that apomyoglobin teas a larg
partially unfolded portion. Later, Konermann et &5, 66) investigated kinetic studies

of protein-refolding/unfolding reactions using a similar approach with araemis flow

mixing technique and time-resolved measurements. To aid the data analysis on protei
conformational isomers coexisting in solution, Dobo et&l) introduced and evaluated

a procedure of detecting and characterizing such isomers by analyangyg-state

distribution of protein ions in ESI mass spectra.

The combination of HDX and MS to probe protein conformational change was
first published by Katta and Cha@f). Amide hydrogens located in the hydrophobic
core of a protein where access to solvent is limited are slowly replackltgrons,
while those located on the protein surface exchange faster with deutehwss.the
extent of the HDX of these amide hydrogens reveals local solvent &dlitgssvhich
often changes during folding/unfolding process. Following the initial work, Miranker e
al. (69) developed a variation of this technique, in which amide proton HDX during the
folding of lysozyme was monitored by ESI-MS and NMR. In such an experimént, ES
MS distinguishes the populations of protein with various masses, thus can be used to
detect the existence of multiple pathways. A sub-second time resolution wagedchi

Other chemical labeling approaches have been applied to study foldoidingf
Their basis is that residues in the folded areas are more protected and wouldtkuffe
labeling whereas residues in the unfolded regions are more exposed to solvent and have
higher tendency to be labeled. Similar to HDX, the readout of such experimts is
mass shift created by the chemical labeling, and the extent of labahrgso be

guantified by MS measurements. One example is the protein folding on the iltisec
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time scale probed by combining mutagenesis and pulsed cysteine lalmlovged by
global MS analysis70). The kinetics of change in cysteine accessibility during
refolding was monitored for ten different mutant variants of barstar. Thisdgsgwwvith
high temporal resolution, information on structure formation at 10 differentdosati
during folding.

FPOP also allows protein folding be probed in the millisecond time scale, taking
advantage of the fast labeling time of OH- in the presence of the radicalgea@d).
FPOP can be combined with rapid mixing to characterize short-lived unfolding
intermediates as was reported for myoglof#it) @nd the folding of cytochrone(72).
Spatial resolution was achieved by monitoring the ratio of unmodified tryptic peptides
Lately, Pan et al.7@) reported the application of pulsed oxidative labeling for
deciphering the folding mechanism of a membrane protein, bacteriorhodopsin, from the
SDS-denatured state to the membrane and retinal bound state. The time-dependent
changes in solvent accessibility were monitored by measuring the extendative
modifications at methionine sidechains. This technique has also been expanded from
studying single-chain folding to investigating protein assembly. It wa®dstrated that
hydroxyl radical labeling tracks time-dependent accessibility clsathgeng folding and
assembly of the S100A11 homodimer, reveals the mechanism of folding and
dimerization, and identifies short-lived intermediates during this pro¢éssA time
limit of several milliseconds can be achieved in such experiments. GiveDHhat
footprinting is an irreversible labeling process, the folding/unfolding iredrates is

“captured” for MS analysis to afford both global protein information and peeHsc and
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region-specific information from proteolysis followed by LC/MS analydiocating sites

of modification gives spatial or site-specific resolution on top of the s ution.

1.4 Dissertation Topicsin Part |

141 Chapter 2: A Dosimetry Experiment for the Quantitation of Hydroxyl
Radical Produced by Laser Photolysisin Solution

This is a short yet important chapter describing an experiment measging t
initial concentration of hydroxyl radical produced in solution in an FPOP exp#time
Using phenylalanine as a dosimeter, we measured the radical concentragoh42 +
0.1 mM. Numerical simulation shows that the concentration of hydroxyl radical is
decreased to less than 1Ml in 1 us in the presence of glutamine, the radical scavenger.
The fast disappearance of radicals ensures that FPOP footprintingigHast protein
unfolding induced by oxidative labeling. It is also suggested that FPOP is aipgpbmis

new approach for detecting protein conformational change in the time scaldé®mfiss

1.4.2 Chapter 3: Temperature Jump and FPOP Probe Submillisecond Protein
Folding

The focus of this work is to expand FPOP to study protein folding dynamics on
the submillisecond time scale. Taking advantage of the microsecond FP@éhreee
coupled the FPOP probe with a temperature jump that initiates protein folding/ngfoldi
within ns by heating the solution. By varying the delay time between the T jumpeand t
probe, we labeled the protein at different stages of folding during the-frst 1

milliseconds. The readout is the global protein mass spectra showing diffadativex
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state distributions as a function of folding extent. We demonstrated this pump-probe
method using a model protein, barstar, and showed that it gradually becomes legs solve
accessible during the first 1 ms, and reaches a partially folded stathafte This study

has been published Journal of the American Chemical Society (75).

1.4.3 Chapter 4: Watching Amino Acid Residues Change during Protein Fast

Folding

In this chapter we use the pump-probe method described in Chapter 3, followed
by proteolysis and LC-MS/MS to study barstar early folding at the aagitbresidue
level and characterize the intermediate state. Our results show that e dowgy
helices and three beta sheets, the first helix shows an increasing trendaiiqorote
during the first 1 ms of folding. Although other regions do not show an obvious trend,
some individual residues are modified to a different extent in the intermet@ittergn
in the unfold condition. We propose that in the early folding stage, barstar forms a
partially solvent-accessible hydrophobic core consisting of several esdiciat interact
with remote residues in the protein sequence. While it is not realistic ttat@a@ectly
modification with secondary structure formation, our data are consistent wiitbyse
observation that barstar fast folding follow the nucleation-condensation mechvaitiism

the nucleus centered on heligrmed in the folding intermediate.

1.4.4 Chapter 5: Fast Photochemical | odination Footprinting Combined with Top-

down and Bottom-up Mass Spectrometric Analysis Reveals Protein Confor mation
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In this chapter, we report a new FPOP-based protein footprinting method utilizing
the iodine radical as the reagent. The radicals are generated by phatbiggiobenzoic
acid at 248 nm. We find that iodine radical reacts principally with tyrosine amdirrest
residues; thus, it is a site-specific labeling reagent. To prove that this metaghble
of differentiating protein conformational change, we studied myoglobin and
apomyoglobin as a pair and observed both global and residue-level difference in term of
iodination extent. The modified residues are mapped into the structure of the protein, and
the differences reveal changes of solvent accessibility upon heme binding. When
applying this footprinting method to carbonic anhydrase and apo-carbonic anhydrase, we
found no significant difference of modification extent as a function of protein Sthie
is consistent with previous findings that the structures of the apo and holo protein state

are similar to each other@q).

1.5 Bacterial Peptidoglycan and the Analysis

151 Structureand Function

Peptidoglycan, also known as mureif@)( is a polymer consisting of
polysaccharides and amino acids that forms layers outside of the bacterladamenand
is the main component of the gram-positive bacteria cell wall. The lineangtiieans
are comprised of alternatimdracetylglucosamine (GIcNAc) ardracetylmuramic acid
(MurNAc) (see Figure 1.2). The average chain length varies between 10 and 65
disaccharide units/8). The structure of the glycan chain is largely conserved in all
bacteria although there are minor variations sudb-asetylation. Attached to th¢-

acetylmuramic acid is a short peptide chain which can form cross-links to apeftiele
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chain of another strand. The peptide moiety contaimsdD amino acids, usually with
L-alanine bound to the muramic acid, followedyglutamic acid, which is connected

by itsy-carboxyl group to ah-diamino acid wittD-alanine attached. Sometimes there
is an additional alanine at the C terminus. The peptide linkage is formed between the
amino group of thé-diamino acid and the C terminatalanine of another peptide stem.
In the formation of peptidoglycan, two types of enzymatic activities are imdolve
transglycosylase catalyzes the formation of glycan chains and traidsgeptross-links

the peptide stemg§9, 80).
OH
NHAc
®) HO

%0%0\@%0%

o) © n
H,C NHAc

OH

[-diamino acid <—bridge <—D-Ala

J

D-Ala [-diamino acid
D-Glu

!

L-Ala

/\/\/‘1‘\N\/ Glycan chain

Figure 1.2: A repeating unit of a peptidoglycan structure.

18



The three-dimensional structure of peptidoglycan is an important, yet unsolved
problem. There are controversial models proposed for the arrangement of pepdigloglyc
One model is that the glycan chains are parallel to the cell suBB¢aevhereas the other
model proposes that the chains grow perpendicularly to the sudgcelhe former
model, however, is generally more preferred.

The two main functions of peptidoglycan in bacteria are to maintain the shape of
the cell and to counteract the osmotic pressure of the bacterial protoplast. Rence, t
peptidoglycan is a target for most of the antibiotics that inhibit bacterialvedll

synthesis.

1.5.2 Antibioticsand their relation to peptidoglycan

Antibiotics, also known as antibacterials, are drugs that are used to tretmnsfec
caused by bacteria. There are several types of antibiotics such as tagtealaitbiotics;
examples are glycopeptides, aminoglycosides, macrolides, fluoroguinolones, and
tetracyclines.

Glycopeptides are a class of antibiotics composed of glycosylated cyclic or
polycyclic nonribosomal peptides. They slow the formation of a bacterial aklby
inhibiting the synthesis of peptidoglycan. Some common glycopeptides antibiotics
include vancomycin (Figure 1.3), teicoplanin, telavancin, bleomycin, ramoplanin and
decaplanin. The mechanism of inhibition of cell-wall biosynthesis involves binding to
amino acids of the peptidylglycam, specifically the daydlanyl-D-alanine, to prevent
the addition of new units (Figure 1.3). As a result of antibiotic use, resistaraelsow

antibiotics becomes more common and presents a clinical challenge. They paomse
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of resistance is the genetic mutation in bacteria. For example, bacteaeethasistant
to glycopeptides antibiotics (e.g., vancomycin) have their peptidoglycaadftemD-
Ala-D-Ala to D-Ala-D-Lac, which has a 1,000 fold lower binding constant to

vancomycin 83, 84).

Figure 1.3. Binding of vancomycin to tBeAla-D-Ala terminus of a peptidoglycan stem.
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As bacteria resistance emerges, the need for the development of new asitibiotic
arises. Generally, there are two strategies to look for new antibiotics.s @ngcreen a
large chemical library in which a reference drug as a starting point andraraom
structural variations based on this drug are present. Another approach is to design the
drugs based on the understanding of the structure and biochemistry of the targats. |
context, understanding the detailed structure of peptidoglycan and the modesrobfcti

glycopeptides is crucial to the drug development.

1.6 Bacterial Peptidoglycan Analysis

1.6.1 Solid-State NMR Applied to Bacterial Peptidoglycan

Solid-state NMR is an ideal method to characterize bacterial peptidoglyc
because it is compatible with insoluble and largely heterogeneous sampladedivas
first introduced in 1983 by Schaefer and coworkers whereby cross-linking in the
peptidoglycan was quantified using cross-polarization magic-angle spinrihgA8S)
technique 85). This paper also showed that the modes of action of antibiotics such as
penicillin could be investigated using solid-state NMR. The paper did not recede mu
attention, however, until the late 1980s when antibiotic resistant was reabgsiae
serious problem.

Rotational-echo double-resonance (REDOR), introduced by Schaefer et al. in
1989 @86), is capable of providing distance measurement between isotopes incorporated
into the peptidoglycan and bound antibiotics. Using REDOR, Schaefer &%, &8)
demonstrated in several publications that vancomycin inhibits transglycosyitati

Saphylococcus aureus. Other vancomycin derivatives can also be characterized by this
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approach&9-91). REDOR, typically performed on solid samples undergoing magic-
angle spinning (MAS), directly measures the distance-dependent heteronymiésar di
coupling between spin pairs. The experiment is comprised of two parts. In therfirst pa
the dephasing channel is off, and MAS spatially averages chemical shiftpatet di
anisotropic interactions to produce an echo of full intensity. In the second pairt,da tra

7 pulses are applied to interfere with the dipolar coupling. This results in an observed
dephasing that is related to distance by the dipolar-coupling strength.

In a recent application relevant to this thesis research, Patti @@)ahvestigated
the structure oEnterococcus faecium peptidoglycan and the modes of action of
vancomycin and oritavancin in the organism by using REDZ2R93). One goal of this
dissertation is to develop mass spectrometry as a complementary methods$taselid

NMR in studyingEnterococcus faecium peptidoglycan.

1.6.2 Mass Spectrometry-based M ethods

As indicated above, peptidoglycan is highly heterogeneous and insoluble, thus
presenting challenges for mass spectrometric analysis. This problem salvdx in
part by digesting the peptidoglycan to disaccharide units with the peptides dtthelse
are called muropeptides. To accomplish this, muramidase such as lysozyme and
mutanolysis can be used to give digests that are suitable for bottom-up analysis
Lysozyme has its Iytic effect upon susceptible bacteria through hydrofygigcosidic
bonds 94-96), specifically theB-1,4 linkages betwedd-acetylmuramic acid and-
acetylglucosamine. Resistance to such lytic action arises owing eitier presence of

other cell walls and cell membrane polymé&8) (or the modification of peptidoglycan

22



structures, such &3-acetylation on the glyca®8-102). Thus, mutanolysin, also a
muramidase cleaving thid-acetylmuramylB(1,4)-N-acetylglucosamine linkage but less
perturbed by the modification on the glycan, is often used as a complementary emzyme t
lysozyme (03, 104).

The digested murein samples were usually separated by HPLC before mass
spectrometric analysid@5-109). Previously, fast atom bombardment mass spectrometry
(FAB-MS) and collisionally activated dissociation tandem mass spedino(RAB-
CAD-MS/MS) were used to characterize the fragments produced by dig@diipill).
Unfortunately, this approach usually fails to provide information for trimers anerigh
oligomers. With the development of electrospray ionizatld@)(and matrix-assisted
laser desorption ionization (MALDIWL{L3) , peptidoglycan analysis by MS became more
feasible and completd14, 115). Given the heterogeneity and complexity of the
peptidoglycan structure, HPLC fraction collection and off-line MS anallisisever, has
the tendency of losing information on the minor components. There have been several
reports of using liquid chromatography-mass spectrometry (LC-MS) toase@and
identify peptidoglycan fragments, but they did not address detailed muropeptide
structural variations presumably owing to the lack of sensitivity in deteahd mass
accuracy for composition determinatidi).

Advances in mass-spectrometry instrumentation and on-line separation have
provided instruments with high mass resolving power and sensitivity. Examples of MS
instrumentation include Fourier-transform ion cyclotron resonance (FTIC& ma
spectrometers, Orbitrap mass spectrometers and some quadrupole tigia-D$TOF)

mass spectrometers. In this dissertation, we take advantage of thiaselyalaw
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capabilities to develop an LC-MS based method to identify and semi-quantify individual
muropeptide species including minor structural variations. This cannot be accothplishe
readily by solid state NMR, but takes advantage of accurate mass mesasM/MS,

and data-processing strategies including the ability to extract ion atograms.

1.7 Dissertation Topicsin Part |1

1.7.1 Chapter 6: LC/MS Method Development for Characterizing Peptidoglycan
Structures

In Chapter 6 and as a collaboration with G. Patti and J. Schaefer, we describe the
LC/MS-based method development for peptidoglycan characterization, stestimg f
enzymatic digestion to data analysis, udimterococcus faecium as a model. We
identified ~50 muropeptides including 16 basic ones and their variations. Their formulas
were confirmed by accurate mass measurement, and structural asggywere made by
MS/MS. We approximated the relative amount of each by assuming equal eegpons
ionization and calculated the fractions of monomers, dimers and trimers andse cr
linking value. These findings have biological implications with regard to peptickgly
growth, maturation, and antibiotic resistance. We propose that this LC/M&+bhasieod
is widely applicable to bacterial peptidoglycan characterization and thay have
reasonable throughput. Part of this chapter was published Jouh®l of American

Society for Mass Spectrometry (117).

1.7.2 Chapter 7: Time-Dependent I sotopic L abeling and Quantitative Liquid-

Chromatography/M ass Spectrometry Reveals Bacterial Cell-Wall Architecture
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In Chapter 7 and in collaboration with G. Patti, we expanded the steady-state
analysis of bacterial peptidoglycan to the study of the growth dynamegsdbying time-
dependent isotopic labeling while the bacteria are growing. This allowsraskdte
fate of the peptidoglycan precursor during maturation by comparing the sotopi
enrichment of muropeptide along the growth curve. We apply the approach to
Enterococcus faecium and find the sequence of cell-wall maturation. The results also
reveal some information on the cell-wall organization and tertiary strucRag of this

chapter was published Analytical Chemistry (118).

1.7.3 Chapter 8. MSInvestigation of Peptidoglycan in Fem-deletion Mutants of
Methicillin-resistant Staphylococcus aureus

We applied, as described in this chapter, the bottom-up MS method to investigate
methicillin-resistan&aphylococcus aureus (S. aureus) and itsfem (for factor essential
for methicillin resistance)-deletion mutants. Fine structures of muropepteles a
characterized and compared among these three strains. The averagebgtige |
characteristic feature, is calculated to be 4.3, 0.9 and 2.2 for parent, FemA and FemB,
respectively, by quantifying all the relevant species. The muropeptidehneth glycines
as the bridge is detected in FemA. A time-dependent, isotopic-labelingneaper
conducted on FemaA reveals the fate of peptidoglycan and also has implications on its
tertiary structure. The MS-based methods again serve as a complenwiteryNMR,

and prove to be applicable to a variety of bacteria.
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1.8 Conclusion

The method developments described in this thesis have implications in two
important areas of biochemistry and biophysics. The FPOP-based methods add in
valuable tools for structural biology. The iodination method is widely applicable in
detecting protein conformational change and mapping protein-ligand or pradésmpr
interface. The T jump and FPOP combination brings a wealth of structural itifmrma
about protein folding within reach, and has considerable flexibility. Thededsetould
permit the elucidation of protein structure and dynamics for systems WMReor X-
ray is not applicable. The bottom-up MS methods for peptidoglycan analysis contribute
to the understanding of bacterial cell wall structure and biosynthesis. TEhegedul not
only in determining the peptidoglycan structure of a variety of gram-positoterimbut

also in investigating the antibiotic modes of action.
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of Hydroxyl Radical Produced by L aser
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2.1 Abstract

Like other chemical footprinting methods, fast photochemical oxidation of
proteins (FPOP) should be done so that only the native conformation is modified. The
current FPOP design utilizes a radical scavenger that limits thexyjaadical exposure
time to approximately 1 us, as determined from kinetics calculationssthana an
initial concentration of OH radicals produced upon photolysis. If this time isctoitres
sufficiently short that protein unfolding induced by the oxidative modifications is
avoided. In this chapter, we report an experimental determination of the initial
concentration ofOH by using phenylalanine as a dosimeter molecule for determining the
initial concentration of hydroxyl radical upon laser photolysis is 0.42 + 0.1 mM for a 14
ns laser pulse of 45 mJ. Numerical simulations using this initial concentratesal tieat
in less than 1 ps, the concentration@ifl decreases to less thari’Id in the presence
of the scavenger. The fast disappearance of radicals in this well-tmhfomtprinting
technique suggests that misleading oxidative modifications do not occur when esing th

FPOP approach.
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2.2 Introduction

Protein footprinting monitors protein conformation by selectively labeling or
cleaving residues. Hydroxyl radical oxidation, a class of footprinting metpoalses
solvent accessibility by modifying amino acid side chains. The advantagedrokyly
radical footprinting are first, it is a non-specific labeling method that nesdé#i
significant portion of amino acid residues, thus providing higher coverage compared t
residue-specific labeling methods; and second, it imparts to the proteinsiioéxer
covalent modifications that are insensitive to demanding sample handlintabékeng.

As implied in the introduction of this thesis, there are several approaches ofyiydrox
radical footprinting including electron-pulse radiolysis, synchrotrdiohgsis, use of the
Fenton reaction, and laser photolydis (These methods have been developed and used
to map protein surface, as well as footprint DNA:protein and protein:ligand imb&sct

(2-5).

Recently Hambly and Gros6)(developed the method of fast photochemical
oxidation of proteins (FPOP) that uses a pulsed laser to photolyze hydrogen peroxide to
hydroxyl radicals; a similar approach was introduced by Aye and cowdiierk was
demonstrated in the Hambly experiment that in the absence of a scaveragaimgiuthe
protein is heavily and perhaps excessively oxidized. In the presence of 20 mM
glutamine, however, the radicals are almost gone within 1 ps, calculateshdpyhes
initial concentration of radical (estimated to be 1mM) and the known rate constant for
reaction of glutamine with the radical. This timescale is faster thasetwnd step in

protein unfolding, a step that re-admits water and hydroxyl radicals to oxidizeotein
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in an uncontrolled fashio8). Thus, we have assumed that it is principally the native

protein that is probed by FPOP.

To validate experimentally the claim by Hambly that FPOP oxidizes pratsierf
than its unfolding, Gau et aP)(applied FPOP to three oxidation-sensitive proteins and
found that the distribution of oxidation modification states is Poisson in the presemnce of
radical scavenger, consistent with a model that holds that only a single cdidoraia
the is oxidatively modified. In the absence of the scavenger, the model no longer
pertains. The result verifies that FPOP does occur on a timescale enougbloaa
single conformational state of the protein. This approach does not provide, however, a

lifetime for the radicals.

The high speed of oxidative modifications can placed on firmer ground by
measuring the initial concentration of hydroxyl radical upon laser photolyseathef
estimating the number based on the quantum yield. In this chapter, we use alchemica
dosimeter to measure directly the amount of radicals produced in the expgtimsent

concentration is an input for any kinetic analysis of the radical decay.

Radiation dosimetry is a means of measuring the absorbed dose of radiation in
matter and/or tissue; the dose originates from the exposure to indirettiyractly
ionizing radiation. As an ionizing gamma or x-ray passes through water, it l@dnzal
of superoxide and hydroxyl radicals created by water ionization and splittQ >
H,O" = -OH + H'. The radical will then react with the dosimeter molecule and generate
an easily measurable change in the target molecule. One dosimeter thanhaseloketo

measure hydroxyl radicals generated by Fenton reaction is terephthél{@ ldA or
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“para-carboxy benzoate”) and has a symmetrical structOrd.l). Itis an appropriate
dosimeter because it reacts with hydroxyl radical to yield only one monoxwaled
isomer. In this chapter, we chose phenylalanine over THA as the dosintzstesde
phenylalanine is an amino acid, the simplest unit of the proteins we wish to stddtg a
oxidation products are more amenable to MS analysis than are THA and monohydroxy

THA.

2.3 Experimental

2.3.1 Reagents

Phenylalanine, tyrosine, acetonitrile and phosphate buffered saline (RBS)
purchased from the Sigma Aldrich Chemical Company (St. Louis, MO). Purifitst w
(18 MQ) was obtained from an in-house Milli-Q Synthesis system (Millipore, rigifie

MA).
2.3.2 Dosimetry experiment

Each 50uL sample of protein was prepared in PBS (10 mM phosphate buffer,
138 mM NacCl, 2.7 mM KCI, pH 7.4 at 25 °C) with 2 mM phenylalanine. Hydrogen
peroxide was added to a final concentration of 15 mM just before infusion into the FPOP
region. The flowing sample solution, after laser exposure, was collacted.6 mL
microcentrifuge tube containing an additionali20of 100 nM catalase and 70 mM

methionine in PBS to quench any oxidation that might occur following FPOP.

FPOP was conducted as described previously except the ID of the fusedaslica w

150 um (Polymicro Technologies, Phoenix, AB)( The 2.45 mm beam width was
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measured from a 20-shot burn pattern on label tape affixed to a temporary beam stop
placed in the plane of the flow cell. Sample plugs representing an oxidatioanwit
approximate 15% exclusion volume fraction were infused at a rate of 15.28 + 0.04
uL/min, and the excimer pulse frequency was set to 5.00 + 0.02 Hz.

Calibration solutions were prepared to contain everything in the above solution
except for a mixture of phenylalanine and tyrosine (used as a calibraritat
concentration of 2 mM. The fractions of tyrosine were from 5.0% to 50.0% in

increments of 5.0%. Calibration solutions were analyzed fresh after preparation.
2.3.3 Mass spectrometry

Samples were diluted 20 fold with 50% acetonitrile and directly injected for
positive-ion ESI analysis on a Bruker maXisnass spectrometer. Full mass spectra
from m/z 150 to 1000 were acquired at a mass resolving power of 40,8@8 E200.
Samples were all analyzed using the same tune file on the same dayaasplee s

submitted to FPOP. Each sample analysis was repeated three times.
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2.4 Resultsand Discussion

OH OH

OH OH
0 0 0 0
H, NH, NH, Ho
OH
OH

HO

(a) (b) (€) (d)

Scheme 2.1. Structures of phenylalanine and its oxidation products. (a). phenylalanine

(b) tyrosine. (c) 3-hydroxyphenylalanine. (d). 2-hydroxyphenylalanine.

Experimental Design: Phenylalanine is a suitable dosimeter molecule because (1)
it is highly reactive with OH radicals, with a rate constant of 6.9%MIbsec¢" and (12)
it yields relatively simple oxidation products. The proposed mechanism of such
modification is that the hydroxyl radical adds rapidly without much positionakctsaty
to the aromatic ring of phenylalanine to form a hydroxycyclohexadienyakavhich
then reacts with oxygen and eliminates HOO- to form the final prodi)ct3 ke major
oxidation products from this experiment are oxidized phenylalanine, includingigyrosi
2-hydroxylphenylalanine and 3-hydroxylphenyalanine (Scheme 2.1). Hab@ly (
previously used 20 mM phenylalanine as a dosimeter to capture and quantitate hydroxyl

radicals but observed no oxidation products, likely owing to the limited dynange odn
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the analyzer mass spectrometer used in that work. We reduced the dosimeter
concentration to 2 mM in our experiment. Samples were prepared and irradiatedl in PB

buffer to mimic the regular FPOP conditions.

The post-FPOP solution contains phenylalanine, its oxidation products, and the
buffer salts. Usually such samples are desalted before they are suitneotss
spectrometry analysis. In our experiment, however, this purification stepkipped
because the target molecules are small and must be preserved at theurmeuemntity
for accurate measurement. The mass spectrum of the post-FPOP solutionl cdtfie
positive-ion mode after direct infusion (Figure 2.1) shows the formation of products tha
are represented by peaks corresponding to sodiated dimers in the mass spgctrum, a
labeled in the figure. Multiple hydroxylations are not observed, likely due to the

presence of excess phenylalanine.

Measurement of the initial concentration of radicals: To quantify the oxidatively
modified phenylalanine, a calibration curve was prepared by using standandesixt
phenylalanine and tyrosine (the standard for oxidized phenyl alanine). The mass
spectrum of one of the calibration solutions containing phenylalanine and tyrosine
(Figure 2.2) provides a basis for measuring the fraction of the tyrosingiy the
equation incorporated in the figure. A calibration curve was obtained by plotting the
measured tyrosine fractias. the actual percentage of tyrosine in the solution, shown in
Figure 2.3. The assumption here is that all the oxidation products with thensame
share the same ionization efficiency, which is reasonable consideringttbetural
similarity. The actual concentration of oxidation products after FPOPheas t

calculated to be 0.42 mM, according to the curve, and represented the initial €l radi
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concentration. Self quenching of the radicals to give back hydrogen peroxide was not
taken into account as self quenching would consume only a smaller fraction of the

radicals. The measured radical concentration is less than but similar sbirteted

value of 1 mM, used by Hamblg)

353.1
[2Phe + Na]*
> ]
fo
‘»
=
Q
o
=
369.1
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385.1
l [2Phe(O) + Na]*
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Figure 2.1: Mass spectrum of a post-FPOP sample containing phenylaadine

oxidatively modified phenylalanine.
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Figure 2.2: Representative mass spectrum of a calibration solution contaiminture

of phenylalanine and tyrosine.
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Figure 2.3: Calibration curve of measured tyrosine fract®oactual tyrosine fraction.
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Lifetime of theradicals: Time courses of the hydroxyl radical concentration were
obtained by numerical simulation and plotted in Figure 2.4. The simulation is based on a
system of non-linear differential equations that were solved with an adafgpsize
Runge-Kutta method implemented in Mathcad version 14. The differential equations
were chosen to model two second-order reactions. The first is the rexddtidroxyl
radical with itself with a rate constant of 621@™s* and the initial concentration of 0.42
mM. The second reaction is that of the hydroxyl radical with glutamirfeaniate
constant of 5x1M™s™* and the initial concentration of glutamine as 20 mM. These
equations were coupled by the common hydroxyl radical concentration. We shaw tha
less than 1 ps, the concentration of hydroxyl radical is less thakl 10 his outcome is
similar to that predicted by Hambly et al. who used an estimate for tia init

concentration ofOH (6).

Relation to speed of protein unfolding: The rates of folding/unfolding vary from
protein to protein, depending on their size and structure. It usually takes awteast t
steps for a protein to fold into its native state. For some proteins, the steps are the
formation of secondary structure (ns or sub us timescale) as the early step and t
formation and consolidation of tertiary structure (tens of us and longer) as thefate
(13). In some other proteins the steps are hydrophobic collapse (us) and tauictuyres
formation (tens of us and longef$j. The unfolding process, which may be the reverse
of folding, requires the breakdown of the tertiary structure (tens of ps and)langehe
admission of water to the structuf). This timescale is significantly longer than the
radical lifetime in the FPOP experiment. Although our concern is with oxidmtthuted

unfolding of protein rather than unfolding induced by other physical means, we can
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reasonably expect that such unfolding occurs on a timescale no shorter tharutens

our experimental condition.

1«10

|

Concentration (M)

|

a0’ 110" 110" 110" 1<10” Lo

Time (s)

Figure 2.4: Simulation of two OH radical reactions: (1) with GIn and (&) @H

radicals themselves (self-quenching).
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2.5 Conclusion

We designed a dosimetry experiment to measure the hydroxyl radical

concentration produced by laser photolysis in an FPOP experiment and used that to show

that the OH radical concentration is less than TX#dn less than 1 ps. This work

provides further validation for the claim that FPOP modifies a protein in its rshsitee

Furthermore, the argument that FPOP occurs in 1 ps lays the foundation for the work in

the next two chapters where we apply FPOP to study protein folding on the sub ms

timescale.
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3.* Temperature Jump and FPOP Probe

Submillisecond Protein Folding

*This chapter is based on a recent publication:

Reproduced with permission from Chen, J., Rempel, D. L. & Gross, M. L. Temperature
Jump and Fast Photochemical Oxidation Probe Submillsecond Protein Fadding

of the American Chemical Society, 132, 15502-15504010)
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3.1 Abstract

Understanding protein folding/unfolding is a long existing scientific problem
Here we report a new mass spectrometry-based approach to study praiem-fol
dynamics on the submillisecond time scale. The strategy couples anlhsezd
temperature jump with FPOP whereby protein folding/unfolding is followed by ekang
in oxidative modifications by OH radical reactions. Using a cooled flovesyst
containing the protein barstar as a model, we altered the protein’s equilibrium
conformation by applying the temperature jump and demonstrated that its teadativi
OH free radicals serves as a reporter of the conformational changdseraore, we
found that the time-dependent increase in mass, owing to free-radical oxidagion, is
measure of the rate constant for the transition from the unfolded to the firstadtate
state. This advance offers the promise that, when extended with mass-spegtromet
based proteomic analysis, the sites and kinetics of folding/unfolding can dtdtoived

at submillisecond times.
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3.2 Introduction

Deciphering protein folding is essential for understanding biological peses
and developing therapeutic approaches to misfolding-related disé&®esHrotein
folding can be followed in equilibrium experiments, which monitor protein states as a
function of temperature or denaturant concentration, and in kinetics, to give a time-

dependent conformational change.

There are many techniques used to characterize protein folding/unfolding events
they include protein engineering using site-directed mutagenes® aalde analysis4
6), time-resolved circular dichroism (CDJ, @), real-time nuclear magnetic resonance
(NMR) (9-11), fluorescence and mass spectrometry (MS). Starting in the early 1990s,
MS has emerged as an effective tool for supporting both thermodynamic and kinetic
protein-folding studies. The advantage of modern MS is its ability to measunésentte
protein modification and pinpoint their locations. For pulsed H/D amide exchange and
other pulsed covalent labeling kinetid2,(13), MS detection can now track folding
events down to the millisecond timescale. Protein folding, however, often occurs more
rapidly (in microseconds or even les#})( which has been a difficult range to access in

current MS-based studies.

Techniques for the fast initiation of protein folding include rapid mixitg1@8),
laser-induced temperature juni®(20), optical triggering Z1), pressure jump2@),
dielectric relaxation and electric-field-jum@3). Previous mass-spectrometry-based
studies of protein folding/unfolding dynamics had utilized the rapid mixing techroque t
create the disturbance. Konermann et2d, 25) combined rapid mixing and FPOP to

observe protein folding/unfolding intermediates at times in the 10 ms range. Jha and
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Udgaonkar 26) applied pulsed thio-labeling following the mixing of the unfolding
protein and the refolding buffer, and demonstrated that millisecond folding can be

assessed by global mass-spectrometry measurement.

Here we describe a new approach to investigate protein folding. We use two
lasers, one to provide a temperature-jump (T-jump) and a second to generatts teage
footprint the consequences of the T-jump. This is an example of “pump/p&Hes),
but it is distinguished by the use of chemical reactions as the structuraratiodrethan

the usual spectroscopic (physical) approaches.

Barstar is a small protein synthesized by the bacteBaeilus
amyloliquefaciens. It binds to its partner barnase and inhibits the ribonuclease activity,
thus countering the lethal effect of active barnase following expreggnnBarstar is
most stable at 20-35°C, and unfolds both at low and high tempera@yreThe folding
pathway of barstar has been studies extensively and is illustrated in Sch¢h®e 311
32). Itis comprised of two intermediate states, an early one reached witims of
folding and a later intermediate established in ~10-100 ms. The folding is daitiyate

the slow formation of ais peptidyl prolyl bond in the native protein.

~1 ms ~100 ms ~100s
Utrans — [trans — Ftrans — Fcis

Scheme 3.1. Folding pathway of barstar.
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In this chapter, we will describe the instrumentation and method development
using bastar as a model protein. A dosimeter experiment measuring thé&iHitiatlical

concentration upon photolysis in order to calculate the radical life time is alstddsc

3.3 Experimental

3.3.1 Instrumentsand Parts

The apparatus for the two-laser experiment consisted of a Quanta-Ray DCR
Nd:YAG laser (Mountain View, CA), GAM Laser EX50/250 excimer lasergub,
FL), Raman shifter (to be described later), BK Precision 4001A function generator
(Yorba Linda, CA), custom-built delay circuits, Thorlabs NB1-K13-@1" X&G
mirrors;.=532 and 1064 nm, 0° and 45° AOI) (Newton, NJ), Thorlabs LA4184 — f =
500.0 mm - @1” UV fused silica Plano-Convex lenses, Thorlabs LJ4878 — f = 75.0 mm
UV fused silica Plano-Convex cylindrical lens (H = 20 mm, L = 30 mm), Thorlabs-TR4
@1/2”x4” posts, Thorlabs RA90-right angle post clamps (fixed 90° adapter), Thorlabs
KM100 — kinematic mirror mounts for @ 1" optics, Thorlabs LMR1 — lens mounts for
@1 optics, Thorlabs KM100C — cylindrical lens mount (kinematic), CVI Melle®Gri
BS1-532-67-1525-45P plate beamsplitter (Albuquerque, NM), Bruker maXis quadrupole

TOF mass spectrometer (Bremen, Germany).
3.3.2 Materials

E. coli-expressed and purified barstar C82A variant was provided by Dr. Carl
Frieden at a concentration of 118 puM. trifluoroacetic acid, guanidine chloride, pteospha
buffered saline (PBS, pH = 7.4) and all amino acids were purchased from Sigrci-Al

Chemical Company (St. Louis, MO). Acetonitrile was from Honeywell Burdick and
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Jackson (Muskegon, WI). Purified water (1&Mwas obtained from an in-house Milli-Q
synthesis system (Millipore, Billerica, MA). All chemicals werediséthout further

purification.

3.3.3 Instrument Construction

The simplified schematic of the experimental setup is shown in Figure 3.1. The
1064 nm beam produced by the Nd:YAG laser was shifted to ~1900 nm by the Raman
shifter filled with the hydrogen gas (300 psi, high purity). The beam was guidedtthroug
a series of optics before it reached the FPOP window and initiated the T jump. A 248 nm
laser flash from the excimer laser then photolyzed added hydrogen peroxigde to gi
hydroxyl radicals in a 14 ns pulse. The time delay between two laser flashes wa
controlled and adjusted by the two delay circuits (Figure 3.2). The initial low
temperature of the protein solution was maintained by threading the fusedusirga

through an insulated straw that had cold air flowing through.

The arrangement of optics is illustrated in Figure 3.3. The 1064 nm beam was
reflected by 4 mirrors (labeled 1-4 in the figure), which are considerealbptieural,
then focused by two lenses (5 and 7) before and after the Raman shifter (6@nsHse |
were tilted to eliminate the reflection back to the laser. The beamshafteaman
shifter were a mixture of 1064 nm, 1900 nm and other anti-Stokes and Stokes lines, and
were filtered by the beam splitter (8). The 1900 nm beam was then focused again and
shaped by the aperture (10) and cylindrical lens (11) to an approximately 2.0mM& x

mm size at the FPOP reaction window, where it spatially overlapped withdimeeex
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laser beam. Figure 3.4 shows the output of MathCAD calculation. It illustratbsahe

envelopevs. beam path length.

4

MNd:YAG Laser
oupled with Raman Shifter

Delay Circuit
(Fixed)

f

Signal
Generator

L Delay Circuit

P
Protein Solution Cﬂ? . ’
=1 1
1 Collection
Air Flow

/

Figure 3.1: Schematic of the flow system as intersected by two |as@slz a window

in the tube, as previously described for FPOP. The time between two pulses ibkdjusta

with the “delay circuit”.
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Figure 3.2: Schematic of the timing circuit. The circuit was designéat@anstructed by
Don L. Rempel.
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Figure 3.3: Schematic of the optic arrangement. 1-4, mirrors. 5, 7 and 9, lenses. 6,

Raman shifter. 8, beam splitter. 10, aperture. 11, cylindrical lens.
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Figure 3.4: Beam envelog. beam path length. The optics are labeled as in Figure 3.3.
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3.34 Temperature-control System

A temperature-control system was constructed for two purposes: (1) to
accommodate the need of doing steady-state FPOP at different temgser) to set a
specific starting temperature for the temperature-jump experimentssy3teen was
comprised of two parts, a chamber that heats/cools the air flow and a chamber that
insulates the syringe and capillary. In the first chamber, two adjustakteeams flow
separately through two copper coils, one wrapped with heating strips and another
immersed in ice water. These two streams meet at a junction of the T unit andwhen fl
into the second chamber. By adjusting the flow rate at the valve before the T unit, we
were able to control the temperature between 0 £ 0.5 °C and 80 + 0.5 °C. The second
chamber is shown in Figure 3.5. The box was made of insulation foam and into different
layers with a removable top cover. It encloses the syringe pump, optics stand and
intervening fused silica with a laser window. Force from the syringe punmgnsntitted
through a wooden straw to the syringe sitting inside the box. The top cover, which is not
shown in the figure, has a laser window allowing the 1900 nm beam to pass

perpendicular to the 248 nm beam.

ﬂAirrow Laser beam

Figure 3.5: Schematic of th8%hamber of the temperature-control system.
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3.3.5 T Jump and the FPOP Experiment

Owing to the high precision requirement of this experiment, the fine adjustment
of laser beams and optics is of particular importance and should be performedevith ca

every time before running the experiment.

First, the Raman shifter was filled with high purity hydrogen gas bdifere t
alignment. Because hydrogen gas can diffuse through stainless steedstheer
gradually decayed with time, and the loss of hydrogen would affect the camversi
efficiency. Thus, the experiment should be performed within no longer than several
hours from the beginning to the end. After the Raman shifter was fixed in place, the
Nd:YAG laser was tuned to its third harmonic wavelength (355 nm, green bgllkef
purpose of rough adjustment. The optics were adjusted to guide the beam to and align it
with the capillary, tested by the reflection of the light from the capilldhen the 248
nm excimer laser beam was aligned in the system. The two beamgiyustedato
overlap with each other at the silica capillary, and this was tested witsdrestive
paper placed at an angle of 45° to each beam. The width of the beam on the cagllary wa
measured to be ~2.5 mm, varying slightly on different days. Both laserseteitetse
frequency of 5 Hz. The flow rate was calculated based on the beam width, laser
frequency and the internal diameter of the capillary (150 um), and was apgsdyifbta

pL/min.

Each sample was made to contain 10 uM barstar, 1.5 M GdnCl and 15 mM

glutamine in PBS buffer, incubated at 0 °C for at least 2 h prior to the experiment. The
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cooling system was maintained by pumping air through the copper coil that was

immersed in ice water.

The time delay between the two lasers is crucial to this experimerr e&ith
adjustment on the delay circuit, the actual delay time was measured byilasaxme
receiving signals from the laser diode. Five uL eDkwas added to a final
concentration of 15 mM just prior to FPOP infusion. The flowing sample solution was
collected in an Eppendorf tube containing 20 pL of 70 mM methionine and 100 nM
catalase. The sample was kept in room temperature for 10 min, allowing the taneakdo

of hydrogen peroxide by the catalase.
3.3.6 Mass Spectrometry Analysis

Each sample was desalted by using a Zipgipefore ESI MS acquisition on a
Bruker maXis" mass spectrometer. The sample was eluted in 50% acetonitrile, 0.1%
formic acid in water, and then directly injected into the mass spectromeiémadss
spectra frommy/z 200 to 2000 were acquired at a mass resolving power of 40,890 at

1000.

3.4 Resaultsand Discussion

3.4.1 Global MS M easurement of Post FPOP Samples

Barstar passes through two intermediate states during its foRBhgThe time to
establish equilibration between the unfolded state and the first intermediates s-1
ms; between the two intermediate states, ~10-100 ms and between the second
intermediate state and the native state, ~100 s. We targeted the firsotrawhich had

not been resolved by MS methods. A close-up view of the reaction region, Figure 3.6,
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shows that the barstar begins in an unfolded state (Fig. 3.6 (a)). As it pasassrthe |
beam intersection, it exposes to the 1900 nm laser flash and starts to refold. wkiler a
of refolding, the 248 nm laser is triggered and photodissociates the hydrogen@évoxi
hydroxyl radicals which label the solvent accessible regions of barstaanticular
folding state (Fig. 3.6 (b)). Further folding or other structural changetaédtPOP

labeling (Fig. 3.6 (c)) is not relevant in this experiment and will not be sampled.

a s

’
T Rt

=
SN

Uy m

Figure 3.6: Close-view of the intersection of the two laser beams in the @ Buise,

FPOP probe experiment while solution containing barstar flow through theojuncti
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Representative mass spectra of the most abundant charge state of batstar, pos
FPOP, show the clear sensitivity of FPOP-labeling extent to the foldihgdbars as a
function of the delay between the two laser pulses (Fig. 3.7). As the protein folds, the
extent of oxidative modification with -OH decreases. Each oxidation state isaeec

by a peak, which is an envelope of isotopic clusters that are partiallyeeduwve.

Outcomes for oxidative modification of other proteins by FP&4P gre Poisson
distributions for the various modified states that are dominated by +16, +32,+48...
indicating that the protein exists in a single state during modification. Heodiain
spectra of the entire protein (“global spectra”) that show many moreinatidins,
consistent with a denatured protein existing in many states. The amounts of thednodi
species decrease with an increase in the time difference between thelbeaind the
FPOP probe, showing clear evidence of protein refolding on the <1 ms time dvale. T
extent of oxidation shown in Fig. 3.7 (e) is greater than that for folded barstanat
temperature (RT) (Fig. 3.7 (f)). This indicates that the protein at itsrfiesmediate
state possesses a structure that is more solvent-exposed compared to thatieéthe na
state and, hence, undergoes more oxidative modification than does the native state.
Furthermore, some fraction of the protein may remain less folded becausetithg hea

along the laser beam is not uniform.

To illustrate the temperature jump profile, we used the basic property of wdter a
an estimate of the power flux of the laser. The energy flux of the laser begrasbsc
over distance as the beam passes through the water, as described by thembsorpti

coefficient. The equation is shown as follows:
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Figure 3.7: (a)-(e). Representative mass spectra of barstar posasRG&nction of the
time between the heating pulse and the FPOP probe. (f). Mass spectrum of the

oxidatively modified barstar post FPOP at RT as a control.
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The temperature jump is related to the rate of energy transfer from thed#zn
water by the heat capacity and the density of water, and is shown in the following

equation:

Eyjae %%

AT (x) = Cp
P

In the calculation we used 20 mJ distributed over the 2.5 mm x 0.5 mm area as
Eo. And the absorption coefficient is 80 ¢i§85). We plotted the equation using the
values in Figure 3.8. It shows a T jump of 30 K at the entrance and 10 K in the end,

which is one inside diameter of the capillary (150 pm).

150410

30

Temperature Rise (K)

10

0 21074 a<107t 6<10" 4 8«10 7 11072

Depth (m)

Figure 3.8. An estimate of temperature jump profile.

73



3.4.2 Kinetic Analysis Reveals Folding Rate Constant

We measured the rate constant for establishing folding equilibrium by using the
centroid of all the oxidized states having a 10+ charge, which was the most abundant.
Because the centroid shifts to high@e as the oxidation progresses, the average mass of
the oxidatively modified protein decreases as folding occurs). Thus, this dppesac
been called “weighing protein folding” in a highlight in the journal Nat@6. (There
were two parts of thevz centroid calculation of each mass spectrum. The first part
estimated the baseline by taking the average spectral intensity ovaetivalifromnyz
120/10 to 60/10 less than the theoretical monoisotoficwhere 10 is the magnitude of
the charge state; the interval showed no discernable isotopic patterns. The second part
used the centroid of the peak area that lay above the baselinarifz thieerval 7x16/10
(the unmodified isotopic pattern plus the first six oxidation states) stémimgthe
theoretical monoisotopieyVz. Them/z centroid trend was fit by a single exponential
function including a constant; the fitting utilized the rate constant, amplitndeha

constant as parameters.

The rate constant from the fitting is 1.5 hgplot in figure 3.9). Because thez
centroid trend depends on the concentrations of the unfolded and the first intesmedia
states in a way that does not easily reveal the concentration ratio, the weaid omly
the equilibration rate constant. This rate compares with a value of 3’1 Qvitish was
measured by Nolting et &%), in a T-jump experiment with fluorescence detection for
the transition from the unfolded state to the first intermediate state. nmpidwale we
find is -0.69, as normalized by th@z centroid shift from 0.2 ms to a control obtained by

FPOP of the folded barstar at RT without the 1900 nm heating or temperature-jump pulse
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(Fig. 3.7 (f)). This outcome indicates that barstar reached a stetalthstiais not yet the

completely folded state.

0.2

Relative Centroid Shift

0 0.5 1.0 1.5 2.0

Delay Time (ms)

Figure 3.9: Plot of the normalized centroid mass skifthe delay time. The curve (solid
line) was obtained by fitting a single exponential function to the data (omdesgito

give a rate constant of 1.5 thsThe standard deviation was estimated to be 0.06 by
triplicate measurements of the centroid at one time point, and the precision @ftlioel m

was estimated by repeating the kinetics study on another day to provide a k of1.0 ms
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3.5 Conclusion

T-jump coupled with FPOP allows sub msec protein folding kinetics to be
followed by a subsequent MS measurement at the global protein level. Although we
followed the folding kinetics at sub msec level for barstar, we suggest tiefickiin the
Ks range can be reached by taking advantage of the time scale of theeta/all@dsis for
the Nd:YAG laser and 20 ns for the excimer laser, and the quenching time for the
hydroxyl radical, which occurs in less than 1 pus. An advantage of the approach is the
ability to determine modifications and follow kinetics at the amino acid levedcesly
for large proteins, by using proteolysis and LC-MS/MS. It can provide a broad¥ie
the protein whereas physical measurements often depend on only a few amino-acid
residues and, therefore, have low resolution or coverage. This will be expanded and
discussed in the next chapter. Another advantage of the MS-based approach is that it is
general and does not rely on the state of any fluorophore, or any protein engirtbesn
allows direct study of protein folding/unfolding mechanisms.

This MS-based approach has considerable flexibility. Other photochemical
processes can be used instead of T-jump as a pump, and other labeling reagems (react
free radicals and radical ions) can be produced by photolysis and used as the probe. We
are currently developing some of these reagent radicals. The molecataohtiae
protein is not a serious limitation of the method although measuring the varying
molecular weight of a protein as a function of delay time becomes more diéfscul
protein MW increases. If large MW becomes a limitation, one can digest teepotl
follow the mass of reporter peptides instead of the mass of the protein. Lastliyggest

that protein-protein and protein-ligand binding dynamics can also be investyatiee
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two-laser approach whereby the first laser perturbs the thermodygand the second

uses chemistry to probe the outcoré)(
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4.W atching Protein Fast Folding on the Amino-

Acid Residue L evd
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4.1 Abstract

We report here the study of sub millisecond protein folding with amino-acid
residue resolution achieved a two-laser pump/probe experiment with anglysess
spectrometry. Barstar protein folding can be triggered by a laser-induceddamgpe

jump (T jump) from ~0C to room temperature. Subsequent FPOP (fast photochemical

oxidation of proteins) reaction at various time points after the T jump leads to widati
modification of solvent-accessible side chains whose “protection” is changmgme.

The modifications are then identified and quantified by LC-MS/MS following
proteolysis. Among all the segments that form secondary structure in the state, the
helix; segment shows a decreasing trend of oxidative modification during the first 1 ms
of folding while others do not exhibit a clear trend. Residues I5, H17, L20, L24 and F74
are modified less in the intermediate state than the denatured stateduig&etyfull or

partial protection of these residues as folding occurs. We propose that in the early
folding stage, barstar forms a partially solvent-accessible hydrophokicawosisting of
several residues that have long-range interactions with other, more residtees in the
protein sequence. Although it is not realistic to correlate directly modificaith
secondary structure formation, out data are consistent with the previoussoomthat
barstar fast folding follows the nucleation-condensation mechanism with theswucle

centered on heliformed in a folding intermediate.
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4.2 Introduction

The mechanism of protein folding remains a central problem of molecular
biology. There are two competing models for protein folding: hydrophobic collapse and
the framework model. In the former model, hydrophobic collapse, a relagiadly
event in the folding pathway, happens before the many secondary structuresng¢an for
In the framework model, secondary structures form during the early staipédirg,
and they guide the slow development of the tertiary strucireldue to the difficulty of
experimentally accessing the early folding events, most of the foldingameoh studies
have been dona silico via molecular dynamics and simulations of foldiBepbf. There
is experimental evidence, however, that many globular proteins, such as myg@gjobin
and staphylococcal nucleas®, (follow the partial hydrophobic collapse model while
folding.

One way to access folding mechanism is to characterize the protein folding
intermediate, which presents challenges to analytical methods. Converdmdal r
mixing techniques are adequate for studying the folding for many twesststems and
later stages of multistate systems. To detect the intermediatesdfan more complex
folding pathways, however, faster methods (e.g., T jump) are reg8)redit{e folding
kinetics are then analyzed by spectral probes, which detect the grosssfeéture
intermediatesq, 10). The only method so far that follows the fate of individual amino
acid residues in the transition states @&-@alue analysis that compares the folding
kinetics and stability of the wild-type protein and its point mutatitsig). Itis an

indirect method based on the assumption that there is a close relationship betw@en prote
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structure and energy, and that amino-acid substitutions (usually fromonyidi not
significantly alter the folding pathway.

Barstar, an 89-residue single-domain protein containing four helices an@-three
sheets, is an ideal model for folding studies. Its structure was solveddy (&) and
NMR (16). Barstar undergoes reversible unfolding transitions when denatured by high
concentration of GAnHCI or urea, extreme pHs, or low temperature, and refolds under
appropriate conditiond{, 18). The folding pathway of barstar is now extensively
characterizedl(7-19). It was suggested by Agashe et 2D) that during the first several
milliseconds of barstar folding, the polypeptide chain rapidly collapses to@acom
globule possessing a solvent-accessible hydrophobic core but without optitay ac
secondary or tertiary structure. Later, the combination of tempejatappump
coupled with a fluorescence probe revealed that barstar folds to an internredlzaeat
1 ms with 50% of the surface area buried compared to the denaturedGtafeEhe
authors proposed that barstar folding follows the general nucleation-condensatibn mode
whereby the nucleus is centered on the first helix that is consolidated in theeiitte
state. The above two proposals seem to be contradictory on whether the helirleds for
during the initial folding, likely owing to different experiment conditions, butagre
the folding model of barstar. Recently, protein simulation applied to barstar shéws tha
helix, is the first to begin forming out of all secondary structusgs (

Recent advances in mass spectrometry (MS)-based protein footprinting have
produced methods that allow the study of folding by examining solvent accegsibilit
an indicator of protein conformational change, as assessed by footprinting and mas

spectrometrydl, 22). Although the overall change of solvent accessibility is reflected
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by a global mass measuremezf))( the information on individual residues is more

valuable in determining regional structure changes, which can be revgdlettdm-up
proteomic analysis of such protein samples. In this chapter, we study barstay &vldi

the amino-acid residue level by combining temperature-jump pump and an FPOP probe,
discussed in Chapter 2, followed by proteolysis and LC/MS analysis. This is a more

direct method tha-value analysis and offers the same high-resolution.

4.3 Experimental

431 Materials

E. coli-expressed and purified barstar C82A variant was provided by Dr. C.
Frieden and Dr. G. DeKoster at the concentration of 118 uM. HPLC-grade @@%o
H,0O,, L-glutamine L-methionine, catalase, guanidinium chloride (GdnCl), phosphate
buffered saline (PBS, pH = 7.4) and proteomic-grade trypsin were purchased from
Sigma-Aldrich Chemical Company (St. Louis, MO). Acetonitrile was fréoneywell
Burdick and Jackson (Muskegon, WI). All chemicals were used without further

purification.
4.3.2 Equilibrium Studies

Cold and heat denaturation of barstar was studied by a circular dichroigm (CD
temperature scan at 222 nm on a J-815 CD spectrometer (JASCO Analyticah&mis,
Tokyo, Japan). The barstar sample in PBS buffer with 1.2 M GdnCl was incubated at 0
°C for 1 h before CD measurement. During the CD scanning, the sample was heated to

30 °C at 20 °C-Hrand then to 70 °C at 40 °C+hr
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4.3.3 Two-color FPOP

Each protein sample was made to contain 10 uM barstar, 1.2 M GdnCl, and 15
mM glutamine in PBS buffer, incubated at 0 °C for 3 h prior to the experiment. The
experiment was conducted according to the previously described m2&duli{ with
the following modification. The 150 um i.d. fused silica sits in a cooling system
comprised of a thermally insulated box with two chambers abutting the FPOPtappara
The T'chamber contained copper tubing connected to a compressed air supply and
soaked in an ice bath. Th&2hamber, into which the copper tubing emptied, encloses
the syringe pump, optics stand, and intervening fused silica, with & ®iogow for
laser transmission. The temperature in tHeBamber was kept to less tha&iCdy
adjusting the air flow through the ice bath.

The Nd:YAG laser (Quanta-Ray, Mountain View, CA) was set at its fullepow
and the KrF excimer laser power (GAM Laser Inc., Orlando, FL) wag 4étraJ/pulse,
with the pulse frequency of both lasers set to 5 Hz. The flow rate was adjustedréo ens
a 25% exclusion volume to avoid repeat *OH exposure. Eight different time delays
between two lasers were applied in this experiment: 0.1 ms, 0.2 ms, 0.4 ms, 0.6 ms, 0.8
ms, 1.0 ms, 1.5 ms and 2.0 ms. After each adjustment on the delay circuit, the actual
delay time was measured with the oscilloscope using the signals ddigdte laser
diode. Two sets of control samples were submitted to FPOP at cold temperature and
room temperature, respectively, without T jump. Five pL dHvas added to a final
concentration of 15 mM just prior to FPOP infusion. The flowing sample solution was

collected in an Eppendorf tube containing 20 pL of 70 mM methionine and 100 nM
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catalase. The sample was kept at room temperature for 10 min, allowingakeobve

of peroxide by catalase.
4.3.4 Protein Digestion and LC/MS

Each protein sample was split into two vials and dried under vacuum in a
SpeedVac. One vial of sample, to be digested by trypsin, was dissolved in 100 mM
ammonium bicarbonate buffer. Trypsin solution (0.4 puL) was prepared according to the
manual protocol and added to each sample. Samples were stored at 37 °C for 8 h. The
other vial of sample, to be digested by Glu-C, was dissolved in 25 mM ammonium
carbonate buffer (pH 7.8). The incubation time was 6 h at 25 °C at a weight ratio of 1/40,

enzyme:protein.

An aliquot (5 pL) of sample after 1:5 dilution, was loaded onto a custom-built
silica capillary column packed with C18 reverse-phase material (M&gin, 300 A,
Michrom, Auburn, CA). The gradient was from 2% solvent B (97% acetonitrile, 3%
water, 0.1% formic acid) and 98% solvent A (97% water, 3% acetonitrile, 0.1% formic
acid) to 50% solvent B over 50 min, then to 85% solvent B for 5 min at a flow rate of 260
nL/min followed by a 5 min re-equilibration step. The solution was sprayed directl
from the column into an LTQ-Orbitrap mass spectrometer (Thermo Fistadtham,
MA) by using a PicoView PV-500 nanospray source (New Objective, Woburn, MA). A
full mass spectrum of eluting peptides was recorded at high mass regawiag
(200,000 for ions oz 400) with the FT mass spectrometer component while MS/MS
experiments on the six most abundant ions from the eluent were performed in tia¢ LTQ

a normalized collision energy of 35% of the maximum, using a 2 Da isolation width and
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wide-band activation. lons submitted to MS/MS were placed in a dynamicsexclist

for 8 s.
4.3.5 Data Processing

LC-MS features of all acquisitions were aligned by Rosetta Eluci@slicrosoft,
Bellevue, WA) peak detection and alignment software (a “feature” isattoueatly
occurring isotopic ensemble of one molecule eluting in time). Features watdigda
by integrating the areas of all co-eluting LC-MS extracted ion catognam (EIC) peaks
having the same monoisotopic mass within a 5 ppm resolution tolerance.

The software assigned a feature with a unique ID and associated all pooduct
(MS?) spectra with their LC-MS features by using the same unique ID nomenclature
Independent from the Elucidator analysis, the product-ion spectra were dezgairest a
restricted database containing barstar C82A by using Mascot errontadesaching. An
Excel-based VBA program, designed by Brian Gau, associated the Mdiuatitta
their LC-MS features by using the unique ID. This program matched LC-M8d¥la
annotations to a theoretical FPOP-modified tryptic peptide list of barstar.CB2ése
matches, and over 60% of the Mascot calls, were manually validated, corrected, or
rejected based on their product-ion ({}iSpectra before the per-peptide and per-residue
yield analysis.

Per-residue yields were calculated as follows:

Y. peptide intensities modified at residue;

residue; yield = —— — .
Y peptide intensities with same sequence as numerator peptides

Here the denominator includes both modified and unmodified peptides but excludes

signal from missed-cleavage peptides spanning resfdiieh peptides are not also
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detected as modified there. Per-peptide yields were determined agdorthe

following equation:

Y. modified peptide; intensities

peptide; yield =

Y. modified peptide; intensities+ unmodified peptide; intensity

44 Reaultsand Discussion

4.4.1 Temperature Effect on Barstar Confor mation

Barstar C82A in the presence of 1.2 M GdnCl unfolds at both high and low
temperatures, as indicated by a far-UV CD measurement at 222 nm (Fig. ddnitor
secondary structure. The difference in solvent accessibility betweeolthdenatured
structure and the folded structure was also evaluated by FPOP footprintingssid m
spectrometry measurement, serving as the two end-point controls for the T jump

experiment, both on the global scale and the amino-acid residue level.

CD[mdeq] .

-10

Temperature [C]

Figure 4.1: CD spectrum of barstar as function of temperature shows that the isrot
unfolded at both low and high temperature. CD temperature scan was performed at 222
nm wavelength.
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Barstar is not the only protein that exhibits cold unfolding. In fact, cold
denaturation is a general phenomenon for all globular prot4n27j. Cold unfolding
results from specific and strongly temperature-dependent interactionrajriigolar
groups of a protein with water. Given that cold denaturation of most proteins octlurs we
below the freezing point of water, a denaturant is sometimes added to shitbise G
free-energy function of protein to a higher temperature, allowing the coldudatiat to
be completed and observed. The concentration of 1.2 M GdnCl is sufficiently low to
maintain most of the barstar protein in its native state but creates a diséutthainmakes
a significant and measurable difference of the conformation at cold teomperat room

temperature.

4.4.2 Peptide Mapping and Oxidative Site Deter mination

The global MS analysis of barstar folding dynamics was described metieus
chapter. To understand the structural details during folding, however, spatrad; @crd
residue resolution is required. There are four essential components in the erptrah
identify the oxidation sites and quantify the modified products: complete proteolttsis w
good sequence coverage, base-line separation of the modified and unmodified peptides,
high-resolving power to afford accurate mass measurement, and MS/MBugkit
trypsin digestion affords a complete set of peptides covering the entieenmetuence,
there is a 32-residue segment in the middle of the sequence that contains no lysine or
arginine. Thus, trypsin digestion gives an intact peptide piece that is not MS favorabl
Several unmodified peptides spanning this region were detected, none of which were of

sufficient abundance to warrant looking for their modified siblings. To achieter bet
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analytical coverage, Glu-C digestion was performed separately to compkeypsint

digestion, as shown in Figure 4.2.

The detection of the substitution of H by OH can be done with high certainty.
Typical extracted ion chromatograms for a peptide and its modified siblings mitissa
increase of 16 (15.9949) show convincingly the incorporation of an oxygen (Figure 4.3
(a) and (b)). Modified peptides with the same mass are separated in the ogramat
guantified by using the integrated EIC peak area in the high resolving power Mghdom
and identified by MS/MS (Figure 4.3 (c)). We described a residue-level cempaf
barstar’s two states in paper that demonstrates FPOP data analysigrkhis led by
Brian Gau. The conclusion is that 19 residues were detected as modified, ofemhich t
residues are significantly more labeled and hence more solvent-acz@ssita cold
state. With better sequence coverage achieved by complementary djgestien
modified residues were identified, discussed later in the chapter. Some residues
however, are insensitive to FPOP; thus, they cannot report any changes of solvent
accessibility even though they may be important in the formation of the natictust

of protein.
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Figure 4.2: Sequence coverage map of barstar resulting from trypsin and Glu-C
digestion. Black bars: sequence covered with peptides of adequate intensiglysisa

gray bars: sequence covered with peptides of poor intensity due to miscleavage or the

lack of cleavable sites.
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4.4.3 Folding Dynamicsat Amino-acid L evel

The amino-acid residues having detectable modification can be grouped into four
categories: (1) residues showing nol/little difference of modificationdmiwmative and
denatured states, (2) residues modified to different extents betweenitbeandtthe
denatured states but show nol/little change during early folding, (3) residues thtuddie
different extent for the native and the denatured states and showing significaggscha
during early folding, (4) residues partially protected in the intermedaite Istit showing
no significant trend in oxidative modification during the early folding. Residuesgear
relatively small percentages of modification are not included in the disousscause

the error for the measurements exceeded the measured values.

We plot the percentage of modification of these four sets in Figures 4.4-7 and
discuss each of them in the following paragraphs. Every plot has two end points at
folding time 0O (cold, denatured) and infinity (room temperature, folded), coloeeth gr
and red, respectively. Error bars are the standard deviations calculatedghcate

experiments.

Three example residues bearing either little or no difference of roaiitdiin
between native and denatured states (Figure 4.4) show the sensitivity of the method t
regions of a protein that do not change significantly in folding. According to tHe NM
structure of barstar (PDB ID: 1BTA), E57 and L62 are located inf@nd R75 is
located in helix, with their side chains exposed or partially exposed to the solvent. We
conclude from the plots that these residues are not forming any hydrophobicioneract

throughout folding, and are always exposed. In particular, L62, although a hydrophobic
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residue and a candidate for interaction with other hydrophobic residues during,foldin
bears minimal change in solvent accessibility when the protein folds. The latkgfec
suggests that for small proteins like barstar, the folding process ghtwavard. The

residues exposed in the final folded stage do not participate in early folding.

Two example residues belonging to the second category are modified terdiffer
extent in native and denatured states but show no change of modification during early
folding (Figure 4.5). Both W53 and L88 are buried in the hydrophobic core in the native
state; thus, they are more protected when folded. In the process of formingtthe fir
intermediate state, however, these residues are not involved in hydrophobic orieracti
They are likely to be incorporated in the hydrophobic core during the late foteigy s

when the secondary and tertiary structures consolidate.

Residues of the third category (Figure 4.6) are of particular interest babays
are tightly buried in the hydrophobic core in the native state of protein, and show a
significant trend of increasing protection during early folding. We propose tlsat the
residues play the key role in the formation of the folding intermediate byrfgranairly
compact structure. As shown in the plots, the percentages of modification of these
residues in the intermediate state are close to those for the final folaedrstatating
that this region of protein is condensed to a high extent. It should be noted that these

residues are all located in halix

Residues in the fourth category (Figure 4.7) are also important for umdingta
the folding mechanism of barstar. These residues are away from hatixhey gain

protection by the time the intermediate state is formed. These residygslaably
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Figure 4.4: The time-dependent modification extents for three exanspdees that

show no significant difference between the native and unfolded states. No trend of

modification change throughout the early folding was observed.
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throughout the early folding, however, was observed.
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Figure 4.6: Example residues showing significant difference in moddicatitent
between the native and unfolded states. A clear trend of modification decreesasén

in protection) is demonstrated for the early folding.
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the modification extent throughout the early folding was not obvious, especially for F74
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involved in the early folding; their involvement is via an interaction with the condensed
structure around helix The trend of percentage of modification is not obvious,
especially for F74, suggesting that the interactions are rather weakietoting in the

first several hundred of us.

It is worth noting that the error bars are generally larger for theikinet
measurements when the protein is folding than the steady-state meagsretmen the
protein is equilibrated in either cold temperature or room temperature. Ndatatthe
error to both experimental error and the nature of protein folding. In this expenmeent
are observing an ensemble of conformations of protein, which is likely to be more

diversified and uncertain while folding.

444 Characterization of thelnter mediate State

The intermediate state of barstar folding can be represented by therstruc
formed 2 ms after initiation of folding. The percentage of modification of eactuggsi
shown in Figures 4.4-7, cannot be used for cross comparison among all residues, owing
to the fact that different residues have different reactivity towards hyldiadigal and,
thus, are modified to different extents even when they have the same solvent
accessibility. Thus, we used a degree-of-folding value for each rdsigwaluate and
compare the folding extent. The degree-of-folding value of a residue in aifzarstate

(s) is defined in the following equation:

(% of modification in the denatured state)— (% of modification in state s)

degree of folding =

(% of modification in the denatured state)— (% of modification in the native state)

When this value equals 0, the residue is as exposed as in the denatured state. When the

value equals 1, the residue is protected as in the native state. Intermaldiesandicate
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either that they are involved partially in formation of a folded structure orcihrestitute

a mixture of structures with different degrees of folding.

Folding can be better presented in the degree-of-folding plot of three states (
denatured, intermediate and native states) for selected residues represfeatag
segments of protein (Figure 4.8). All residues are valued 0 in the denatured state and 1 i
the native state by definition. Among these residues, L20, a residue i) hatixhe
largest degree of folding (> 0.8) in the intermediate state, indicating thation of a
partially solvent-excluded core. 15 and F74, residugissheetand helix, have degrees
of folding of 0.57 and 0.29, respectively. They are likely to be involved in weaker
interactions with the hydrophobic core than L20. W53 and L88, residfieshieet and
B-sheet, have degrees of folding that are nearly 0, indicating that these residues in the
intermediate state are as exposed as in the denatured state. All uesdsil7, L20,

L24, 15, F74) are all involved in the hydrophobic core formation in the native state, as

shown in Figure 4.9, but are folded to different extent in the intermediate state.

This result can be compared to thevalues analyzed by Nolting et al0j. The
engineered proteins with the residues involved in the hydrophobic core that were
substituted one-at-a-time in site-directed mutagenesis mutatedargedt in a
decreasing order in df values as follows: L16V, I5V, F56A, L51V, A67G and A77G.

It was suggested that L16V with a hi@hprobes mainly interactions in heliand
between helixand helix. Our data are consistent with their results. We are not able to
probe A67 and A77 by FPOP, however, owing to the low reactivity of alanine to

hydroxyl radicals.
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Figure 4.8: The degree-of-folding values for selected residues showathgecfrom the

cold-denatured, intermediate and native (final) states.

Figure 4.9: Two views of native barstar with the five residues identifieti@ariant in

folding in our pump/probe experiment. The sidechains are colored coded: Blue: 15,

Green: L20, Purple: W53, Cyan: F74, Red: L88.
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4.45 Mechanism of Folding

The FPOP results on barstar folding are consistent with a general nueleation
condensation scheme that implicates a diffuse nucleus that consisting of some
neighboring residues. According to our data, the nucleus is centered in\ubloh
contains several residues showing increasing protection during early foldinge ddher
residues, such as 15 and F74, may be involved in the formation of a folding intermediate
but to a lesser extent. They are involved in long-range interactions with the nuateus, a
they serve to stabilize the nucleus as it forms. There are also residues dsseatial
for the formation of the hydrophobic core in the native state but have no significant
contact with the nucleus in the folding intermediate. The loose hydrophobic center with
weak interactions is then further consolidated to become a well-establisketlidog
the second folding stage, which was not characterized in these experimeais beit ¢

predicted. The proposed model of barstar early folding is shown in Figure 4.10.
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Denatured Protein

Early Folding Intermediate

Folded Protein

Figure 4.10: Proposed mechanism of barstar early folding. The folding stirtsnwi
ensemble of different conformations of the polypeptide chain, and the protein structur
moves within 2 ms to an intermediate possessing moderate structure. Resliohaes c
coded in red are closely associated with the hydrophobic center, whereasotbose
coded pink weakly interact with the core. Residues colored gray do not particigege in t

formation of early folding intermediate.
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45 Conclusion

The two-laser pump probe approach that we introduced allows us to study directly
the mechanisms of protein folding. The approach provides insights into the
conformational changes occuring at the amino-acid residue level duoitagpfolding.

In particular, a nucleus centered on the hetegion of barstar is formed to a significant
extent in the intermediate state before further consolidation of structure.oCithiex
residues are involved but via weaker interactions with the nucleus, and yet actheos ar
involved at all in the formation of the nucleus. Owing to the nature of this experiment,
we cannot conclude how much secondary structure is formed during the early folding.
Although FPOP using a hydroxyl radical as the reactant is a non-selat@had

method, it does not modify all residues to a detectable extent. To obtain better

footprinting coverage, other reagents might be used as complementary g&126% (

The time frame of such experiment may be extended to faster processdbeising

current device or by using an ultra-fast mixing device, taking advantage ¢iditte s

radical-exposure time (less than one ps) during FPOP. In such cases, thigptpbeip

combination could detect protein folding in early collapsed states that occur on the pus
time scale 30, 31). This experiment, on the other hand, can also allow the study of
slower process or the late stages of protein folding by displacing the preb&das the

pump. The extension of the time frame will be essential for obtaining a more camplet
picture of protein folding than was obtained here. This is the subject of ongoing research
in our laboratory. The methodology presented here for structural analysis rttigns
formed protein states is not restricted to folding intermediates but s@peitain to

detecting transient states important for function.
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5.*Fast Photochemical 1odination Footprinting
Combined with Top-down and Bottom-up
M ass Spectrometric Analysis Reveal Protein

Conformation

*This chapter is based on a recent manuscript:

Chen, J., Cui, W., Giblin, D. & Gross,M. L. Fast Photochemical lodination Footprinting
Combined with Top-down and Bottom-up Mass Spectrometric Analysis Reveal Protein

Conformation.
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5.1 Abstract

We report a new reagent for the FPOP (fast photochemical oxidation of proteins)-
based protein footprinting method whereby iodine species are the modifyiegte&dge
generate the radicals by photolysis of iodobenzoic acid at 248 nm; the radicapidgn ra
modifies the target protein. This iodine-radical labeling is sensitive, tunadlata-
specific, modifying only histidine and tyrosine residues. In this work, myoglohbi) (M
and apomyoglobin (aMb) were iodinated in their native states and analyzed by both top
down and bottom-up proteomic strategies. Top-down sequencing selects a cegtain lev
(addition of one I, two I's) of modification and determines the major components
produced in the modification reaction, whereas bottom-up reveals details for each
modification site. Tyr146 is found to be modified for aMb but less so for Mb. His82,
His93 and His97 are at least 10 times more modified for aMb than for Mb. For carbonic
anhydrase and its apo form, there are no significant differences robtfiécation
extents, indicating their similarity in conformation. For lispro, insulinFBand
insulin-zinc, different iodination yields are sensitive to differences uims
oligomerization state. The iodine radical labeling is a promising addition torprotei
footprinting methods, offering higher specificity th&H and SQ@', two other radicals

already employed in FPOP.
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5.2 Introduction

Mass spectrometry (MS) approaches using chemical probes appear taube usef
for characterizing protein structure. Typical chemical probes include dpgtho
deuterium (H/D) exchangéd,(2), hydroxyl radical footprinting3-6), specific chemical
modifications of one or two residues9) and cross-linking10). As the most widely
used probe for protein structure, H/D exchange interrogates the backbone amide
hydrogen accessibility, whereas the more recently developed hydroxgddragidation
probes the solvent accessibility of various but not all side chains.

Described in chapter 1, 2 and 3, we developed the FPOP method so that exposed
amino-acid residues can be irreversibly and covalently labeled by ioxiaath
hydroxyl radicals produced by photolysis of hydrogen peroXd#l). The modified
residues can be detected and quantified by an approach using trypsin proteldysesi f
by LC/MS/MS analysis (a standard approach in proteomics). Fourteen of 20 aidso ac
can be modified by hydroxyl radicals for the purpose of footprinting, thus potegntiall
covering ~65% of the sequence of a typical proté 13). Given that FPOP occurs on
a time scale faster than most protein conformational chatiggst(s suitable for both
steady-state studies and time-resolved investigatidnd ). Recently, we reported that
the sulfate radical anion can be used as a new FPOP reBfentliis development
indicates that the scope of FPOP can be increased by using other rezattigs s
including radicals and possibly carbenes.

In this chapter, we describe a new FPOP-based footprinting method using the
iodine species produced by laser photolysis to label proteins in a more spagititan

OH radicals. lodine atoms can be incorporated enzymatically or non-einzaliyat
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mainly into tyrosine residues of proteins, forming iodotyrosia8s20). Some histidines
can also be iodinated to an extent depending on the experimental conditions and the
structure of the proteir2l). The iodination strategy was previously used for labeling
proteins in a wide variety of experiments, such as protein-metabolism studies,
radioimmunoassayl8), and protein-structure determinati@2{25). Recently, Ly and
Julian @6) utilized the photodissociation of the carbon-iodine bond in iodo-tyrosine-
containing protein to generate a residue-specific radical site for prégavage in gas
phase. Although numerous studies focus on protein iodination, none have applied FPOP
or any equivalent fast labeling via photo dissociation of iodobenzoic acid. Given that the
iodine is the least reactive halogen, we anticipate that, unlike OH radicadsga m
specific modification platform will result. In contrast, chlorine and brompeeigs result
from photolysis react with water promptly to produce hydroxyl radicals.

One traditional MS strategy of locating modification sites and quantifying the
fraction of modified sites is bottom-up sequenci2g).( In this approach, both the
modified and unmodified proteins are proteolyzed in separate experiments. dA liqui
phase chromatographic separation followed by MS analysis locates the sites of
modification. This approach provides reliable identification of the protein and its
modified “siblings” but suffers the risk of peptide losses during digestion andsanaly
thus possibly forfeiting vital information.

More recently, top-down sequencing has been developed to characterize the intac
protein and determine its post-translational modifications (PTR&3Q). With recently
developed MS/MS techniques of electron-transfer dissociation (E3LpPagd electron-

capture dissociation (ECD3Z), the top-down approach has become more efficient and
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gives better sequence coverage and more tolerance towards labile Poikésveéd, top-
down sequencing informs us whether a modified amino acid has been produced for
various labeled states of the protein (e.g., for singly modified, doubly modified. . .)
Given the more specific reactivity of iodine radicals and their higher noagsaced to
‘OH, proteins labeled with are more suitable for top-down analysis thanQid-
modified proteins.

In this work, we demonstrate that FPOP-based iodination footprints proteins by
modifying solvent-accessible histidine and tyrosine residues. We |dbated
modifications and quantified them by both a top-down approach, which isolates and
characterizes the intact mono-iodinated protein, for example, and a bottom-up approach,
which identifies the iodinated residues after sample footprinting and quarafibsof
them. To our knowledge, this is the first example of iodination being used on the FPOP

platform.

5.3 Material and Methods

5.3.1 Chemicalsand Proteins

Equine skeletal myoglobin, apo-myoglobin, carbonic anhydrase Il from bovine
erythrocytes, human insulin, iodobenzoic acid, proteomics grade trypsin, ethylene
diamine tetraacetic acid (EDTA), zinc chloride, phosphate-buffered sald% (fH =
7.4), trifluoroacetic acid, 1,10-phenanthroline, and ammonium bicarbonate were
purchased from Sigma-Aldrich Chemical Company (St. Louis, MO). Lispro wasediona
by Dr. Stephen Bayne of NovoNordisk, Denmark. Acetonitrile was obtained from
Honeywell Burdick and Jackson (Muskegon, WI). Purified water (€8 tas obtained

from an in-house Milli-Q Synthesis system (Millipore, Billerica, MA3Il chemicals
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were used without further purification. Apo-carbonic anhydrase was prepareahgy usi
dialysis of the native protein against 0.1 M sodium acetate, pH 5.0, containing i2x10
1,10-phenanthroline at £%or 7 d followed by the removal of the chelating agent by
buffer exchange against PBS buff@B) The apo-state was confirmed by native MS
analysis. Insulin-EDTA and insulin-zinc stock solutions were prepared by inmoyiBat

mM insulin with 0.1 mM EDTA and 0.05 mM zinc chloride, respectively. Depletion of
zinc ions by EDTA likely caused dissociation of insulin hexamers to dimers, and the
addition of zinc ions enhanced the formation of hexamers. The concentrations of all the
protein stock solutions were determined by UV absorption (1.55M16m™* for

myoglobin and apo-myoglobin, 5.22 ¥ *cm* for carbonic anhydrase, 5.7 *10

Yem® for insulin and lispro, all at 280 nm34).
5.3.2 Photochemical Protein lodination

Each 50 pL sample was prepared in PBS (10 mM phosphate buffer, 138 mM
NaCl, 2.7 mM KCI, pH 7.4 at 25 °C), with a final protein concentration of 10 uM.
Histidine was chosen as the radical scavenger, and it was added to arfogadtcation
of 0.5 mM. An iodobenzoic acid solution was added to a final concentration of 50 puM,
just prior to FPOP. The experimental setup and procedure for photolysis wereetkscr
previously @). To ensure that the protein was not “double-shgt14), laser frequency
and sample flow rate was adjusted to exclude 15% of the flowing protein solution from
irradiation. The sample solution following irradiation was collected in a tagriube
and purified by C18 Ziptip" (Millipore Corporation, Billerica, MA) solid-phase
extraction. Proteins were eluted from the Ziptip with 10 pL 50% acetonitrile, 0.1%

trifluoroacetic acid. Each sample interrogation was conducted irc&ieli Control

118



samples of each set were treated following the same procedure excesgrnddiation

was employed.
5.3.3 Electron-Capture Dissociation (ECD) of lodinated Mb and aMb

Global analysis and ECD of iodinated Mb and aMb were performed in the
positive-ion mode of a Bruker SolariX 12 T FT-ICR mass spectrometer (Bruker
Daltonics, Bremen, Germany). Direct infusion of protein samples aftergatioh was
carried out by pumping at flow rate of 100 nL/min with a Harvard Apparatus syring
pump (Instech Laboratories, Inc., Plymouth Meeting, PA). The samples, ainaatedt
final concentration of 5 uM, were sprayed at 800 V into the mass spectrometer via a
nanospray emitter (360 um o.d., 150 um i.d., Polymicro Technologies, Phoenix, AZ),
which was pulled in-house on Polymicro silicon tubing by a P2000 laser puller (Sutter
Instrument Co., Novato, CA). Mass spectra were recorded at 60,000 mass resolving
power (atm/z = 1000) with ion accumulation times of 0.001 s in the ion source, 0.5 s in
the collision/accumulation cell for full spectra, and 2 s in the collision/acctionizell
for ECD of isolated ions. The argon pressure in the collision/accumulation sell wa
5.8<10° mbar; the pressure of the ICR trap region held within the core of the
superconducting magnet was»18° mbar. The trapping voltages of the infinity ICR
cell were 0.7 V on the front plate and 0.8 V on the back plate. Excitation was 25% of full
power. To perform ECD on monoiodinated species of both aMb and Mb, ann@n of
1068 corresponding to [*M + 16Hf , was isolated with a window of 7 Da by the front-
end quadrupole. ECD parameters were 1.6 A to heat the hollow cathode dispenser, 10 V
on the grid, - 0.6 V for electron extraction, and 60 ms of extraction length, with slig

adjustments of the latter two to optimize the ECD fragmentation of eaclnprale to
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200 scans were averaged with 1 M data points for each scan. Ubiquitin was used for

calibration.
5.34 Proteolysisand LC/MS/MS Analysis

Triplicate protein samples were dried under vacuum in a SpeedVac and then
dissolved in 100 mM ammonium bicarbonate buffer. Trypsin solution (0.4 pL) was
prepared according to a protocol provided by the manufacturer and added to each sample.
Samples were incubated at 37 °C for 8 h. An aliquot (5 puL) of sample was loaded onto a
custom-built silica capillary column packed with C18 reverse-phase mdéldagic, 5
um, 300 A, Michrom, Auburn, CA). The HPLC gradient was from 2% solvent B (97%
acetonitrile, 3% water, 0.1% formic acid) and 98% solvent A (97% water, 3%
acetonitrile, 0.1% formic acid) to 50% solvent B over 50 min, then to 85% solvent B for
5 min at a flow rate of 260 nL/min followed by a 5 min re-equilibration step. The
solution was sprayed directly from the column into the LTQ-Orbitrap mass@apeter
(Thermo Fisher, Waltham, MA) by using a PicoView PV-500 nanospray souree (Ne
Objective, Woburn, MA). A full mass spectrum of eluting peptides was recordedat hig
mass resolving power (100,000 for iong@t 400) while MS/MS experiments on the six
most abundant ions from the eluent were performed in the LTQ at a normalizedrollisi
energy of 35% of the maximum, with a 2 Da isolation width and wide-band activation.

lons submitted to MS/MS were placed in a dynamic exclusion list for 8 s.
535 DataAnalysis

The protein mass spectra from top-down sequencing were analyzed with the

Bruker DataAnalysis tool. ECD fragments were assigned with the helukéBr
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BioTool™

3.2 software. Quantification was done by dividing the sum of intensities of
the peaks corresponding to modified and unmodified protein, assuming comparable
charging and ionization efficiencies. For the LC/MS/MS data analygeneral Mascot
search and a sequential error-tolerant search as the first step wesgangaot only to
evaluate sequence coverage but also to provide valuable information of the possible
modified sites. Then a list was created manually for each protein; the lisinezhthe

m/z of all charge states of the identified peptides, both unmodified and modified.
Peptides were validated by manual inspection of their accurate massoretene, and
product-ion (MS/MS) spectra. lon chromatograms were extracted accavdimgy t
peptide list, and the peak areas were measured. Modification yields for alidociated

peptides were expressed as the ratio of the modified peptide to the sum of both modified

and unmodified peptide.

5.3.6 Circular Dichroism Experiments

CD spectra were obtained at 4 °C using a J-815 CD spectrometer (JASCO
Analytical Instruments, Tokyo, Japan). All experiments were done af@nglthe
protein in a PBS buffer. Spectra were measured with a sample cell having agathcm

length, at a scan resolution of 0.2 nm, and a scan rate of 50 nm/min.

5.3.7 Theoretical Calculations

Theoretical calculations were performed to characterize the potengedy
surface (PES) associated with halide radical attachment and fixatgosur/gate for
tyrosine, we chosp-cresol which retains the same functionality and requires less

computational overhead. Structures of precursors and intermediates werecekglor
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MMFF molecular molecular mechanics, and associated transition statesxpéored by
using the PM3 semi-empirice8g, 36) algorithm (Spartan for Linux v. 02:
Wavefunction, Inc.). Minima and transition states were optimized by DFT (@ensi
Function Theory: B3LYP or PBEO [designated PBE1PBE]) or MP2 (Moellerdl)ess
in the Gaussian 98/03 suit&¥)(38) (Gaussian Inc.) by using the LAND2DZ basis set
and confirmed by vibrational frequency analysis. In addition, connection of imansit
states to minima was examined by path calculations. Calculated eneegeescaled
thermal-energy corrections were applied and reported in kJ/mol aspéeghai
formation relative to a selected, suitable precur3@y. (Theoretical calculations were

done by Dr. Daryl Giblin.

54 Resultsand Discussion

5.4.1 lodination asa Footprinting Method

The photodissociation mechanism of iodobenzoic acid is expected to be similar to
aryl halides such as iodobenzed®)( The cleavage of the C-I bond in aryl iodides is an
indirect process consisting of an excitation in the range 250 £ 30 nm promoting the
molecule to thex, 7*) state and an internal conversion to the repulsive*(nstate
before the C-I bond breaks rapid$0{42). In the absence of other reactive species, the

iodine radicals and benzoic-acid radicals then undergo recombination rea43jons (

Although the amino-acid residues of a protein react productively with the iodine
species generated by the laser photolysis, this reaction has notryetddestudied. We
are able to demonstrate that both histidine and tyrosine can be modified, depending on

the solvent environment of these residues and the ratio of the protein concentrduan to t
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of the iodine species that were formed by laser photolysis. Theorslcalations using
different method (see Experimental) all indicate that iodine radic#ldises not attach
covalently to ther-electron system of an aromatic ring. It has been established, however,
that an iodine radical can form a loose complex withrtBgstem of the aromatic ring

with carbon-iodine distance greater than 3 angstroms. Oxygen agtackadjacent

carbon induces the attachment of the iodine radical to the ring. Subsequent elimination
of the HQ- radical then leaves the iodine substituted on the ring, in analogy to the
proposed mechanism for hydroxyl radical substitution on an aromatic3jing (

The main products of traditional iodination of histidine are 2-iodohistidine, 2,5-
diiodohistidine and 1,2,5-triiodohistidine, whereas 3,5-diiodotyrosine is the major
product for tyrosine iodinatiord). Previous studies suggested that the rate of iodination
of histidine is 30-100 times slower than that of tyros##B.( To avoid overlabeling and
inducing conformational changes in the protein, free histidine amino acid was added to
the protein solution as a scavenger to control radical exposure time. The basss for thi
approach is the capability of histidine to react with iodine radicals at medata and
yet not completely quench the radicals before they react with the protein.oWtemd
the amount of scavenges. the level of modification and found an appropriate
concentration of 0.5 mM for the experiments.

Like other radicals used in FPOP, the radical life time should be short in the
presence of the scavenger such that the protein is modified before structngaischee
induced by overlabeling. Under controlled experimental conditions, no modified
histidine other than mono-iodohistidine, was obtained whereas both mono-iodotyrosine

and di-iodotyrosine were detected by MS. CD spectra of proteins beforedemd af
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iodination are nearly identical (see Figure 5.1). Therefore, iodination under our

experimental condition does not alter the proteins’ secondary structure.

5.4.2 Global Mass Spectrometric Analysis

Upon modification by reaction with | species, the mass of the protein iesrgamtegral
multiples of 125.90 Da corresponding to [M + n(l- H)] (n=1,2... wheren =0
corresponds to no modification); the single modification (n = 1) is the most prevalent in
the case of Mb and aMb. Mb is a 153 amino-acid protein existing in a highly folded and
compact structure with eight alpha helical secondary structures thatnotaqa central
pocket containing the heme group. AMb, lacking the heme group between helices E and
F, is the intermediate in biosynthesis of Mb. Structural characterizatiNiMiBy
suggests that although the majority of the aMb polypeptide chain adoptsdetuaid
structure, some of the structural elements including the EF loop, the F hekG toep,
the first few residues of the G helix, and the C-terminal end of the H helix flactuat
between a native conformation and less structured conformadignsLimited
proteolysis experiments also demonstrated that helix F is highly flexildegedy
disrupted in aMb46).

Global MS measurements of modified Mb and aMb that were iodinated under the
same experimental conditions (Figure 5.2) clearly show a difference extdat of
iodination. Mono-iodinated species are present at 38% of the unmodified species for Mb
(Figure 5.2 (a)), but they increase to 130% in aMb (Figure 5.2 (b)). Furthermoeeisthe
no detectable tri-iodinated Mb, but tri-iodinated aMb is clearly visible, consisiéh the
premise that heme removal leads to a looser protein conformation that has aethcrea

number of solvent-exposed histidine and tyrosine residues. It appears that iodgation i
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Figure 5.1: CD spectra of aMb and Mb before and after iodination. No significant

secondary structure change occurs upon iodination of the protein.
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very sensitive probe for structural change when combined with MS anagmi#isrfor

the whole protein and for individual residues should be informative.
54.3 Top-down Analysis

There are precedents for top-down analysis of iodinated proteins. nedtfd€)
reported the first top-down experiment to locate a single iodinated tyrosimgogiobin;
the modification resulted from electrosynthesis. Recently, Sun @6a48) applied
radical direct dissociation (RDD) and ECD to locate sites of iodination in $evera

proteins.

Top-down sequencing may be conducted either by selecting all the states of
protein, unmodified and modified, or by isolating one particular modification state (
mono iodinated). To identify the location(s) of the site(s) of modification and to avoid
interference of the unmodified protein, we chose to isolate the protein possessing one
modified site. In this experiment, [*Mb +16Hf of m/z 1068, representing a singly-
modified protein, when isolated and subjected to ECD, gave a sedesdz ions for
identification and quantification (Figure 5.3). Given that the proteins either without
modification or with more than one modification were excluded prior to ECD, we should
be able to determine the distribution of iodine in the mono-iodinated species. Consider
fragmentation at a site that can yield @) ion containing only one modifiable site (i.e., a
histidine or tyrosine). If the histidine or tyrosine is fractionally modifiea, ¢ ions will
form, one carrying the modifications and one not. The fractional modification aitéhat s

is the yield of the modified (2) ion divided by the sum of the modified and unmodified.
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For aMb, we measured the yield of iodinatgdion to be 26% of the total of modified
and unmodifieds’, indicating that among all the mono-iodinated species, 26% of them
are iodinated at Y146 because this amino-acid residue is the only one that can be
modified in the region represented by the fragment. There is no maxiifieat Mb,
however, indicating that Y146 is now protected from iodination. Determining that no
modification occurred in a region of the protein is even simpler. For exampleigimere
observable modifiedss** ion for both aMb and Mb, indicating that H24, H36 and H48,
the three modifiable sites in this fragment, are highly protected and do not itbalct w
species.

Conclusions become more difficult for larger ions that contain more than one
modifiable site. Consider twoions, the smaller containing x modifiable sites and the
larger containing x + 1 modifiable sites. This is the casef®randzss°*. The former
contains Y146 and the latter Y146 and Y103. The percent modifff@ndzss " are
28% and 52%, respectively, for aMb, allowing us to surmise that 24% (52 — 28%) of the
mono-iodinated proteins are iodinated at Y103 because it is the only modifiabie site i
the sequence between® andzs>*. For Mb, the percentages are lower at 12% and 40%,
but the difference in Y103 iodination is 28%, slightly larger than that for aMb. Thus,
Y103 has comparable solvent accessibility for both aMb and Mb, whereas Y146 is

exposed in aMb but protected in Mb.
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Figure 5.3: Sequence with the observed fragmentation pattern witifd&@Mb and Mb

(top). The zoomed-in ECD spectra of [*aMb+18H]and [*Mb+16H}** (bottom).
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The remainder of the iodination occurs mostly in the middle of the sequence of
Mb. Although we could obtain reasonable sequence coverage in the top-down
sequencing, the modification yields at the residue level were difficult ¢ordiete for
those amino-acid residues that incurred minor amounts of modification or were located i
the middle of an unfragmented protein sequence. For these cases, top-down sequencing
does not allow assignment of 11 histidine residues, some of which are located close to
each other in the middle of the protein sequence. We calculated the percentage-of mono
iodinatedzss"in aMb and Mb to be 52% and 40%, respectively, as described above,
leaving the remaining 48% and 60% not assigned to any particular sites. Thoskwe |

to bottom-up sequencing for confirmation.

5.4.4 Bottom-up Sequencing

To complete the assignments and aid the evaluation of the top-down data, we
applied bottom-up sequencing to both Mb and aMb. We relied primarily on the accurate
masses of each tryptic peptide and those of its modified “siblings” to obtaactextiion
chromatograms. For peptides containing more than one histidine/tyrosinegsite, hi
chromatographic efficiency and informative MS/MS data can locate theioataih. To
calculate the fraction-modified, we summed in the numerator the signaitiee
corresponding to all peptides having a modification at a given residue and sumtimed i
denominator all the intensities of detected peptides that contain the residue; this
summation includes all charge states of a peptide. As an example, theedxtact
chromatograms of peptide 80-96, which contains three histidines (Figure 5.4), show tha

three peptides, extricated by digestion of the mono-iodinated aMb, elute sdtyuantia
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22.8, 23.0, and 23.5 min. On the basis of product-ion spectra (MS/MS), we conclude that
the comparably abundant eluents are iodinated H93, H81 and H82, respectively. Turning

to Mb, we find that the abundance ratios for these three components change, and now

H93 and H82 were modified to a small extent.
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Figure 5.4: High MS resolution extracted ion chromatograms of dalizyged peptide

80-96 of aMb (top left) and Mb (top right), monoiodinated peptide 80-96 of aMto(bot

left) and aMb (bottom right). The assigned modification sites are underlined.
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A comparison of overall calculated residue-level modifications of aMb dnd M
(Figure 5.5) shows that residues H82, H93 and H97 are modified more than 2% in aMb
but less than 0.2% in Mb, indicating a significant difference between the apo- and holo-
proteins at the sites containing these residues. Residues H24, H36, H48, H64, H113,
H116 and H119 are modified at less than 1.0% in both the apo and holo proteins. Among
those histidines, H48 and H113 are iodinated to a greater extent in Mb than in aMb.
Residues H82, H93, and H97 are modified in excess of 1.0% for aMb, significantly
greater than for Mb. Residue H81 is modified most extensively among all histidine
Mb; the yield is 1.5%, slightly smaller than for aMb (2.0%). Although it is likedy the
modified and unmodified peptides have different ionization efficiencies that might
compromise the quantification, any bias is suffered by all the peptides, andh¢hbisist
does not affect the quantitative trends we observe and the conclusions we draa, Inde
the trends reflect structural differences between apo and holo states.

It is relatively common to produce di-iodinated tyrosines in this experiment. In
bottom-up data analysis, we took into account every iodinated species, no matter how
many modifications are on one site, summing all their signal areas to diledotdl
abundance of modified peptides even though our focus is singly modified species of all
types. For this reason and larger dynamic range of bottom-up sequencingy Veeger

numbers of tyrosine modifications in the bottom-up rather than the top-down approach.

5.4.5 Comparison of Bottom-up and Top-down

Bottom-up and top-down strategies are complementary and have different

advantages in analyzing differences in protein structures. Bottom-upregpts,
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despite possible biases in enzymatic cleavage, can determine the modificatiions

for each amino acid, down to less than 0.2%. This low level of detection in bottom-up
sequencing is an advantage over the top-down approach when studying a protein that i
rich in histidine and tyrosine. Top-down sequencing (as shown for Mb and aMb)
provides estimates of where modifications happen most frequently, but it lacks the
sensitivity and dynamic range that are available in the bottom-up approach. The top
down approach selects only a given modified state of a protein (we chose only ihe sing
modified) and, thus, excludes those proteins that have undergone two or more
modifications. Bottom-up analysis integrates over all modification statbe giotein

(e.g., mono-iodination, di-iodination). Top-down sequencing can be used to determine
the distribution of modifiable sites within a protein state or among differateisstand

the results can roughly evaluate the modification level in regions wheeeaiteeseveral
reactive residues. Top-down sequencing also eliminates sample-poepsigps and

avoids peptide loss.
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Figure 5.5: Plot of the yield of iodinated histidine and tyrosinglues in aMb and Mb,

analyzed by the bottom-up strategy (top). Tyrosine and histidiee siBpped in a

crystal structure of myoglobin (bottom, PDB ID: 1WLA).
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5.4.6 Application 1: lodination of Apo- and Holo- Carbonic Anhydrasel|

We applied this FPOP-based iodination method to apo- and holo-carbonic
anhydrase. Carbonic anhydrase is a zinc-containing metalloenzyme ahgtesathe
hydration of CQ in solution. We argue that the extents of modification at the residue
level are a function of the solvent accessibility of the particular resedughown in the
protein structure onto which the tyrosine and histidine residues are mappee §-8).

The comparison of the modification extent of the same residue between tsshbtates

no significant difference of the solvent accessibility (Figure 5.6), e)ahby T-test.

This result supports previous conclusions showing that the removal of the zinc causes
very little change to the tertiary structure of the proté# $0). This experiment serves

as a negative control and proves that iodination extents are a measure of dogriorma

and its change between two states.
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5.4.7 Application 2: lodination of lispro, insulin-EDTA and the zinc for m of

insulin

We also submitted lispro, insulin-EDTA, and the zinc form of insulin to
iodination to test the applicability of this footprinting strategy for mappingrteeaction
sites in protein complexes. We chose these systems because human insulia exists a
dimers in the absence of zinc and hexamers in the presence of zinc, whereathe lispr
isoform is monomeric1). Furthermore, there are four tyrosines in each insulin (or
lispro) monomer: Y14 and Y19 in A chain, Y16 and Y26 in B chain, providing sufficient
targets for the footprinting. Under the experimental conditions we chose@d?, =
insulin-EDTA solution is likely comprised of monomers and dimers, whereasnte zi
form of insulin is mainly an equilibrated mixture of dimers and hexamers. Lispro, a
protein in which proline 28 and lysine 29 of the B chain in human insulin are
interchanged, exists mainly as a monomer in solution and, therefore, has apitbre r

response in diabetes therapg)(

The iodination yields for lispro, insulin-EDTA and zinc form of insulin (Figure
5.7) show that the two tyrosines in A chain are iodinated to a comparable exteiréor lis
and insulin-EDTA. The other two tyrosines (Y16 and Y26) of the B chain, however, are
more modified in lispro, indicating that they are involved in the dimerization intedh
the human form. All tyrosines in the zinc form of insulin are modified to a lower extent
than in the other two forms, owing to the increased protection that occurs upon the
formation of hexamers. Although an ensemble of different oligomeric stdtieslys
sampled in these experiments, the modification differences among theats rew@e of

the interaction sites involved in oligomerization.
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55 Conclusion

One outcome of this study is a demonstration of the versatility of the FPOP
strategy in its ability to accommodate various reagents. The iodinespenticed
from photolysis of iodobenzoic acid selectively modifies histidine and tyrossicues
in proteins, and, more importantly, serves as a specific probe for changesim prote
conformation between aps. holo states and as an indicator of protein oligomerization.
The difference in modification extents can be seen in either the global matsal sjaa
or the peptide and amino-acid residue-level comparisons. The data processing is
relatively easy compared tO0H FPOP owing to the modification specificity and larger
mass displacement than for oxidative modificationgd#y. Unlike hydrogen peroxide,
which gradually oxidizes protein even without photolysis, the precursdrdoes not
react with a protein in the absence of laser irradiation; thus, modification iduakp
reactions with an iodine species. For this reason, removing the radical-genezagent
following protein modification is not as critical as-@H FPOP experiment§3).
Unlike other specific footprinting reactions (e.g., acetylation of Lysiditimn of N-
ethylmaleimide to Cys), radical reactions occur rapidly, most likely anedcale that
preempts protein unfolding, providing an advantage for this specific footprintiggea
Characterizing iodination modification by bottom-up and/or top-down depends largely on
the protein sequence and the residues that are of interest. To our knowledge, this is the
first example of combining protein footprinting and top-down MS analysis.

In the future, we intend to develop for FPOP more reagents that generaendiffer

radicals with different selectivity towards amino acids, affording a prédetprinting
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tool box containing a variety of radicals appropriate for answering different Hicdldi

guestions.
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6. M ass Spectrometric Characterization of

Enterococcus faecium Peptidoglycan

This work was done collaboratively with Gary Patti. Some of it was published in:
Patti, G. J., Chen, J., Schaefer, J. & Gross, M. L. Charaterization of Strixauedlons
in the Peptidoglycan of Vancomycin-Susceptibiter ococcus faecium: Understanding
Glycopeptide-Antibiotic Binding Sites Using Mass Spectromeirnfum Soc Mass
Spectrom 2008, 19, 1467-1475. This chapter is a recapitulation of the work with

emphasis on the method development.
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6.1 Abstract

Enterococcus faecium (E. faecium) is a human pathogen that causes nosocomial
bacteremia, surgical-wound infection, endocarditis, and urinary tract infectitons
presents a clinical challenge due to the increasing number of infections thighdye
drug resistant, with vancomycin-resistant enterococcus (VRE) infecting bee of
them. The drugs vancomycin and other glycopeptides are large, rigid mokbedles
inhibit a late stage in bacterial cell wall peptidoglycan synthesis. Traatkaze the fine
structure of peptidoglycan and elucidate the mode of action of glycopeptides, we
developed a bottom-up mass spectrometry approach as a complementary methdd to sol
state NMR. We identified approximately 50 muropeptide structures and thatioasi
as the main components of the peptidoglycan by using accurate mass measurément a
MS/MS. We also measured in a semi-quantitative way the amount of eacharyiegt
specific ion chromatograms and integrating their peak areas. Although the mrhanes
is susceptible to vancomycin, only 3% of the digested peptidoglycan has the well-known
D-Ala-D-Ala vancomycin-binding site. The data agree with the NMR results and
supports a proposed template model of cell-wall biosynthsis. Our method provides a fast
and reliable way of characterizing digested peptidoglycan and detectiogisdl
variations with high sensitivity. We applied this method to confirmDi#da-D-Ala/D-
Ala-D-Lac existing in the clinicalanA-containing vancomycin-susceptible enterococcus

(VSE) samples.
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6.2 Introduction

We describe in this chapter the development and application of the modern
LC/MS technique for determining the structure of bacterial peptidoglyegmentsX).

We choseenterococcus faecium as a model for the development becdtidaeciumis a
clinically important organism.

The enterococci are a diverse and important group of bacteria that have importa
implications in human health. They cause many serious clinical infections such as
urinary tract infections, bacteremia, bacterial endocarditis, etc. nibmeocci have the
capacity to acquire a wide variety of antimicrobial resistancerathbat present serious
problems in the treatment of patierizs3). In the last two decades, VRE have emerged
in nosocomial infections of hospitalized patients especially in the united gtates (

The enterococcal PG is organized as a “fisherman’s net”, made of glyaas
held together by peptide cross-links §). The glycan is composed of alternatjixd,4-
linked units ofN-acetylglucosamine (GIcNAc) adracetylmuramic acid (MurNAc).
Peptide stems are connected to the glycan chains through amide linkages libéve
carboxyl groups on the muramyl residues and the terminal amino groups of the peptide.
In enterococci, the stem lisAla-D-Glu-L-Lys-D-Ala (figure 6-1). Enterococcal
resistance is generally thought to involve the conversi@Alfa-D-Ala carboxyl
termini of peptidoglycan, the vancomycin binding siteDtéla-D-Lac ). In vitro
studies show a 1000-fold decrease of the binding constant of the modified vancomycin-
peptidoglycan complex than the unmodified ofe Recently, researchers suggested
that vancomycin-like glycopeptides recognize other peptidoglycan sauntotifs in

addition toD-Ala-D-Ala (8, 9). For the purpose of better understanding the modes of
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action of both the widely-used glycopeptides as well as their derivatives, some
fundamental studies giving atomic-level detail of the peptidoglycan steuatameeded.
Here we describe a method to use LC/MS coupled with accurate-mass
measurements of peptidoglycan fragments to identify individual muropeptidesspecie
and, by integrating selected ion-current chromatographic peaks, estimagkative r
amount of each. The identifications were also verified by MS/MS expesmathin the
same runs, as well as by stable-isotope labeling experiments. With thaedmaver
90% of the peaks eluting in the expected LC retention times were assigned to various
muropeptides and their derivatives. This LC/MS/MS method provides complementary
information to that from solid-state NMR.
The MS method was applied to investigate clini@A-containing VSE
samples. Resistance to vancomycin among enterococci is commonly meditted by
horizontal transfer of a mobile genetic element containingah& operon {0), a mobile
genetic element that alters cell-wall structure. Here an isotated new vancomycin-
susceptiblée. faecium that harbors biochemically activanA operons was studied by

MS.

6.3 Experimental

6.3.1 Muropeptide sample preparation

Starting cultures dE. faecium (ATTC 49624) were prepared by inoculating
brain-heart infusion media with a single colony. Cultures were incubated givieahi37
°C, but not aerated. Samples in this work were prepared by inoculating eithendagin
infusion or sterile enterococcal standard media (ESM) with the overnigter staltures

(1% final volume).

151



Cells were harvested at the end of log phase, when the absorbance at 660 nm
reached ~1.0, by centrifugation at 10,080 25 min at 4 °C. Pellets were rinsed with
40 mM triethanolamine hydrochloride (pH 7.0) three times followed by three mides
H,0, centrifuging after each rinse. Cells were then resuspende@irfridzen, and
lyophilized.

Mass spectrometry samples were prepared from the lyophilized whidbg cel
physical disruption, as was detailed befdr® ( The isolated cell walls were digested
into muropeptides with lysozyme and mutanolysin following the protocol described by
others 12) with slight modifications. All experiments were performed at neutral pH.

Clinical vanA-containing VSE are provided by Dr. Kyu Y. Rhee at Weill Cornell
Medical College. The cell walls were isolated and digested using thepsataeol

described above.
6.3.2 LC/MSIMS

Liquid chromatography/MS and MS/MS were performed in the electrospray
ionization (L3) mode by using a PicoView PV-500 (New Objective, Woburn, MA)
nanospray stage attached to either an LTQ-FT mass spectrometer @p-8rihitrap

mass spectrometer (ThermoFisher, San Jose, CA).

Muropeptide samples were loaded into an uncoated 75 um i.d. fused-silica
capillary column with a 15 um picofrit tip (New Objectives, Woburn, MA), packed with
C18 reverse-phase material (3 um, 100 A; Phenomenex, Torrance, CA) for 15 cm. The
column was eluted at a flow rate of 250 nL/min for 10 min with 0.1% (vol/vol) formic

acid in water and subsequently with a 60-min linear acetonitrile gradient (0%ow40%6
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0.1% formic acid. The samples, as they emerged from the column, were sprayed into an
LTQ-FT mass spectrometer. Full mass spectra were recorded in thenpdramnt of the
instrument at 100,000 resolving powerrét = 400).

Accurate-mass product-ion spectra of muropeptides were acquired by imigoduci
the samples by nanospray as they eluted from the LC to an LTQ-Orbitsgp ma
spectrometer. To obtain major components’ product-ion spectra, cyclegiognsi®ne
full FT-scan mass spectrum and five ensuing data-dependent MS/MS scangldnyjuire
the Orbitrap (with a normalized collision energy setting of 35% of the maximum
available energy) were repeated continuously throughout the elution with therigllow
dynamic exclusion settings: repeat count, 3; repeat duration, 15 s; exclusiaond3at
s. Sometimes, for minor components, an inclusion list containing the precursor ions’

masses was applied.

6.4 Resultsand Discussion

6.4.1 Optimization of the Chromatograms

Enterococcal peptidoglycan units, shown in Figure 6.1, are cross-linked via
aspartic acid oD-asparaginel§-Asx) bridges. By usinij-acetylmuramidase enzymes,
we selectively hydrolyzed tHe1,4 linkage betweeN-acetylmuramic acid and-
acetylglucosamine but left the cross-links intact. We call those muropepé#idies) only
one stem a monomer, and two stems connected by one bridge a dimer, three stems wit
two bridges a trimer, etc. Chromatographic separation is critical aneérfjial) here,

owing to the structural similarity among the muropeptides.
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N-acetylmuramidase cleavage sites
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Figure 6.1: Representative chemical structuré. ddecium peptidoglycan. The glycan is
composed of alternatinty1,4-linked units oN-acetylglucosamine (GIcNAc) arid
acetylmuramic acid (MurNAc). Peptide stems are connected to thenglgains
through an amide linkage between the carboxyl groups on muramyl residues and the
terminal amino groups of the peptide. Cross-links are formed bef@éa on one

peptide and th®-Asp bridge on another. Figure is reproduced from reference (1).
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The behavior of muropeptides on reversed phase supports is sensitive to pH and ionic
strength of the eluent, to the gradient, and also to temperature. Researchezsdphe
HPLC condition for muropeptide sampldgl and achieved good separation. Such
conditions, however, are not compatible with mass spectrometry, owing to the high sal
content of the gradient and also to an inability to change the HPLC solvents for
proteomic experiments; the solvents were water with 0.1% formic acid as ageses

(A) and acetonitrile with 0.1% formic acid as organic phase (B). We wer¢oable
optimize the chromatogram by adjusting the loading method, gradient profile, tinencol
size and the type of the packing material in the column. One variation wastaade a
time, followed by the test and evaluation based on both peak separation and width. The
optimized conditions are stated in the experimental section, and the total ion

chromatogram is shown in Figure 6.2.

Although we did not achieve base-line separation for all species, we are still abl
to select a particular ion based onnitg, allowing the differentiation of peaks that are
co-eluting with each other. This is an advantage of coupling chromatographyass
spectrometry as the detector over using the traditional off-line sepefaitowed by

mass spectrometric analysis.
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Figure 6.2: Total ion chromatogram for digeskedaecium muropeptides. The relative

intensity is represented by total ion current as a function of retention time.

6.4.2 Muropeptide Identification

The identification of muropeptides relies on the accurate mass measurement,
MS/MS assignments, and stable-isotope labeling experiments. Threéeetmplary
spectra (Figure 6.3) show the iongwf 696.2936, 824.3881 and 1010.4525, and these
were assigned to the species with a dipeptide stem, tripeptide stem grepteteawith a
bridge (see structures 1,2 and 6 in Scheme 6.1), all having an accurate massmeasure
within 1 ppm of the theoreticalz value. The product-ion (MS/MS) spectra (Figure 6.3
(b), (e) and (h)) show the major fragmentations of the parent ions. In the isotopically

labeled sample where the lysine and alanine were repladeds}’C]lysine andD-
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[**N]Jalanine, the spectrum (c) of the dipeptide stem shows no mass shift compared to the
unlabeled stem, whereas the mass spectrum of the tripeptide stem showsdtlegbif

the incorporation of one heavy lysine whereas the mass spectrum of the teteagtept

with a bridge shows a +2 shift due to the incorporation of one heavy lysine and one heavy
D-alanine. The labeled sample was originally made for solid-state NMRurenents

but can be utilized here for the purpose of confirming the composition of muropeptide.
Additionally, MS measurements can help determine the labeling efficieiash v& an

important factor for the NMR analysis.

Most of the masses for eluents within 15-35 min retention time could be assigned
as either the traditional muropeptides or their variations. Assisted byatcouss
measurement, MS/MS and the stable-isotope labeling experiment, we weie agddagn

with confidence 90% of the peaks in the mass spectra as muropeptide structures.
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Figure 6.3: Exemplary spectra of three muropeptides. (a) Mass spectmumopieptide

1 (see Scheme 6-1); (b) Product-ion spectrum of muropeptide 1; (c) mass spectrum of
isotopically enriched muropeptide 1; (d) mass spectrum of muropeptide 2; (e) Product-
ion spectrum of muropeptide 2; (f) mass spectrum of isotopically enriched mudepept

2; (g) mass spectrum of muropeptide 6; (h) product-ion spectrum of muropeptide 6; (i)

mass spectrum of isotopically enriched muropeptide 6.
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Scheme 6.1. Structures of assigned muropeptides. They include monomers (®f8), dim

(8-13) and trimers (14-16). Variations based on these primary structures shewatin

this figure. Figure is reproduced from reference (1).
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6.4.3 Quantification

The quantification of muropeptide species was based on using extracted ion
chromatograms. First, a list ofz values associated with all muropeptides including
structural variations was created. Different charge states of thensaropeptide were
also added to the list. Then, the chromatograms of these ions were extracted from the
total ion chromatogram, and the quantity was estimated by integrating therpask a
Finally, the quantities of structural isomers and multiply charged ions ofriine §zecies
were summed to give a total value, which was then used to calculate the peroéntage
this species among all the muropeptides. The accurate mass measunehtieat a

baseline separation of the chromatogram ensure the unambiguous selection of ions.

The quantification of muropeptides, listed in Table 6.1, was presented as two sets
of values. The percentages in the left column were calculated with respect toem®nom
(47%), dimers (43%) and trimers (8%). The percentages in the right column, however,
were calculated with respect to stems. For example, the percentagesoktems is
calculated according to the following equation:

[trimer] X 3
[monomer] + [dimer] X 2 + [trimer] X 3 + [tetramer] X 4

% of trimer stems =

This way of calculating percentages allows the comparison of our datéheitesults
obtained by solid-state NMR. Surprisingly, given thaAla-D-Ala is the target of
glycopeptides antibiotics, the number of muropeptide stemsDwila-D-Ala in the
terminus (structures 5, 7, 11, 13 in scheme 6.1) is only 3% of the total stems. This
number agrees with that determined by solid-state NMR, which was emptoyed t

measure these species to be 7% in whole dd#)s (The difference between the two
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values may be attributed to the peptidoglycan precursoNaamktylglucosamindy-
acetyl-muramyl-pentapeptide-pyrophosphoryl-undecaprenol (Lipid II), whictatD-

Ala-D-Ala stems and are not present in the samples for mass spectrometrysanalysi

Species Theoretical mass® Measured mass Percentage [%]>¢ Percentage [%]*¢
Monomers 47 30
1 695.2856 695.2855 <1 <1
823.3805 823.3802 22 13
3 894.4177 894.4174 5 3
4 938.4075 938.4071 13 8
5 965.4548 965.4555 <1 <1
6 1009.4446 1009.4446 6 4
7 1080.4817 1080.4825 <1 <1
Dimers 43 51
8 1814.8151 1814.8150 8 10
9 1885.8522 1885.8510 3 4
10 1929.8421 1929.8420 23 27
n 1956.8894 1956.8899 2 2
12 2000.8792 2000.8784 7 8
13 2071.9163 2071.9158 <1 <1
Trimers 8 15
14 2806.2497 2806.2450 2 3
15 2921.2767 2921.2767 5 10
16 2992.3138 2992.3140 1 2
Tetramers 2 4

"Theoretical masses were calculated with Xcalibur 2.0.

bPercentages with respect to monomers, dimers, trimers, and tetramers.

“Both percentages include structural variations of the species (see Table 2). Under optimized digestion conditions for data from triplicate runs of four
different sample preparations, each species contribution was within + 3% of the values listed here.

dPercentages with respect to total number of peptidoglycan stems.

Table 6.1. Distribution of structures i faecium peptidoglycan. Table is reproduced

from reference (1).

6.4.4 O-Acetylated Muropeptides

One important structural variation of muropeptide®-acetylation oiN-
acetylmuramic acid, identified as a mass increase of 42.011 (Figure 6.4, ledtjom |

The product-ion spectra of structures with and witl@atcetylation show the same
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fragmentation masses Nfacetylglucosamine and the peptide stem but different masses
for fragments of th&l-acetylmuramic acid stem, indicating ti@dacetylation occurs on

at N-acetylmuramic acid. This is consistent with previous findidgs (

Different O-acetylation extents were observed for those muropeptide structures,
shown in Table 6.2. The extents suggest that either the enzyme perf@adegylation
has preference for certain target structures over others, or the exposuot different
muropeptide structures to the enzyme is different (a correlatiOragketylation with
muropeptide structures will be discussed in the next chapter). One average, 5-15% of the
total peptidoglycan i©-acetylated. This is lower than the reported value (46-57%j.for
faecium (17). The difference may be within reproducibility of the experiment; a source
of variation is the extent @-acetylation may vary in different strains of the same

bacterial speciedl{-20).

Species Acetylation [%] Cyclic Imide [%] Gln/Asn [%] GlIn/Asp (Glu/Asn) [%] Glu/Asp [%]
2 19
3 2
4 1 8 4 58 1
5 4 3 16 83 1
6 3 2 23 75 2

Table 6.2. Distribution of selected monomers. Table is reproduced from refetgnce (

As indicated above, we used tiheacetylmuramidase enzymes, mutanolysin and
lysozyme R0). They serve as complementary enzymes becaus2dcetylated
peptidoglycan is resistant to the activity of lysozyme but susceptible to mugmnoly

isolated fromStreptomyces globisporus (21). In a separate experiment, we digegied

162



faecium peptidoglycan by using only lysozyme, and detecte@-acetylated species.
The lack of detection is consistent with the earlier observation that cilafalifferent
enterococcal strains respond differently to lysozyme digestion owing toffieidi O-

acetylation extent2p).
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Figure 6.4: Mass spectra and assigned structures for variations of the phide p&m/z

= 939.4150. The most likely structure for an m/z of 939.4150 (top left) is that Dith a
aspartic acid bridge. An ion of | of 938.4310 (top right) is from the muropeptide with
double amidationD-asparagine anb-iso-glutamine. A mass increase of 42.011 is
consistent wittD-acetylation oiN-acetylmuramic acid (bottom left). A mass decrease of
18.010 suggests the loss of water, and could be indicative of two types of cyclic imides

(bottom right). The structure shown is consistent with NMR data (see FEgi)re
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6.4.5 Amidation of D-iso-Glu and D-Asp

It was suggested that the presencB-o$o-glutamic acid residues in
muropeptides affects cross-linkin2g8f and vancomycin resistanceStaphyl ococcus
aureus (24). Amidation of theD-iso-glutamic acid may change both the efficiency of
transpeptidation2b) and the affinity for glycopeptides antibiotics. Thus, characterization
and quantification of such species may be important for understanding antibiotic
resistance. There are two sitBsiso-Glx (D-iso-glutamine omD-iso-glutamic acid) and
D-Asx (D-asparagine db-aspartic acid), that can be amidated (see Scheme 6.1),
resulting in four possible species containing stems Btko-GIn /D-Asn, D-iso-GIn/D-
Asp, D-iso-Glu/D-Asn andD-iso-Glu/D-Asp. Because species withiso-GIn/D-Asp
andD-iso-Glu/D-Asn have the same accurate mass, MS identification of each is not
possible when product-ion spectra do not provide much information. Alternatively, we
used the hydroxylation profile of the muropeptide without a bridge as a refeoemelp t
identify these species. The singly charged muropeptidézaf 824.4 (see Scheme 6.1,
Structure 2) contains only one siijso-glutamine, that can be hydroxylated. It is
shown in Figure 6.5.a that the peak area corresponding to the hydroxylated muropeptide
of m/z of 825.4 is relatively small compared with that corresponding to the
nonhydroxylated one. Furthermore, the species with double hydroxylation occur
infrequently, indicating that there are few muropeptide stemsivigo-Glu. This is
consistent with previous finding that féviso-glutamic acid-containing peptidoglycan
stems was found for other enterococcal organi@@)s (We conclude, based on the
above evidence, that most muropeptide species with a single hydroxylation represent

i1s0-GIn/D-Asp stems.
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Figure 6.5: Extracted ion chromatograms for singly charged speitiesvz of (a) 824.4

and 825.4; (b) 938.4 and 939.4; (c) 1009.5 and 1010.5; and (d) 1080.5 and 1081.5. The
relative intensities of the signals for timez 1080.5 and 1081.5 ions are small, consistent
with there being feviD-Ala-D-Ala stems. Muropeptides with bridges elute as two

distinct peaks with different retention times in the chromatogram. Thedegklea

chromatogram for thevz 824.4 ion shows only one peak.
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6.4.6 Structural Bridge lsomers

Interestingly, there are two chromatographic peaks corresponding tameach i
having a monomer with a bridge, suggesting the presence of structural issoerated
with different bridge conformations (Figure 6.5). The product-ion mass spectraxshow
difference between the two isomers. It is known that the deamidati®eh produces
a mixture ofa- andp-D-Asp residuesd?, 28). Recently, however, it was suggested that
all D-Asn bridges irE. faecium are from the amidation @-Asp after its incorporation
into the peptidoglycar2@). Additionally, it was proposed that the incorporation
proceeds specifically by way offaaspartylphosphate intermediate, ruling out the
possibility ofa- andg- bridge isomers. Given that tfieD-Asp is the original species
incorporated into peptidoglycan precursors and the 1- and 4-aspartyl carbonglare si
it is possible that either carbon could form a peptide bond with Nwy8ine and create

unique bridge conformations.

6.4.7 CyclicImides

An accurate mass decrease of 18.010 associated with the loss of water was
observed for the muropeptide monomers having aspartic acid bridges (Figure 6-4, bottom
right). The water loss is not from the disaccharides or the first amino atid péptide
stem,L-alanine, according to the product-ion mass spectrum. This modification is likely
to be in the middle of the peptide stem, supported by the evidence that tripeptide
monomers with bridges (Scheme 6-1, Structure 4) undergo water loss. We suggest tw

possibilities for the water loss: the formation of a succinimide structuneebebD-Asp
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and 6N-lysine (Figure 6-4, bottom), and the cyclization betwBefssp andN-D-iso-

Gin.

We are unable to differentiate between the two proposed varieties of ayidési
using the current mass spectrometric data. Monomers havisgGln andD-Asn do
not show water loss because there is no free hydroxyl to be protonated and become a
leaving group. The infrequency of a cyclic imide species makes detectiomaridrat
assignment difficult. The fact that there were two chromatographic pezksced by
some structures that are missing a water indicates the existence oplestbftgyclic
imide structures as a consequence of there being two bridge orientationsyssedisc
above.

The finding of the succinimide is consistent with solid-state NMR resiijs (
To our knowledge, this is the first detection of such structurEsfaecium
peptidoglycan. Although of small quantity, this post-insertional modification nagy pl

an important role in the peptidoglycan structure and function.

6.4.8 Validity of MS Quantification: Comparison with Solid-State NMR Results

As indicated above, the MS guantification here suffers from the different
ionization efficiencies that different muropeptide structures will have.udgs the
guantitative integrity of the MS results, the percentage of total peptidogiyem cross-
linked was calculated and compared with that directly measured by sodNSiidR.
Cross-linking is equal to: (dimers + 2 x trimers +3 x tetramers) / (monornersdimers
+ 3 x trimers + 4 x tetramers). From the MS data, ~40% fzfecium peptidoglycan is

cross-linked. This result is in good agreement with the 47% obtained from sadid-stat
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NMR (15). MS is likely to discriminate against the larger fragments, thus

underestimating the cross-linking value.

6.4.9 Peptidoglycan Structure and Cell-Wall Biosynthesis

Peptidoglycan stems terminatingbrAla-D-Ala are crucial to cell-wall
biosynthesis. The small quantity measured by MS is consistent with the teempidel
proposed fofs. aureus (9) andE. faecium (15). Those stems, which present only 3% of
the total muropeptide, are incorporated into the nascent peptidoglycan to allow the cross-
linking to occur (Figure 6-6). They are then post-insertionally modified to qgbleeres
by certain enzymes. Such modification could prevent the binding of vancomycin and
may be crucial for cell-wall assembly. We suggest that there mustduiael ,D-
carboxypeptidase that cleav@sAla-D-Ala stems that are not cross-linked in mature
peptidoglycan. We also propose that other enzymatic modifications, inclDeing
acetylation, amidation of aspartic acid, and formation of cyclic imides, atcoature
peptidoglycan rather than the nascent and template peptidoglycan (Figure 6RéugAlt
the modified peptidoglycan precursors may produce inefficient substrates for
transglycosylase and transpeptidase, modified mature peptidoglycan may play
important role in biosynthetic regulation and prove important in virulence, allowing

bacterial infections to evade host-immune system response.
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Figure 6.6: Schematic representation of the peptidoglycan biosyntheBiddecium.
The few peptidoglycan stems terminatindirAla-D-Ala occur in hascent and template
peptidoglycan where they are cross-linked. The post-insertional modificateogsisavn

in the mature peptidoglycan. Figure is reproduced from reference (1).
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6.4.10 Characterization of VanA-containing VSE

This is a collaborative work with Dr. Kyu Y. Rhee at Weill Cornell Medical
College using the bottom-up MS method to characterize the peptidoglycan staficture
clinical vanA-deficient andzanA-containing VSE samples obtained by our collaborator
from the hospital.VanA is a type of gene cluster that causes acquired resistance of
bacteria to glycopeptides antibiotics by redirecting cell-wall itsssis to produck-
Ala-D-Lac stems instead @f-Ala-D-Ala (10). The sample was obtained from a patient
with VSE mitral valve endocarditis who failed vancomycin chemotherajygote a
breakthrough infection with an isogenic vancomycin-resistant strain. Asalfygie
peptidoglycan of theanA-containing strain showed that peptidoglycan from both
vancomycin-susceptible and —resistant isolates contained muropeptida-MiakhD-Lac
(Figure 6.7) in the absence of vancomycinvdnA-containing VSE, the ratio between
D-Ala-D-Lac andD-Ala-D-Ala is approximately 1:4. This ratio suggests that the vanA
operons of botlvanA-containing VSE and VRE are active. Out MS results, together with
other data (unpublished), reveal a previously unrecognized reservain/fetype

resistanced0, 31).
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Figure 6.7. Extracted ion chromatograms of a pentapeptide cont&ixAsp orD-Asn

bridges forvanA-deficient reference VSE (ajanA-containing reference VRE (b) and
vanA-containing clinical VSE (c). The reference VSE chromatogragaky

correspond to stems wit+Ala-D-Ala (structures 1 and 2 on the right), and the reference
VRE chromatographic peaks correspond to stemsviftla-D-Lac (structures 3 and 4

on the right). VanA-containing VSE peptidoglycan have b@bkAla-D-Ala andD-Ala-

D-Lac, as shown by the chromatogram. Four peaks labeled * correspond to structures 1

or 3, and could not be distinguished further because they have identical masses.
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6.5 Conclusion

We implemented an on-line LC/MS analysis for the identification and
guantitation ofEnterococcus faecium peptidoglycan. The method is sensitive and
reliable, providing new structural detail pertaining to variations of pepiidaglstems
and allowing new understanding of glycopeptides antibiotic binding. The finding that
vancomycin-susceptiblenter ococcus faecium have very fewD-Ala-D-Ala vancomycin
binding sites is consistent with an NMR resl8)( The importance of these infrequent
D-Ala-D-Ala linkages as binding sites for one of the most powerful antibiotics cliyicall
available underscores the need for characterizing peptidoglycan straetiaitd such as
were accomplished by this research. Using this MS method, we showed tme@@se
D-Ala-D-Lac species in anA-containing VSE sample. We suggest that the method
described in this chapter is widely applicable for characterization ofdpgptcan in a

variety of bacteria and for the investigation of effect of antibiotics on peptickgly
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7. Time-Dependent | sotopic Labeling and
Quantitative Liquid-Chromatography/M ass
Spectrometry Reveal Bacterial Cell-Wall

Architecture

This work was done collaboratively with Gary Patti. Some of it was published in:
Patti, G. J., Chen, J. & Gross, M. L. Method Revealing Bacterial Cell-Avetiitecture
by Time-Dependent Isotope Labeling and Quantitative Liquid Chromatoghass
Spectrometry.Anal. Chem. 2009, 81, 2437-2445(1). This chapter is a recapitulation of

the work with emphasis on the method development.
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7.1 Abstract

The molecular details of bacterial cell-wall biosynthesis arentiss to
understanding cell-wall growth and division as well as the action of glycopeptides
antibiotics, but they still remain unclear. Here we report a method combining time
dependent isotopic labeling and liquid-chromatography/mass spectroir@ts)
analysis to track the synthesis and fate of bacterial cell-wall pogsurBy comparing
isotopic enrichments of post-insertionally modified cell-wall precursmigathe growth
curve, we can propose the sequence of cell-wall maturation throughout acteell IoyE.
faecium peptidoglycan, the pentapeptides terminatinD-Ala-D-Ala are the first
muropeptides to be isotopically labeled. As these species undergo transpeptidation, the
peptide stems not cross-linked and are cleaved into tri and tetrapeptides. Subseque
some muropeptides beco@eacetylated, and ultimately the cross-bridges are cleaved on
stems not cross-linked. This method will advance the understanding the tertietyretr
of bacteria cell wall and assist with the design of novel drugs for antHoestistant

pathogens.
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7.2 Introduction

We developed an LC/MS based method to characterize the fine structure of
bacterial peptidoglycar®), described in the previous chapter. The molecular details
regarding the organization and post-insertional modification of the antibiotinli
sites in the peptidoglycan, although important to understanding the architedheecefl
wall, remain unclear. Here, we present a method based on mass spectrometric
guantitation of pulse-labeled cells to track the fate of bacterial peptaoyglthus,
providing important information that allows elucidation of cell-wall morphogenesis

Isotopic labeling combined with mass spectrometry analysis has ligely used
in proteomics studies. One example is the stable isotope labeling with aminm aelils
culture (SILAC) B, 4). SILAC is a straightforward approach farvivo incorporation of
a label into cellular proteins for MS-based quantitative proteomics. In suctinexpe
two cell populations are grown in culture media that are identical except that een
contains a “light” and the other a “heavy” form of a particular amino acid. , Thertwo
cell populations are combined and analyzed by mass spectrometry, taking aglefntag
the mass difference between pairs of chemically identical peptides ¥igredt stable-
isotope composition. For kinetics studies of biological systems, pulse-chasenexperi
based on stable isotope labeling in culture and monitoring by mass spectrometric
measurement were reported previou8ly (In this experiment, cells were grown in the
heavy media for a certain period of time, and then the media is changed toddiat m
where the growth continues. The labeling is followed by sample collection Huaiug

the chase period.
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In this work, we applied mass spectrometry-based quantitation of puléediabe
cells by using an online LC/MS analysis that we described in the previgocha
investigate the sequence in whighfaecium peptidoglycan subunits containing
vancomycin-binding sites are post-insertionally modified in cell-walvtin and
maturation. Muropeptide profiles taken with respect to the length of the hedogas
pulse provide snapshots of the progression of peptidoglycan species throughout the cel
cycle.

Mass-spectrometry-based quantitation of pulse-labeled cells is palyicula
effective for investigating thE. faecium cell wall given the high sensitivity and low
sample consumption of the nano-LC/MS method. The method can accommodate the
significant number of peptidoglycan structural variations and the low frequémcyss-
linked species larger than dimers. Furthermore, the biosynthdsi$aetium
peptidoglycan is of great clinical interest as its understanding is iampantthe
development and understanding of novel antibio6e8)( Using post-insertional
peptidoglycan modifications as a probe to track murein growth and assembly, we

describe the extension of our understanding of cell-wall biosynthesis aniecatei.

7.3 Experimental

7.3.1 Time-dependent Isotopic Labeling

Starting cultures dE. faecium (ATTC 49624) were prepared by inoculating
brain-heart infusion media with a single colony. Cultures were incubated givieahi37
°C, but not aerated. The growth was started by inoculating brain-heart infasign (

media with the overnight starter culture (1% final volume).
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Enterococcal standard media (ESM) was prepared as described Befonath
the pH adjusted to 7.0 prior to sterile filtration, the natural abundahne was
replaced with uniformly labeled-[**Cg,**N.]lysine. The cells were extracted from BHI
media when the absorbance at 660 nm had become approximately 0.3 by centrifugation at
10,000 x g. Cells were then re-suspended in the pre-warmed ESM containing
[13Ce,°N.]lysine and incubated (Figure 7.1, pulde)ysine was a good choice because
it has high enrichment efficiency i faecium and was not readily metabolized).( The
expression “pulse labeling” in this text to be consistent with established convention, but
the term “step” is a more appropriate description of the labelinggyrateells were
harvested at various time points (see Figure 7.1, harvest points) by cetitifiaga
10,0009 and boiled for 5 min in 40 mM triethanolamine hydrochloride (pH 7.0) to
guench biological activity before being frozen and lyophilized. Isotopiclengat is
time-independent after cells are harvested and boiled. Enrichment measumgenents
made immediately after sample preparation and were within +0.5% of the value
determined from the same sample 20 days after harvest. Ten time poingsguered
to investigate cell-wall development over approximately one enterocoeltalcle
(estimated as 3 h after the pulse for these conditions). For pulse-chase saepkits t
were removed from thie-[**Cg,**N.]lysine enriched ESM after a defined time duration
(Figure 7.1j) by centrifugation at 10,000q, resuspended in prewarmed BHI, incubated,
harvested, and boiled at a later time (Figuref}.The initial and final time points were
chosen such that the cells were chased over the latter half of exponemital gGell-

wall isolates were prepared from lyophilized whole cells as describeapséyil0).
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The isolated cell walls were digested with lysozyme and mutanolysingo gi

muropeptidesl(l, 12). All manipulations were performed at neutral pH.
7.3.2 LC/MSAnalysis

Liquid chromatography/MS was performed by using a Pico-View PV-500 (New
Objective, Woburn, MA) nanospray stage attached to an LTQ-Orbitrap mass
spectrometer (ThermoFisher, San Jose, CA). The high-mass accutiae\Orbitrap
mass spectrometer was important for identifying structures of caéyninodified
species with low ambiguity. With the use of accurate-mass measuretherftemulae
of approximately 90% of the components seen in the mass spectra occutningiveit
range of expected muropeptide retention times were determined, strycopesed, and

isotopic enrichments calculated for each.

Muropeptide samples were loaded into an uncoatedvbd. fused-silica
capillary column with a 1um picofrit tip (New Objective, Woburn, MA), packed with
C18 reverse-phase material(®, 100 A; Phenomenex, Torrance, CA). The column was
eluted with a flow rate of 250 nL/min for 10 min with 0.1% (vol/vol) formic acid in water
and subsequently with a 60 min linear acetonitrile gradient (0%-40%) with 0.1% formic
acid. The components, as they emerged from the column, were sprayed into an LTQ-
Orbitrap mass spectrometer. The spray voltage was 2.0 kV. The capillary \aithge
temperature were 27 V and 200 °C, respectively. Full mass spectra were recdhged i

FT orbitrap component of the instrument at 60,000 resolving powev4at 400).
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Figure 7.1: Labeling strategy: (left) growthBffaecium as measured by optical density
(660 nm) as a function of time. The cells were pulsed and harvested at the points
indicated. For the pulse-chase experiment, cells were resuspended in mednangpntai
natural-abundance isotopes at poiahd harvested at poiht(Right) Chemical structure
of E. faecium peptidoglycan before modification, highlightihg**Ce,*N.]lysine. The
unmodified subunit contains a pentapeptide stem d@hdsap bridge. Figure is

reproduced from reference (1).
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7.4 Resultsand Discussion

7.4.1 Semi-quantitative Analysis of Muropeptides

We identified the majority of resulting muropeptides with LC/MS aat@imass
measurements as variations of monomers, dimers, and a few trimers. ighmeasts of
all muropeptides are consistent with the proposed structures presented in 6dhieme

the previous chapter.

The total-ion chromatograms of muropeptides digested from cells that were
harvested at three different times (Figure 7.2) are the basis for quegtiariof each
muropeptide species. Quantification was determined by integratingtegtian
chromatograms for singly and multiply charged ions. Consistent with the ctiseiwa
others for a different organismi3), we detected no substantive differenceR.ifaecium
cell-wall composition as cultures progressed from the exponentidbtionary-growth
phase (Figure 7.3), although the amount of muropeptides varies among samples. Thus,
the cross-linking remained relatively constant. This approach of esijeabss-linking
yields results in good agreement with those obtained from solid-state NMR, as

established previous|®).
7.4.2 |sotopic Labeling and M S Quantitation

We incorporated stable-isotopic labels into the bacterial growth cycles t
investigate the dynamics of peptidoglycan processing and to track thleg®ent of
specific muropeptides. By removing the cells growing in the natural-abundaadia
and re-suspending them in defined media enrichedlwiitfiCs,>N;]lysine, we had

“pulse-labeled” the cells before quenching and analyzing. Muropeptideponating
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n L-[*°Ce,>N]lysines result in a mass increase of ®hich reflects in the mass spectrum
as a peak patterm& larger than the unlabeled one. Although quantitative comparison of
peaks in ESI mass spectra are generally unreliable between differeesdpsause

there is variability in efficiencies for ionization, the approach developedaherds this
problem given that molecular species carrying isotopes do not have inhereptigrdiff
ionization efficiencies3, 14). Although the proportion of monomers, dimers and trimers
did not significantly change throughout the cell cycle, the percentage of thessspeci
incorporating one or more[*°Cg,**N.]lysine isotopes was time-dependent. We
calculated the enrichment percentages by considering the proportion of muropeptide
structures incorporatinig-[**Cs,°N]lysine with respect to the sum of those same
structures with and without-[**Cg,°N_]lysine.
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Figure 7.2: Total-ion chromatograms of peptidoglycan digests aftéf (aiin, (b) 70

min and (c) 202 min growing in heavy lysine media.
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We suggest that monomers are the first muropeptides to incorperate
[*3Ce,NJ]lysine, followed by dimers and trimers (Figure 7.4). At any given time point
throughout the growth curve, the average enrichment for monomers is higher than that f
dimers. For example, after 38 min in labeled media, monomers and dimers drecenric
19% and 14%, and after 143 min, 70% and 52%, respectively. The difference of
enrichment between monomers and dimers is small in the early stage of grosutbkebe
transpeptidation occurs early in the peptidoglycan synthesis. The differexxredse
larger in the late stages of growth, likely owing to the slow-down of transpe@tcand
the accumulation of isotopically labeled monomers. Trimer species are cugs#d

here, owing to their low frequency of occurrence.

m/z species final % enriched?
1081.491 G-M-Ala-iGIn-Lys(Asp)-Ala-Ala 90
1010.454 G-M-Ala-iGIn-Lys(Asp)-Ala 83
939.416 G-M-Ala-iGIn-Lys(Asp) 81
1080.507 G-M-Ala-iGln-Lys(Asn)-Ala-Ala 75
938.432 G-M-Ala-iGln-Lys(Asn) 73
1009.470 G-M-Ala-iGln-Lys(Asn)-Ala 61
895.426 G-M-Ala-iGIn-Lys-Ala 55

24.388 G-M-Ala-iGIn-Lys 52

% For three different trials, the isotopic enrichments for all species
described in this text were determined as +0.5% of the values provided
(e.g., 90 = 0.5%, 83 £ 0.5%, etc.).

Table 7.1. Percentages of isotopic enrichment after 202 minutes grolwth in

[*°Cs,**NJ]lysine enriched media. Table is reproduced from reference (1).
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7.4.3 Penta, Tetra, and Tripeptides

Modifications occurring at the peptide stem of the peptidoglycan muropeptides
are of particular interest because the three amino acids are involvetspefptidation.
In forming a cross-link, the penultimaieAla of one stem forms an amide bond with a
D-Asx bridge in another stem, and the termibaAla is removed by,D-
carboxypeptidase. Here we want to study the modification removing the teBréia)
the penultimat®-Ala, or theD-Asx bridge that occur independent of transpeptidation.
We choose to present results for monomer species to simplify the discussion, although

dimers and trimers not cross-linked follow the similar trend.

Among all the monomers, the species vibthla-D-Ala terminus and ®-Asp
bridge (Figure 7.5, ain/z = 1081.491) is isotopically enriched to the highest extent,
indicating that it is the first species incorporated into the peptidoglycanstemtsiith
the observations made by othelS)( At the first time point after the media switch,
however, this species is isotopically enriched but lower than the speciesRvilsa
bridge (Figure 7.5, aiz= 1080.507). This is also observed for other species with a
bridge. We suggest, therefore, the amidatioD-@fsp occurs rapidly in the beginning of

cell division.

The tripeptide species without a bridge is the slowest to be enriched after the
introduction of the.-[**Cg,>N]lysine pulse and is enriched to the lowest extent (Figure
7.5, ofm/z = 824.388). The tetrapeptide without a bridge is the second lowest enriched
muropeptide (Figure 7.6, bottom, mfz = 895.426). These species show minimal

isotopic enrichment at the first time point, indicating that they are pratésse other
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muropeptide species instead of being incorporated to the peptidoglycan asas. It als

suggests the presence of an enzyme, which removes the bridge that is niotlardds-

other stems, in the cell wall.
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938.432 and 1009.470, corresponding to muropeptides with an asparagine bridge.
(Bottom) lons with amm/z of 895.426 and 824.388, corresponding to muropeptides
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The presence of tetra and tripeptides suggests there is anaElive
carboxypeptidase aridD-carboxypeptidase in the cell wall Bf faecium. D,D-
carboxypeptidase hydrolyzes the peptide bond between tHe-#a in the peptide
terminus and.,D-carboxypeptidase cleaves the peptide bond betivdgis andD-Ala.

Not much is known about whether these two enzymatic processes are relatdd to ea
other. The data show that the tetrapeptiden(af= 1009.470) is enriched less than the
tripeptide (ofm/z= 938.432) (Figure 7.6, middle), both of which are less enriched than
the pentapeptide. The differences between the tri- and tetrapeptides, althoagbeyot |
are statistically significant considering the small error in theament. Thus, itis
unlikely thatD,D-carboxypeptidase creates the substrate,f@drcarboxypeptidase.
Instead, we propose that the reactions producing tripeptides and tetrapeptides ar
independent. The tripeptide (ofz= 939.416) and tetrapeptide (@fz= 1010.454) are
enriched nearly equally (Figure 7.6, top), indicating that Borcarboxypeptidase and
L,D-carboxypeptidase are targeting the same pentapeptide substratepaiconbht

also agrees with the above hypothesis. For muropeptides without bridges (Figure 7.6,
bottom), however, the tetrapeptide has a larger percentage of enrichment than the
tripeptide, suggesting a different sequence of processing mature cell waatargr

activity of D,D-carboxypeptidase towards murein without bridges.

744 O-Acetylation

Postinsertional modifications & faecium peptidoglycan result in a number of
structural variations, described in the previous chagjerfhe order of such
modifications, however, could not be revealed by bottom-up MS analysis of the

peptidoglycan digests. Thus, we analyzed the peptidoglycan of bacterial cedistédhr
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from enriched media over 10 different time intervals to investigate the trends

muropeptide variations and to study the dynamics thrughout an entire cell cycle.

It was suggested in the previous study tkaacetylation, a post-insertional
modification giving rise to a mass increase of 42.011, occurs af @6cetylmuramic
acid in mature cell wallslg). We determined the isotopic enrichmentecetylated
muropeptides throughout the growth curve by averaging all therpages of labeling in
all species at 10 time points. Some muropeptides were r@rabetylated, consistent
with the results obtained from cells in late exponential growtleudssed in the previous
chapter ). As shown in Figure 7.7, there is a lag in the beginning of theymavth
where the isotopic enrichment @f-acetylated muropeptides is low. The enrichment
starts to increase more rapidly after cells have suffitierd to produce mature cell wall
from theL-[**Cg,°N;]lysine. The trend of enrichment f@-acetylation is similar to that
for tri- and tetrapeptide without a bridge, indicating that theseiss are located in the

mature cell wall.

% ol stems O-acetylated muropeptides
70 4
60
50 4
40
30 4
20
10 |

0 T T T T 1 time [min)
0 50 100 150 200 250

Figure 7.7: Plot of the average percentage of isotopically enr(@feambtylated

muropeptides with respect to time after pulse.
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7.45 Pulse-Chase Experiment

A pulse-chase experiment was conducted to provide further support for the
conclusion that the amount of pentapeptide species is small. After growing c8Bs for
min in labeled media, the average percentage of isotopically enriched pentapftide
m/z= 1080.507 and 1081.491) is 30%. The enrichment increases to about 75% when
growing continuously in the labeled media for a total of 92 min. Wheb-the
[13Cs,"°N,]lysine pulse is chased with media containing natural-abundatysine for 54
min after the 38 min pulse, the percentage of isotopic enrichment is decreasethi@nless
2% (Figure 7.8). This decrease in enrichment suggests that the isotopicallydenriche
pentapeptides are rapidly converted into other peptidoglycan species, beingdrbglace
new subunits that are not enriched witf-Cs,°N.]lysine. Thus, the isotopic
enrichment is constantly being diluted over the course of the chase. The trpégpftide
m/z = 824.388), however, show little difference in the isotopic enrichment before and
after the introduction of the chase. The lack of difference is consistent with our
hypothesis that tripeptides without bridges are present in the mature cellhead the

L-[*3Cs,">N]lysine is not diluted during the chase.
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Figure 7.8: Mass spectra for an ion withnalm of 1080.507 corresponding to a
pentapeptide with a D-Asn bridge. (Top) Cells harvested and analyzed after a 38 min
pulse, (middle) cells chased for 54 min with media containing only natural-abundance

isotopes after an initial 38 min pulse, and (bottom) cells labeled continuously for 92 min.



7.4.6 Glycan Chains

There are three models regarding the arrangement of glycan chainsemabact
cell walls, and they are paralldl7), perpendiculari), or randomly alignedl@) with
respect to the cell membrane. Here we provide more experimental evidence tb suppor

the parallel model, based on the change of enrichment pattern of muropeptide dimers.

The isotopic enrichment of dimers could potentially reveal the organization of
glycan chains because the constitution of dimers with respect to old and new
peptidoglycan subunits varies in different models. When the glycan chains are
perpendicular to the cell membrane, as suggested by the scaffold model, new
peptidoglycan subunits are added at the ends of the glycan chains in the same plane. The
dimers, formed from muropeptide in the same plane by cross-linking, are all newl
incorporated 18). In this case, both-lysine residues in dimers would be isotopically
labeled after the introduction of the pulse. Our data show, however, that after 11 min in
the heavy media, dimers with only ong*3Cs,>N,]lysine are observed (Figure 7.9, top,
of mz=968.951), which does not agree with the scaffold model. The percentage of
singly labeled dimers remains relatively constant throughout the growth (~10%)
contrast, doubly labeled dimers (Figure 7.9t = 972.958) represent a small fraction
in the first time point but increase during the course of labeling, and reach +8®86 a

last time point.
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Figure 7.9: Mass spectra for the ion withrala of 964.944 corresponding to a doubly
charged dimer with Asn bridges. (Top) After an 11 min pulse, (middle) after a70 m
pulse, and (bottom) after a 202 min pulse. The number of singly labeled dimers

incorporating oné.-[*Cs,**N,]lysine remains relatively constant at all three time points.
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The data are consistent with the parallel model where glycan chains are
incorporated into the existing peptidoglycan via single-strand addition. Thedwy
synthesized glycan chain incorporating**Cs, *°N2]lysine forms cross-links with the
existing parallel glycan chain containing only natural-abundance amino &bigs the
dimers formed in between these chains contain onlydn&s,>N,]lysine. The amount
of these dimers remains the same after this interface is formed, asaddic&igure 7.9
(middle and bottom). We propose that the number of peptidoglycan layers may be

estimated based on the model and the fraction of singly labeled dimers.

75 Conclusion

The combination of time-dependent isotopic labeling and mass spectrometry-
based quantitation is shown to be a widely applicable approach for tracking the fate of
molecules in bacterial cell walls. In this chapter, we describe the appiic this
method to understand the biosynthesis of bacterial peptidoglycan and to study the
dynamics of peptidoglycan biosynthesis and maturation. The results reveadahaor
which peptidoglycan subunits are post-insertionally modified to different gtasct
These modifications, although not fully understood with regard to their function, may
relate to cell growth and division, and could be significant in microbial pathogemes!
data here provide further evidence for the template model proposed by Schaeter and ¢
workers @0, 21), and extend the model by incorporating dynamic information. This
method, in addition to the bottom-up MS strategy described in the previous chapter, may
be utilized in a general approaches to study the peptidoglycan of any bacer&al sts
one of the applications, the investigation of peptidoglycdanrdeletion mutants of

methicilin-resistanstaphylococcus aureus is discussed in the next chapter.
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8. M ass Spectrometric | nvestigation of
Peptidoglycan in Fem-deletion M utants of

Methicilin-resistant Staphylococcus aureus
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8.1 Abstract

Mass spectrometric analysis has been performed on the peptidoglycan of a wild
type methicillin-resistanBtaphyl ococcus aureus and itsfem-deletion mutants, FemA and
FemB. The bridge length changed from 4.3 glycyl residues (wide-type) toe2BjF
and 0.9 (FemA) and the cross-link decreased. Heterogeneous peptidoglycantsagme
were observed in FemA and FemB mutants, likely due to the incomplete knockout of the
relevant genes. Isotopic labeling experiment conducted on FemA revealddpendent
processes of post-insertional modifications. The overall structural td@zaton
suggests that the tertiary peptidoglycan structure in FemB and that in Fpraserds a
difference in the peptidoglycan structure of bacteria with long bridgeasd with

short bridges.
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8.2 Introduction

Saphylococcus aureus is one of the most common causes of noscomial
infections. Methicillin-resistarfs. aureus (MRSA), in particular, is a leading pathogen
presenting clinical challenge due to its resistant to most antibi@jicd/@ncomycin,

“the drug of last resort”, was effective towards infections caused bypigukisistant
MRSA but has become less effective due to the emergence of vancomycamt&sist
aureus (2). Methicillin resistance i%. aureus is mainly caused by the methicillin-
resistance determinamiecA, the gene for PBP2’, an alternate penicillin-binding protein
that has lower binding affinity8j. The resistance is also dependant orfaimgfactors
essential for methicillin resistance) factors through cell-walbiyaism 4, 5). Among
thefem factors,femX, femA andfemB, which encode proteins FemX, FemA and FemB,
play important roles in the formation of the pentaglycine in the peptidoglgedn (
FemX @) initiates the incorporation of the first glycyl unit, followed by the addition of
Gly2-Gly3 by FemA T, 9) and Gly4-Gly5 by FemB10). FemAB inactivation results in

a FemAB mutant that reduces the peptide to a monoglytine (

The deletion ofemA andfemB leads to the formation of peptidoglycan precursors
that contain monoglycine and triglycine as the peptide bridige 12), thus may alter
the tertiary structure of th& aureus peptidoglycan. One of our major goals is to
compare the peptidoglycan composition, analyzed by bottom-up mass spectrometry
strategy, of thestem-deletion mutants with regul& aureus that has a five-glycine
bridge ancE. faecium with one aspatrtic acid bridge and help gain better understanding of
the three-dimensional structure®faureus peptidoglycan with difference bridge lengths.

The previous solid-state NMR results show that the average bridging sdgnughs are
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5.0, 2.5 and 1.0 glycyl residues for wilde-typemB andFemA, respectively and the
level of cross-linking decreases from FemB to FemA, suggesting a loighegntration
of open glycyl segmentd). Another goal here is to characterize fine structures to
support and complement NMR data by applying the mass-spectrometry baBedanet

described in the last two chapters.
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Figure 8.1: Chemical structure of the peptidoglycan sterSsaureus and thefem-
deletion mutants. Cross-linking between glycans occur through glycyl siths cha
connecting the carbonyl carbon®fAla of the 4" position of a stem to the-nitrogen of
L-Lys of the 3 position of another stem. The bridge content in the side chain varies

from pentaglycyl (MRSA), triglycyl (FemB) to monoglycyl (FemA).
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8.3 Experimental

8.3.1 Sample Preparation

Start cultures of wild-typ&. aureus (BB255) (14) and itsFemA (UK17) (7, 8)
andFemB (UT 34-2) (L0) mutants were prepared by inoculating trypticase soy broth
(TSB) in a test tube with a single colony from a nutrient agar plate. Theigiviestarter
culture (1% final volume) was added to the steilaureus standard medium (SASM),
as described by Tong et &l5§. The cells were harvested at log phase at an optical
density (OD) of 0.6 at 660 nm by centrifugation at 1@Pfa® 10 min at 4°C in a Sorvall
GS-3 rotor. Cell pellets were rinsed twice with ice-cold 40 mM triethano&am
hydrochloride (pH 7.0, adjusted with 1 M NaOH). The rinsed pellets were resuspended

in 15 mL of the same buffer followed by rapid freezing and lyophilization.

The cell-wall isolates were obtained from a suspension of the rude cell-Wetll pe
in a minimum amount of sterile 10 mM triethanolamine hydrochloride buffer (pH 7.0,
adjusted with 1 M NaOH) added dropwise with stirring to the boiling 4% sodium dodecyl
sulfate (SDS). After 30 min boiling, the suspension was cooled for 2 h and was allowed
to stand overnight at room temperature followed by centrifugation at §3600 h.
Cell-walls were rinsed with buffer four times until no SDS could be observed. fien t
pellet was resuspended in 0.01 M Tris buffer containing trypsimaniymotrypsin,
incubated for 16 h at 37 °C, then sedimented and washed four times. The isolated cell
walls were digested into muropeptides with lysozyme and mutanolysin following the
protocol described by othersg) with slight modifications. All experiments were

performed at neutral pH.
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8.3.2 Time-dependent Isotopic Labeling of FemA Samples

SASM was prepared with natural abundabdgsine replaced with uniformly
labeledL-[**C6,°N2]lysine. TheFemA cells were extracted from regular media when
the absorbance at 660 nm was approximately 0.3 by centrifugation at 10,000 x g. Cells
were then resuspended in the prewarmed SASM contdiritig6,°N2]lysine and
incubated. Cells were harvested at various time points by centrifugation at 18r@D0g
boiled for 5 min in 40 mM triethanolamine hydrochloride (pH 7.0) to quench biological
activity before being frozen and lyophilized. Isotopic enrichment is time indepé
after cells are harvested and boiled. We acquired 8 time points to inveséijatall
development over approximately one cell cycle. The cell walls were thesteld into

muropeptides with lysozyme and mutanolydi6, (17).
833 LC-MSMS

Liquid chromatography/MS and MS/MS were performed by using a PicoView
PV-500 (New Objective, Woburn, MA) nanospray stage attached to either akR LTQ-

mass spectrometer or an LTQ-Orbitrap mass spectrometer (ThehegFsan Jose, CA).

Muropeptide samples were loaded into an uncoated 75 um i.d. fused-silica
capillary column with a 15 pum picofrit tip (New Objectives, Woburn, MA), packed with
C18 reverse-phase material (3 um, 100 A; Phenomenex, Torrance, CA) for 15 cm. The
column was eluted at a flow rate of 250 nL/min for 10 min with 0.1% (vol/vol) formic
acid in water and subsequently with a 60-min linear acetonitrile gradient (0%owi0%6

0.1% formic acid. The samples, as they emerged from the column, were sprayed into an
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LTQ-FT mass spectrometer. Full mass spectra were recorded in thenpdrant of the

instrument at 100,000 resolving powerrtdt = 400).

Accurate mass product-ion spectra of muropeptides were acquired by imgpduci
the samples by nanospray as they eluted from the LC to an LTQ-Orbitsgp ma
spectrometer. To obtain major components’ product-ion spectra, cyclediogrnsi®ne
full FT-scan mass spectrum and five ensuing data-dependent MS/MS scangldnyjuire
the Orbitrap (with a normalized collision energy setting of 35%) were tegpea
continuously throughout the elution with the following dynamic exclusion settings:
repeat count, 3; repeat duration, 15 s; exclusion duration, 30 s. For MS/MS of minor

components, a parent mass list was created and incorporated in the method.

8.4 Resultsand Discussion

8.4.1 Glycine Content in Muropeptides

Glycine content in peptidoglycan of wild-ty@eaureus and the mutants reflects
the average bridge length, and has been characterized using different afgord&aehe
values are 1.2 for the FemA mutant, 2.6-2.9 for the FemB mutant, determined by amino
acid analysisq, 10). Recently Sharif et al18) measured the GEUs (glycin-equivalent
unit) for whole cells of FemA and FemB to be 1.0+0.1 and 2.5£0.1 with the wild-type
being normalized to 5.0. Due to the nature of these methods, the glycine content values

are averaged among all peptidoglycan.

The LC-MS analysis, however, measures the relative amount of each mur@peptid

species. The overall glycine content is calculated by the followingieguat

209



Y. n - (muropeptide containing n glycines)

Y. muropeptides

The distributions of glycines in wild-type, FemA and FemB are shown in Fig. 8.2.
The calculated average glycine content is 4.3 for wild-type, 0.9 for Femaniand 2.2
for FemB mutant. To compare these values to NMR measurement, wild-tgpeegly
content is normalized to 5.0, thus glycine content in FemA and FemB are calculated to be
1.1 and 2.6, respectively. While it was suggested that there are 25% monoglycyl amd
75% triglycyl bridges in FemB peptidoglycan assuming these are the only twesspec
present 13), here in the LC-MS measurement we are observing the distribution to be
12%, 20%, 6%, 60% and 2% for non-glycyl, monoglycyl, diglycyl, triglycyl and

tetraglycyl bridges.

8.4.2 Bridgelinksand Cross-links

MS results show that the degree of bridge-linking remains stable amoihgethe t
strains, all being above 90%. The degree of cross-linking, however, decreaseddrom
type (~70-80%) to FemB (~60-70%) and FemA (~50-60%), determined by quantitation
method described in Chapter 5. We speculate that the estimation based on LC/MS
analysis is less accurate than that based on NMR, owning to the highly heterogeneous
muropeptides with varying ionization efficiency. MS is likely discrimingtover the
species with high degree of cross-linking, which disperse over a wide odmgz and
are ionized to a less extent. Figure 8.3 (a) exemplifies the complexity afqugyptan in
wild-type. The heterogeneity is resulting from combinations of differenbpeptide
stems. Any given peak cluster corresponds to a particular oligomer, isotopesallved

by the mass spectrometer (Figure 8.3 (b)). While a number of muropeptakrstiean
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tetramer were observed for the wild-type strain, few of these wergtettia the FemA
peptidoglycan. The distribution of muropeptide species is dominated by dimers in FemA

peptidoglycan, dimer and trimer in FemB peptidoglycan and trimer and above in the

wild-type peptidoglycan.
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Figure 8.2: The percentage of each species with different Gly conteiiditype, FemA

and FemBpeptidoglycan monomers.
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8.4.3 Gly-Gly-Glyin FemA

While FemA-deletion is believed to produce peptide bridge no longer than one
glycine, Schaefer et al. suggests the existence of bridges conthirgagylycines in
FemA mutant, supported by solid-state NMR data (unpublished). Here we détect w
mass spectrometry a species with the accurate mass measuremnespiocating to the
exact mass of the acetylated muropeptide with three glycines in the lasdgfgown in

Fig.8.4 (a). The structure is confirmed by MS/MS (Fig.8.4 (b)).

(Gly)s species, however, may not be homogenously distributed throughout the
peptidoglycan. This is revealed by the different quantitation result obtained by whole
cell NMR analysis and bottom-up mass spectrometric analysis. We spé¢katateese
species primarily exist in the region that is either unfavorable for digestilost during
sample preparation before mass spectrometric analysis, thus yielgsdesisy than is
determined by NMR where minimal loss occurs. The peptidoglycan heterggertbie
whole cell of FemA is likely due to the incomplete knockouienfA by point

mutagenesisg).

8.4.4 Isotopic Labeling of FemA

We incorporated the isotopic labeling into the FemA growth cycle to investiga
the dynamics of peptidoglycan processing and track the fate of precursors. The
percentage of the species incorporating one or In§teCs, °N,]lysine isotopes was
time-dependent. The peptidoglycan precursor, also known as Park’s nucleotid&{UDP-
acetylmuramyl-lI-alanyl-d-glutamyl-meso-diaminopimelyp-alanylD-alanine),

promptly incorporated-[**Ce,**N.]lysine and reached 94% enrichment after 10 min
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incubation in labeled media (Figure 8.5, blue curve). Monomers with one glycine and
two alanines, the most abundant species among all monomers, incorperated
[13Ce,°N.]lysine slightly more than the most abundant dimers (Figure 8.5, red and green
curves) along the growth curve, indicating that dimers are produced latentimomers.

A comparison among monomers with no alanine, one alanine and two alanines
reveals the post-translational modification sequence. It is shown in FiguhaB.6 t
monomers with two alanines are the first produced species, from which the ather tw
species are modified. The species with one alanine is constantly lesedrhan those
with no alanine, indicating that the cleavage between two alanim@dby
carboxypeptidase and between lysine and the adjacent alaniie-bgrboxypeptidase
are two independent processes, with the latter one being more progressive.

The incorporation of-[**Cg,**N_]lysine in dimers reveals some information
regarding peptidoglycan growth model. Ten minutes after the pulse, thévasare
representing dimer structures in which only &A&’Ce,**N.]lysine is incorporated
(Figure 8.7, top). The number of doubly labeled dimers increases at intermieagste t
but the percentage of structures with only bfé°Cs,°N]lysine remains relatively
constant compared with earlier time points (Figure 8.7, middle). After 90 minubes
than half of the dimers<60%) contain twd.-[**Cg,>N;]lysine residues, but structures
with only oneL-[*3Cs,"*N,]lysine are still present at the same level6%) as detected
previously (Figure 8.7, bottom). The data suggest that the organization of FemA
peptidoglycan agrees with the parallel model of glycan chain arrangdorehe same

reason described in Chapter 7 (7.4.6). The structure with-pH€s,>N,]lysine,
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however is less present in FemA (~6%) thak.ifaecium (~10%), indicating that there

more peptidoglycan layers in FemA tharEirfaecium.
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Figure 8.5: Plot of the percentage of isotopically enriched ions of Park’s nucleotide
(diamond), monomer with one glycine and two alanines (square) and dimers with one

glycine and two alanines on each stem (triangle) with respect toftengalse.
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8.4.5 O-Acetylation

The peptidoglycan of staphylococci has known to cor@aatetyl groups on
about 60% of thé&l-acetylmuramic acid residue¥d). The pulse-chase labeling
previously conducted o&taph. aureus H suggests th@-acetylation is very closely

linked with the addition of peptidoglycan units to the growing poly(gey.

The O-acetylation extent is measured to be 54%, 64% and 63% for wildstype
aureus, FemA and FemB, respectively. The percentage calculated for MRSA istbkely
be underestimated owing to the bias of mass spectrometric detection on highly cross-
linked species in MRSA, whef@-acetylation occurs more often. The isotopic labeling
experiment performed on FemA shows that@hacetylated and non-acetylated species
incorporates.-[*°Cs,*°N.]lysine at a comparable rate (Figure 8.8), indicating@hat

acetylation starts to occur in the early stage of maturation.

8.4.6 Peptidoglycan Architecture of Fem Mutants

The MS result is consistent with the observation by Schaefer and colleagues that
significant reduction of peptidoglycan bridge length from MRSA to FemB and\Fem
mutants does not affect the ability of the Fem mutants to produce mature pep#doglyc
structures 13). It also supports the hypothesis that a fundamental difference in the cell-
wall tertiary structure may be present among these strains. Thiédrafrem tertiary
structure in FemB peptidoglycan to that in FemA peptidoglycan may corrathatthey
difference in peptidoglycan structure of bacteria with long bridges and thisghert
bridges. The difference in tertiary structure may play a role innallbiosynthesis and

metabolism.
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8.5 Conclusion

In summary, mass spectrometry-based characterization of peptidoglycan grovide
detailed structural information of wild-tyf&# aureus and itsfem mutants. Coupled with
time-dependent isotopic labeling, it reveals the dynamics of peptidoglycathgand
post-insertional modification. As a complementary method to solid-state NidR)$
strategy provides information regarding the cell-wall tertiary stre¢ which is an
important subject in microbiology. It may also prove valuable for understanding the

modes of action of glycopeptide antibiotics.
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