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Abstract

Defining Protein-protein Interaction Surfaces: a Chemical

and Mass Spectrometric Approach

Feixia Chu

Chemical cross-linking followed by identification of the cross-linked residues

provides structural information on protein interaction surfaces. Nevertheless, accurate

analysis of the digested, cross-linked proteins is often challenging. This study has focused

on both developing novel tools and strategies to facilitate the identification of the cross

linked peptides, and applying these new methods to interesting protein assemblies.

I first developed a differential nano-LC-MS method to probe the homodimer of an

ecotin mutant, and the results were consistent with the wild type ecotin crystal structure. I

also developed a novel cross-linking strategy that relies on the use of affinity-tagged

cross-linkers and isotope coding of the surface-modified species. This method permits

sensitive and facile analysis of cross-linked samples.

Furthermore, I used these novel tools and methods to study the dynamic

interaction surfaces of bacterial signal recognition particle (SRP) and SRP receptor (SR)

(i.e. the Ffh-Fts Y complex), and the 94 kDa glucose-regulated protein (GRP94)

homodimer. For the Ffh"Fts Y complex, nine intermolecular cross-linked peptides were

identified and the computational model built from the cross-linking results is in good

agreement with the crystal structure solved shortly thereafter. Intriguingly, four of the

cross-linked pairs position the Ffh M domain (i.e. the signal sequence peptide binding

domain), which is absent from the crystal structure, close to the Ffh-Fts Y interface. This
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positioning suggests a dynamic rearrangement of the M domain during the Ffh"Fts Y

complex formation and implicates a likely role of Fts Y in modulating the unloading of

the signal sequence. For GRP94 homodimer, six intermonomeric cross-linked peptides

were identified, representing two distinct interaction surfaces between the monomeric

subunits of the GRP94 dimer. Four of the cross-linked pairs identify an ATP

independent, compact conformation with two monomers intertwined in native, full-length

GRP94. Remarkably, the cross-linking results evidence a pre-existing conformation,

ready for the activation of ATP hydrolysis, and implicate a plausible trans-activating,

ATP hydrolysis mechanism for Hsp90 family chaperones. > [3
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Chapter 1

Elucidating the Structural Information of Proteins and Protein Assemblies Using

Mass Spectrometry

Introduction

The last decade has witnessed a radical transformation in the experimental

approach to protein biology brought about by mass spectrometry (1-4). Mass

spectrometry has evolved into the technology-of-choice for studying the proteome of the

cells in the biological and medical sciences. Owing to the invention of two soft ionization

techniques, namely the electrospray ionization (ESI) (5) and matrix-assisted laser

desorption ionization (MALDI) (6), and the development of new instrumentation (7-10)

and new fragmentation methods (11, 12), mass spectrometry has rapidly gained

momentum as a suite of powerful, versatile and sensitive tools for the detection and

structural analysis of biomolecules (13). Currently, mass spectrometry stands as a core

technology at the heart of proteomics research that may be used to reveal essential

properties of proteins, including their expression levels (14-16), activities (17-19),

posttranslational modifications (20-25), cellular localizations (26, 27), and their spatially

and temporally regulated interplay (28-30) with unprecedented accuracy, sensitivity,

throughput and structural detail. Though still at an early development stage, the robust

and productive platforms fueled by mass spectrometric technology have yielded far





reaching molecular information on cellular behavior (31), which extend the fruits of

genomics, deepen our understanding of cellular dynamics at system-level, and benefit

clinical research in both the identification of new drug targets and the development of

new diagnostic markers (32, 33). Proven successes have established mass spectrometry as

the mainstream technology for rapid identification of proteins, characterization of their

posttranslational and xenobiotic modifications, and the determination of their interaction

partners. Mass spectrometry has also expanded its scope to studies aimed at revealing the

structure and structural dynamics of proteins and protein assemblies (34-36).

Three-dimensional structure is the action platform that determines the function of

proteins and protein assemblies, thus conformational changes that may take place during

protein complex formation can modulate the function of proteins in a temporal and

spatial manner (37). In addition, proteins have also been observed to simultaneously exist

in populations of diverse conformations (38). This inherent dynamic propensity encoded

in the structure of proteins and protein assemblies serves as a structural basis for

expanding the functional diversity and plasticity of proteins without drastically increasing

the size of genomes (39–41).

Most conventional biophysical techniques usually monitor either cumulative

changes of the secondary structure (e.g. circular dichroism spectroscopy, Fourier

transform IR and Raman spectroscopy) or specific markers of dynamic events (e.g.

fluorescence resonance energy transfer (FRET)). Although high-resolution nuclear

magnetic resonance (NMR) spectroscopy is capable of both providing structural

information at residue-level and probing dynamics on a wide range of time-scale, its

application is limited to small-size proteins and it often encounters difficulty in
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correlating site-specific dynamics with distinct conformers (42). Due to the unparalleled

accuracy in mass measurement, mass spectrometry used in conjunction with deuterium

pulse labeling can distinguish and characterize various protein conformational states that

may co-exist in solution at equilibrium (42). Recent landmark advances in

instrumentation, including the coupling of time-of-flight (TOF) technique to ESI (7) and

the novel combination of mass analysers such as the quadrupole and time-of-flight hybrid

(Q-TOF) (8), have provided further capability for study of large macromolecular

assemblies (43).

Mass Spectrometric Approaches to Probe the Structures and Dynamics of Proteins

and Protein Assemblies

A. Intact Proteins and Protein Complexes Measurement by Electrospray Mass

Spectrometry (ESI-MS)

Since the seminal invention of the electrospray ionization method (ESI) (5) and

the later development of the low flow rate analog, the nano-spray ion source (44), a

substantial amount of elegant work has been carried out to establish and later shape the

field of gaining valuable structural information about proteins and protein assemblies by

molecular weight measurement of these entities using mass spectrometry. Chowdhury et

al. (45) were the first to report that the charge-state distributions of myoglobin were

widened and shifted toward high charge density as the pH values of the proteins solution

was lowered. Soon, Loo et al. (46) demonstrated that the solvent composition of

polypeptide solution affected the bimodal charge-state distributions of the proteins, and

à
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implicated a direct correlation between the charging of gas-phase molecular ions and the

structure of proteins in solution phase. The dependence of protein ion charge states on the

conformational states of protonated protein molecules in solution can be explained by

Fenn’s modified “ion-evaporation” model (47). The folded conformational states of the

proteins tend to be compact and have less surface areas compared to the unfolded,

extended conformational states, therefore, the coulombic repulsions (48) only allow them

to accommodate fewer charges than their loosely structured counterparts during the ion

evaporation stage. Therefore, the correlation between the protein ions charge state

distribution in the gas phase and the protein conformations in the condensed phase can be

employed to monitor dramatic conformational changes of proteins as a function of

various pH values, ionic strength and organic content of the protein solutions (49–52).

Recently, Kaltashov et al. revealed that the “qualitative” charge-state distributions in ESI

mass spectra of holo-myoglobin and apo-myoglobin could be further de-convoluted to

multiple basis functions, corresponding to the co-existing conformations of proteins in

solution, thus could provide “quantitative” information on the dynamics of different

conformational states being sampled by proteins (53, 54).

Besides elucidating the structural information of individual proteins, ESI mass

spectrometry has also found its versatile utility to probe protein complexes, from small

protein ligand interactions to supramolecular protein assemblies. ESI forms sub-ambient

internal energy species from adiabative expansion/cooling, allowing intact weakly bound

complexes to be detected. Due to the high sensitivity of mass spectrometry, the molecular

weight of protein entities may often be measured at the endogenous or even lower

concentration of the binding partners. Thus, the gas phase non-covalent complexes are





not simply the result of molecule aggregation in gas phase, but rather largely dictated by

the specific recognition between the interacting components. The results obtained from

mass spectrometric approach have been consistent with other biochemical methods on

proteins’ interactions with metal ions (55–57), cofactors (58-61), inhibitors (62, 63), other

subunits of the protein complexes (64, 65), polysaccharides (66, 67) and oligonucleotides

(68, 69). Recent studies using electron capture dissociation (ECD) on secondary and

tertiary structures of gaseous cytochrome c (70) and ubiquitin (71, 72) revealed that the

removal of H2O from a native protein in the gas-phase inside a mass spectrometer

decreases hydrophobic interactions, preferentially stabilizes the O-helical secondary

structure and increases tertiary inter-helix dipole-dipole and hydrogen bonding. Thus

special caution needs to be exerted when the binding affinities of different protein

complexes are compared if solely based on mass spectrometric analysis. However, for a

set of protein complexes with similar interaction nature, ESI-MS has been successfully

employed to differentiate the binding affinity of the ligand libraries towards the common

targets (73). The positive correlation between the mass spectrometry observations and the

solution phase behavior tends to increase with the size of the complexes, presumably due

to the greater number of contributing factors to the interactions (64).

Owing to the high accuracy in mass measurement offered by mass spectrometry,

the stoichiometry and the subunit composition of a complex can be easily deduced from

the measured molecular weight of the complex. For instance, tetrameric forms of avidin

and concanavalin A were readily observed by ESI mass spectrometry without the

detection of any other oligomeric states, e.g. pentameric or trimeric forms, indicating that

the ESI-MS data reflected the physiologically relevant interactions of the proteins (48).
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The study on Escherichia coli 11S regulatory complex of the eukaryotic proteasome

elucidated that the heptameric complex was constituted of three o and four ■ subunits

(74, 75). Besides mass accuracy, the high analysis speed and the capability to resolve

different components in the heterogeneous mixtures have enabled mass spectrometry to

monitor dynamic events in the assembling of protein complexes. The subunit exchange

between dodecameric small heat shock proteins was followed in real time by ESIMS,

and found to proceed predominantly via dimeric units (76). Fibrillogenesis of islet

amyloid polypeptide (IAPP) was demonstrated to obey first-order kinetics, using a non

amyloidogenic internal standard for quantitative measurement of the fibril precursor

depletion (77). In addition, fine-tuned dissociation of the complex into subcomplexes

provides insight into the topological arrangement of protein subunits in the complex (43).

The specificity and accuracy of MS results have led to an ever-increasing application of

ESI mass spectrometric approaches to controversial multiprotein complexes. For

example, proclavaminate amidino hydrolase was previously thought to exist as octamers,

however interpretation of data obtained from nano-flow ESI mass spectrum of the protein

assemblies revealed the hexameric architecture of the complex, which was subsequently

supported by x-ray crystallography (78).

B. Hydrogen/deuterium Exchange to Elucidate Structural Information on Proteins

and Protein Assemblies.

The potential of using mass spectrometry to reveal the conformation and

dynamics of proteins can be further extended by combining the utility of

hydrogen/deuterium exchange (HDX) with pulse labeling. Generally, the level of

Tº
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exchanged hydrogen reflects the shape, solvent accessibility, or hydrogen bond networks

in a protein structure. Information concerning regional amide hydrogen exchange can be

used to probe localized conformations and conformational dynamics. Labile protons of

protein amino or carboxylate groups constantly undergo rapid hydrogen exchange, and

the exchange signals are quickly lost in the presence of protic background, such as high

performance liquid chromatography (HPLC) solvents, matrix-assisted-laser-desorption

ionization (MALDI) matrices and moisture in the air etc, thus could not be readily

detected. Nevertheless, the exchange rate of amide protons is significantly slower and

more importantly can be minimized with low temperature (0 °C) and appropriate pH (2.4-

2.8) (79), also referred as “quenching conditions”, thus allowing mass spectrometric

analysis of the isotopic content of such samples.

H/D exchange of protein amides includes two simultaneous reactions: (i)

reversible protein unfolding, or protein complex dissociation for protein assemblies, that

disrupts the hydrogen bond networks and exposes originally solvent-excluded amides to

solvent; and (ii) H/D exchange at individual unprotected amides. Therefore, the overall

H/D exchange kinetics is determined by these two reactions and their relative rate.

There are two extreme situations for H/D exchange, commonly referred to as EX1

and EX2 mechanisms. If the interversion between the native (N) and unfolded (U) states

is rapid compared with the exchange rates of amides in the unfolded state (k1,k-i >> k2),

the proton occupancy at any given amide site is unbiased over all protein population. The

mass increment during H/D exchange will be determined by the exchange rate from the

unfolded state and the fraction of the time that the protein stays in the unfolded state. The

overall exchange will follow a second-order reaction kinetics: k" = (kikº)/k-1; and the
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reaction is EX2 mechanism (Fig. 1A), which is characterized by a single peak in the mass

spectrum. Most of the protein amide exchange under native conditions proceeds via an

EX2 mechanism. If the protein refolding rate k-1 is low compared with the intrinsic H/D

exchange rate k2, all amides in the unfolded region will exchange with the solvent, and

k” = k1; and the reaction isthe overall exchange follows pseudo-first-order kinetics:

EX1 mechanism (Fig. 1B), which is characterized by multiple peaks in the mass

spectrum, representing different subgroups of the protein population. EX1 mechanism is

more pronounced in the presence of chaotic reagents, and can be utilized to characterize

distinct protein intermediate conformations.
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Fig. 1.1 H/D exchange reactions accompanied by local structural fluctuations, via EX2
mechanism (A) or EX1 mechanism (B). Exchanged amide regions are represented as
dark, thick lines. The apparent exchange rate of the amide (k”) is determined by the
protein unfolding rate (k), folding rate (k-1), and intrinsic rate of unstructured amide
exchange (k2).
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The dynamic behavior of lysozyme was studies under both equilibrium and non

equilibrium conditions (42). ESI-MS data under equilibrium conditions indicated that

besides EX2 exchange mechanism, the EX1 exchange mechanism contributed

significantly as well; while ESI-MS results under non-equilibrium conditions revealed a

well-defined transient folding intermediate with initial folding at O. domain followed by

corporative folding of the O. and the G domains (42). Although the NMR method

measures the average exchange at residue level, mass spectrometric method can

simultaneously monitor different protein conformers with distinct masses.

The global unfolding of a modified green fluorescent protein (GFP), with an 11

amino-acid carboxy-terminal recognition peptide, by the bacterial Hsp100 chaperone

ClpA was examined by ESI-MS in conjunction with H/D exchange (80). In the presence

of ATP, incubation of ClpA and GFP yielded a near complete exchange of the folded

core of the green fluorescent protein. In contrast, when a non-hydrolysable analogue of

ATP was used, the modified green fluorescent protein retained a protected core of

deuterons, indicating that the protein was not unfolded. Therefore, the H/D exchange

results demonstrate that ClpA can unfold stable, native proteins in the presence of ATP.

Besides having the ability to characterize the dynamics of proteins in a global

scale from the overall bulk H/D exchange pattern, local structural details can be obtained

by introducing a proteolysis step prior to mass spectrometric analysis (81). The

conformational flexibility of extracellular protein kinase-2 (ERK2) was probed in the

presence or absence of phosphorylation (82). The H/D exchange rate of the ATP binding

loop, hinge and substrate binding site increased substantially after phosphorylation,

providing insight into the protein internal mobility in regions essential for catalysis.
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Similarly, the solvent accessibility changes that occur upon phosphorylation of Cheb

were characterized by H/D exchange and MALDI-MS (83). Two regions in the catalytic

domain, flaking the active site and domain-domain interface, underwent increased solvent

accessibility, indicating a conformational change at the interdomain interface of CheB

upon phosphorylation (83). Furthermore, the hydrogen exchange properties of bovine

insulin under amyloid fibril forming conditions were examined (84). The mass

spectrometric analysis show extensive proteolysis with no hydrogen exchange protection

in the C-terminal region of the protein, suggesting that unfolding of the C-terminal

helices could trigger the conversion of the soluble form to the fibrillar form (84).

Recently, H/D exchange and mass spectrometry were utilized to study allosteric structure

changes and to calculate the energetic contribution of these changes through the

hemoglobin molecule during O2 binding (85).

H/D exchange can also be employed to unravel protein-protein interaction

surfaces (86). It may be assumed that an observed decrease in the exchange rate of a

surface amide upon protein complex formation should primarily stem from the decreased

solvent accessibility at the interface of the complex. Therefore, the protein-protein

interface could be reliably indicated by a cluster of peptides that retain more deuterons in

the complex compared with each individual proteins. Results of the study using this

method on the catalytic subunit of murine cAMP-dependent protein kinase (PKA) and the

kinase inhibitor, PKI(4-24) complex is consistent with the crystal structure of the

complex (86). The kinetics of solvent accessibility of the thrombin-thrombomodulin

interface, monitored by H/D exchange and MALDI-MS, revealed a few partially

inaccessible regions of thrombin formed during the allosteric conformational changes
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induced by thrombomodulin binding (87). The technique has also been successfully used

to map the epitope of a monoclonal antibody against human thrombin. Interestingly, the

epitope resides on two more structured surface regions with higher sequence variations

among different species (88). More recently, the individual catalytic subunit and o

regulatory subunit of protein kinase (PKA) were studied by H/D exchange and mass

spectrometry. The H/D exchange interface protection data were used as filters to select an

ensemble of structures and to predict a uniquely identified interface between the C

terminal lobe of the catalytic subunit and the A- and B-helices of the regulatory subunit

(89).

An alternative approach is the direct gas-phase fragmentation of the entire labeled

protein, either by non-selective collision induced dissociation (CID) in the ion-sampling

interface, or by tandem MS. Although successful examples have been reported on the 23

residue N-terminal domain of HIV-1 glycoprotein gp41 (90), model fibril-forming

peptides (91), and model transmembrane peptides (92, 93), significant scrambling of the

deuteron labels has been reported to compromise the quality of the H/D exchange (94,

95). The extent of hydrogen scrambling depends on several experimental variables,

including the collision energy, the time scale for ion activation and fragmentation and

space charge limits. Rapid activation of ions to high energy states from collision

processes may reduce the extent of hydrogen scrambling (36). It remains to be

investigated if new fragmentation methods such as electron capture dissociation (ECD)

(11) and electron transfer dissociation (ETD) (12), would yield less hydrogen scrambling

due to their nonergodic nature.
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C. Chemical Labeling

The dynamic propensity of the proteins and protein assemblies can also be

revealed by chemical labeling in combination with mass spectrometric analysis. The

surface topology of the Minibody, a small de novo-designed ■ -protein, was probed by

three chemical modification reagents, specific for lysine, tyrosine and arginine. The

results, generated by mass spectrometric analysis of the modified fragments, are

consistent with the previous secondary structure assignment, but further indicate the

possible distortion of the B-sheets at the N-terminal and C-terminal segments (96).

Besides utility on individual proteins and protein assemblies, chemical labeling and mass

spectrometry can also elucidate information on the dynamics of living organisms. Virus

like particles (VLPs) assembled in a baculovirus expression system and containing

cellular RNA were compared with authentic virions containing the viral genome, using

proteolysis and chemical modification experiments in conjunction with mass

spectrometry (97). Although the protein capsids of VLPs were indistinguishable from

virions by crystallography, the VLPs were substantially more susceptible to both

proteolysis and chemical modifications. Taken together, the results evidence an

encapsidated RNA regulated protein stability in a virus assembly (97). In another similar

study, time-course proteolytic digestion and protein mass mapping of the common cold

virus, human rhinovirus (HRV14), revealed the exposure of both most external viral

capsid proteins, such as VP1, and most internal viral capsid proteins, such as VP4, to the

protease (98). This information provided novel insight on the “breathing motion” of the

viral capsid, transiently displacing the internal protein to the viral surface. Remarkably,

administration of an antiviral agent, WIN 52084, drastically inhibited the digestion,
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indicating that the binding of the drug not only caused local conformational changes in

the drug binding pocket but stabilized the entire viral capsid against proteolytic

degradation, directly correlating capsid mobility to viral infectious activity (98).

In addition to the conventional chemical labeling reagents, hydroxyl radicals,

generated in situ through the radiolysis of water using millisecond timescales synchrotron

radiation, can be employed as fleeting, omnipresent reagent that is not limited by

diffusion process like most traditional tagging reagents (99). The highly reactive species,

mainly -OH and HO2°, induce oxidation reactions on amino acid residue side-chains and

the backbone cleavage of proteins (100). Nevertheless, radical-induced oxidative

reactions on the side-chains of the aromatic, heterocyclic, or sulfur-containing residues

occurs at a rate of 5 x 10° to 10" M'S', which is significantly faster than the cleavage

of backbone amide bonds at a rate of ~10" M'S' (101). Therefore, under limited total

radiolysis dosage, an observation first-order process in the loss of the unmodified fraction

of reactive side-chains is essential to ensure that the intact population of macromolecules

is probed.

The oxidation rates of reactive side-chains can be deduced from the quantitative,

mass spectrometric analysis of unmodified peptide fraction at varying exposure

timescales. Any observed substantial changes in the oxidation rates of at the reactive

residues can be correlated to their changes in solvent accessibility, induced by

posttranslational modifications, ligand binding or protein complex formation. Thus,

synchrotron protein footprinting is a useful method to probe the structure, dynamics, and

interactions of proteins. The method was employed to probe the structure difference of

gelsolin in its “inactive” and Ca”-activated states (102,103), the interdomain surface of
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“TATA binding protein” (TBP) (104), the G-actin binding interface of cofolin (105),

structural reorganization of the transferring C-lobe and transferring receptor upon

complex formation (106), and the peptidal cofactor pVIc and viral DNA binding sites on

human adenovirus protease (AVP) (107).

D. Chemical Cross-linking

Unlike the aforementioned methods that usually require purified proteins or

protein assemblies prior to the manipulation step, chemical cross-linking of proteins can

be carried out both in vitro and in vivo to capture and stabilize transient interactions (108,

109). Chemical cross-linking of proteins has been an established method to study protein

interaction partners for decades (110); and it has been recently revived by conjunctional

usage of mass spectrometric analysis of the cross-linking reaction products to elucidate

low-resolution three-dimensional protein structures and interacting surfaces in protein

complexes (111, 112). This approach comprises a low-resolution alternative to NMR

spectroscopy and x-ray crystallography-based methods, allowing rapid analysis of the

complex mixtures at low concentration without up-limit on the size of proteins and

protein complexes. Maintaining the concentration of proteins at low level, e.g.

micromolar range, during cross-linking reactions is usually desirable to ensure that the

reactions are specifically confined to the physiologically relevant protein entities.

Meanwhile, excessive cross-linking should be averted as well to ensure the integrity of

protein conformation during the reactions.

The tertiary structure of bovine basic fibroblast growth factor (FGF)-2 was probed

by bis(sulfosuccinimidyl) suberate (BS”), a lysine-specific cross-linking reagent (113).
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The protein was digested by trypsin and the peptide mixture was analyzed by MALDI

time-of-flight (TOF) mass spectrometry. Eighteen putatively cross-linked peptides within

the monomeric protein were observed and the structure assignment of eight peptides was

confirmed by using post-source-decay (PSD) mass spectrometry. The distance

constraints, derived from the maximal distance that the two reactive groups of the cross

linkers could span, were used in conjunction with threading to successfully identify FGF

2 as a member of the fl-trefoil fold family, and the homology model was built from IL-13

with a backbone root-of-mean-square (rms) deviation of 4.8 Å (113). Besides to identify

the protein fold structures, mass spectrometry can also be employed to reveal

connectivity of secondary structures (114, 115). During the x-ray crystal structure

determination of Kcs.A potassium channel, ambiguity arose as to the connectivity and

spatial positioning of the transmembrane helices of the protein due to the high motion of

the loop regions. To distinguish between two possible models, site-specific mutations

were introduced in the protein, and the mass spectrometric analysis of the cross-linking

experiment provided valuable restraints to resolve the ambiguity (116).

Due to the high heterogeneity introduced by the cross-linker reactivity at multiple

sites, the application of ultra-high resolution, ultra-high mass-accuracy Fourier transform

ion-cyclotron resonance (FTICR) mass spectrometer possesses an additional leverage in

analysis of the cross-linking reaction mixtures. In one study, the protein three

dimensional structures of cytochrome c and hen egg lysozyne were probed by various

chemical cross-linking reagents (117). The reaction mixtures were enzymatically digested

and then separated by high performance liquid chromatography (HPLC) and analyzed on

line by FTICR mass spectrometry to identify the cross-linked peptides (117). The high

15

>

*.

s

ºf

fou





resolution and high mass accuracy offered by FTICR mass spectrometry can greatly

improve the confidence of cross-linked peptide identification by peptide mass mapping.

Nevertheless, as the size of protein complex increases, the cross-linking possibilities

increase drastically, thus making conclusive cross-linking assignments difficult even

within a mass window as narrow as 5 ppm provided in FTICR mass spectrometry. In

addition to proteolytic digestion, cross-linked proteins can also be fragmented in gas

phase of a FTICR mass spectrometer. Further data analysis based on the tandem mass

spectrometric (MS/MS) fragment ions can be used to localize the cross-links (118). This

approach bypasses enzymatic digestion of the protein mixture after cross-linking

reaction, thus can specifically pre-select a subgroup of the protein population for MS/MS

analysis, e.g. proteins with only one cross-link. Moreover, gas-phase fragmentation of the

whole protein averts some inherent bias in conventional proteolytic digestion methods,

such as under-representation of short peptides, long stretch of sequence without basic

residues, low abundant species, etc. However, the assignment of the whole protein

fragmentation pattern is complex, which is especially true after cross-linking reactions

since most cross-linking reagents introduce further protein heterogeneity by their

reactivity at various sites. This whole protein fragmentation method is also limited by the

complexity of the protein samples due to space-charge limitations, and the size of the

proteins due to the difficulty to obtain useful fragmentation information from large

Species. Conceivably, a limited proteolysis step followed by liquid chromatographic

Separation could be added upstream to FTICR mass spectrometric analysis to facilitate

the generation of informative fragment ions.
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Strategies based on chemical cross-linking can covalently capture transient

interactions, thus have proven especially useful for dynamic and complex systems (111,

112). In protein assemblies with multiple subunits, after cross-linking reaction the newly

formed binary complexes can be analyzed by peptide mass mapping to reveal the identity

of the cross-linked polypeptides. Assuming that the cross-linked subunits are in direct

contact in the protein assemblies, a topology model of the protein assemblies can be built

from the nearest neighborhood relationship of the subunits, generated from the cross

linking results (119). Identification of the cross-linked residues provides higher resolution

structural information of the protein complexes, defining spatial organization of domains

(120-125), pinpointing essential motifs (126-131) and inferring conformation dynamics

and functional implications (132, 133) in protein complexes.

Limited proteolysis and cross-linking experiments in conjunction with mass

spectrometric analysis were employed to study the calcium-calmodulin-melittin ternary

complex (134). Two zero-length pairs of cross-links mediated by 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) were observed, joining calmodulin

Glu33/Glu84 with melittin N-terminus, and calmodulin Glu11/Glu14 with melittin

Lys23. Consistent with the proteolysis experiment, the cross-linking results suggest an

antiparallel binding mode between calmodulin and melittin, which is inverse as compared

to the binding mode adopted by peptides derived from MLCL, CaMKI and CaMKII

(134). A more recent study revisited the calcium-calmodulin-melittin ternary complex,

employing three chemical cross-linking reagents with different reaction specificities and

spacer lengths in combination with high-resolution Fourier transform ion cyclotron

resonance mass spectrometry (FTICR-MS) (135). The ambiguous distance restraints
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derived from chemical cross-linking data were in computational conjoined rigid

body/torsion angle simulated annealing to generate low-resolution structure models of the

complex. Interestingly, two opposing peptide binding orientations are identified

simultaneously, implicating a more flexible and complex calmodulin target recognition

(135).

The structural model of human complementary protease C1r catalytic region,

C1r(Y-B)2, was built based on complementary information provided by cross-linking and

homology modeling studies, providing insight into the domain assembly for C1r

activation (136). The homology model of porcine aminoacylase 1 was refined to satisfy

results generated from mass spectrometric analysis of limited proteolysis, selective

chemical modification and cross-linking experiments (125). Using photoactivatable

cross-linker, benzophenone-4-iodoacetamide, site specifically incorporated via cysteine

mutants, the troponin-I (Tn■ ) region containing Met121 adjacent to the C-terminal end of

TnI’s inhibitory region was identified as the partner of troponin-C (TnC) N-terminal

domain hydrophobic pocket, suggesting a mechanism for the Ca" triggered translocation

of C-terminal Tn■ regions in relative to TnC and actin (132). In another study, a

heterobifunctional photoactivatable cross-linker, N-(4-azido-2-nitrophenyl) putrescine

(ANP), was incorporated on G-actin Gln-41 by a bacterial transglutaminase. Mass

spectrometric analysis revealed that G-actin Gln-41 was cross-linked to Cys-374 from the

adjacent monomer in F-actin (137). Cross-linking studies between the bacteriophage T4

59 protein (gp59) and gp32 reveal an interaction between Cys-166 of gp32 and Cys-42 of

gp59. Since Cys-166 lies in the DNA binding core domain of gp32, these results support

a model in which gp59 binds to gp32 on a replication fork, destabilizing the gp32-single
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strand DNA interaction (124). In the study of bacteriophage T4 DNA polymerase

holoenzyme, photocross-linking and mass spectrometry demonstrated an interaction

between I107C of the sliding clamp and the DNA polymerase (123). Cross-linking results

on bacteriophage T4 helicase assembly revealed that Cys-42 of gp59 was cross-linked to

Cys-42 of the adjacent gp59 subunit, and Cys-215 on one subunit is positioned close to

Cys-215 on a neighboring subunit, indicating a head-to-head orientation of gp59 subunits

in the helicase assembly (138). The interaction surface between rhodopsin and

transducin was mapped, using a photoactivatable reagent, N-((2-pyridyldithio)-ethyl]-4-

azidosalicylamide (PEAS), and two C-terminal peptides in To containing the amino acid

sequence 310-313 and 324–345 were identified to be cross-linked to rhodopsin S240C on

its cytoplasmic loop V-VI by MALDI-TOF mass spectrometry (139). Two stable

accessory protein-urease complexes, UreABCD and UreABCDF, or K. aerogenes were

examined. MALDI-TOF MS analysis of the cross-linking results suggested a significant

conformational change within the urease complex occurring in the presence of UreF that

may be relevant to metallocenter assembly (140). Chemical cross-linking of hemoglobin

subunits with bis(3,5-dibromosalicyl) fumarate (141), succinate (142), and glutarate (142)

have been reported. The interaction sites between the yeast mitochondrial prohibitin

complex two subunits, PHB1 and PHB2, were identified by chemical cross-linking; and a

circular palisade-like arrangement of the PHB1 and PHB2 heterodimers projecting into

the intermembrane space was postulated (143).

Chemical cross-linking of protein complexes followed by mass spectrometric

analysis to identify covalently linked peptides has matured in recent years into a powerful

technique. Nevertheless, special caution need to be exerted in order to derive correct
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structural information of proteins and protein assemblies, which includes the quality of

mass spectrometric data, length of the cross-linking reagents and number of the observed

cross-linked pairs. Because most of the cross-linking reagents possess reactivity at

multiple sites of the proteins, it is obvious that confident identification of the cross-links

by peptide mass mapping alone will be problematic due to mass degeneracy of the

putatively cross-linked species. This situation becomes more severe as the size of

proteins and protein assemblies or the number of cross-linker reactive residues increases,

thus sequence information of the cross-linked peptide moieties is indispensable for a

reliable assignment of the cross-linked sites. For example, a cross-linking study on the

Op18-tublin complex using isotope-tagged cross-linking reagents and tandem mass

spectrometry revealed a “tubulin capping” activity of the N-terminal domain of Op.18

(144), which is inconsistent with the model derived from another cross-linking study on

the complex (145). Whether the discrepancy reflects various conformations of the

complex or stems from erroneous interpretation of the mass spectrometric data remains

unknown, however, the binding orientation derived from tandem mass spectrometric

results are consistent with that observed in x-ray crystal structure of the tubulin-stathmin

like domain complex (146).

In addition to the quality of mass spectrometric analysis, the length of the cross

linker and the number of observed cross-links are also essential to the accuracy of the

deduced structural models. As a rule of thumb, the accuracy of the deduced structural

model increases with the number of non-redundant cross-links and decrease with the

length of the cross-linking reagents. Characterization of covalent, zero-length cross-links

mediated by EDC revealed a cross-link between adrenodoxin reductase Lys27 and
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adrenodoxin Asp39, establishing a secondary polar interaction site between these two

molecules and providing evidence favoring the shuttle model over the cluster model for

the steroid hydroxylase system (147). Using the same zero-length cross-linker, EDC, the

interactions between the N-terminus of methane monooxygenase hydroxylase (MMOH)

and the side-chain of Glu-56 and Glu-91 of methane monooxygenase reductase (MMOR)

were detected (148). For cross-linking interactions involving highly reactive species, such

as nitrene, carbine and radicals, the existence of multiple reaction pathways further

complexes conclusive assignment of the cross-linked species and requires the application

of tandem mass spectrometry. As an example, a sole novel cross-link between the N

terminal glycine residues and the engineered tyrosine at position 137 in ecotin

homodimer was characterized using a combination of mass spectrometric and chemical

derivatization method (149). This cross-link was unexpected, according to the bityrosine

formation observed in model peptides employing the same Gly-Gly-His Ni(II) oxo

complex cross-linking strategy (150).

E. Strategies to Facilitate the Detection of Cross-linked Species

Direct pursuit of the cross-linked residues from intact proteins has been shown to

be feasible utilizing the ultra-high resolution and mass accuracy offered by Fourier

transform ion cyclotron resonance mass spectrometry (FTICR-MS) (118). However,

proteolytic digestion of the cross-linked protein complexes and structural analysis of the

cross-linked species by tandem mass spectrometry still constitute the method of choice

for its speed, sensitivity, and capability to handle large protein assemblies (111, 112).

Unfortunately, except for a few cross-linking strategies employing site-specific
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incorporation of reactive functional groups (150-153), most generic cross-linking

reagents react at multiple sites and undergo competing side reactions simultaneously, e.g.

hydrolysis of the reactive functionality leading to surface modifications (i.e. single-ended

cross-links). Thus, accurate analysis of the digested cross-linked proteins is often

challenging, complicated by the high heterogeneity of the peptide mixture and low

stoichiometry of the cross-linked products.

To facilitate the detection and separation of cross-linked species, various moieties

have been introduced into the cross-linking reagents. Application of 1:1 mixtures of

isotopically labeled cross-linking reagents can incorporate a distinctive 1:1 doublet

isotopic patterns on cross-linked peptides after enzymatic digestion, allowing an easier

detection even for low-abundant cross-linked species (144, 154). Cross-linking reagents

containing fluorophores provide a mean for multi-channel readout of the cross-linked

peptides. This strategy has been exemplified in mapping the interface of nebulin

calmodulin complex (155) and the complex of HIV-envelop protein gp120 and its

cellular receptor CD4 (156), using fluorescent cross-linkers dibromobimane (155) and

sulfosuccinimidyl-2-(7-azido-4-methylcoumarin-3-acetamido)-ethyl-1,3'-dithiopropio

nate (SAED) (156), respectively. Incorporation of disulfide bond into cross-linking

reagents can also facilitate a fast identification of the cross-linked peptides by comparing

the mass spectra of tryptic digestion mixtures before and after the use of reducing agent

(e.g. DTT). The thiol-cleavable cross-linker 3,3'-dithiobis(succinimidyl-propionate)

(DTSSP) was applied to probe the interface of homodimeric DNA binding protein Parp

(157), glycoprotein CdZ8 and CD80 (157), yeast prohibitin complex (143), and

apoliprotein A-1 homodimer (158). Cross-linked peptides can also be readily tracked
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down using a novel cross-linker N-benzyliminodiacetoyloxysuccinimide (BID), which

yields a unique, stable benzyl cation marker ion upon low-energy collision-induced

dissociation (CID) mass spectrometry (159). Incorporation of affinity handles (139, 160

163) can greatly simplify the analytes thus facilitate the separation and detection of cross

linked peptides. Nevertheless, in addition to the desired intermolecular cross-linking

reactions at the protein interaction interfaces, most cross-linkers can also give

intramolecular cross-links or modify surface residues with the second reactive

functionality being hydrolyzed to form surface modifications (also referred to as single

ended cross-links). Incorporation of diagnostic chemical moieties into the cross-linkers

thus can not distinguish the cross-linked peptides from surface-modified peptides,

because these peptides all contain the characteristic features of the cross-linking reagents.

An alternative isotopic approach, which is based on trypsin catalyzed "O

incorporation from H2"O after proteolysis, identifies the cross-linked peptides by a

characteristic 8 Da shift in molecular mass compared with the unlabeled counterparts

(164, 165). However, the aforementioned improvements to the cross-linking strategy

include substantial amounts of extra sample handling, and most of the work has

employed matrix-assisted-laser-desorption-ionization mass spectrometry (MALDI-MS)

without prior HPLC separation, which suffers from poor dynamic range and is thus not

ideal for detecting low stoichiometry cross-linked peptides in highly heterogeneous

analytes, such as tryptic digests of cross-linked protein complexes.
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Overall Goals and Objectives

The overall goal of these study is to further develop tools to facilitate sensitive

detection and rigorous identification of the chemical cross-linked species by mass

spectrometry. Nano-flow rate capillary liquid chromatography mass spectrometry (LC

MS) and semi-automatic LC-MS data analysis were integrated for a high throughput, in

depth analysis of the cross-linked protein complex tryptic digestion mixture. Meanwhile,

affinity tagging and isotope incorporation were combined to increase sensitivity and

achieve a rapid differentiation between cross-linked species and single-ended cross-links.

Novel methods and tools were employed to unravel the interaction surfaces of glucose --
regulated protein 94 kDa (GRP94) homodimer; signal recognition particle (SRP) and Cr.
SRP receptor (SR) complex. *::I

_*

The specific objectives of these studies are: º
1. Development of differential nano-LC-MS to probe ecotin homodimer. ---
2. Synthesis of two novel cross-linkers and development of isotope-coded affinity- --

tagged cross-linking (ICATXL). º 4–

3. Defining the homodimeric interface of GRP94.
*

4. Unraveling the interface of bacterial SRP-SR complex. ~~ 2

24





Chapter 2

Chemical Cross-linking Followed by Differential Nano-liquid Chromatography

(LC) Mass Spectrometric Analysis Allows Characterization of a

Protease Inhibitor Homodimer Interface

Introduction

The knowledge on the positioning of cross-linked amino acid residues obtained

from mass spectrometric analysis provides valuable structural information and spatial

restraints that can be used to elucidate protein folding (113, 117, 154), connectivity and

arrangement of secondary structures (114, 116), and protein interaction interfaces (125,

143, 148, 149, 166). However, accurate analysis of the digested cross-linked proteins is

often challenging, complicated by the complexity of the peptide mixture and low

stoichiometry of the cross-linked products. In addition, most generic cross-linking

reagents react at multiple sites and undergo competing side reactions simultaneously, e.g.

hydrolysis of the reactive functionality leading to surface modifications (i.e. single-ended

cross-links), adding heterogeneity to the analytes. Therefore, a separation step at the

peptide level prior to mass spectrometric detection is essential for an unbiased,

comprehensive investigation of the cross-linked protein tryptic digestion mixtures. The

use of liquid chromatography for this purpose drastically expands the volume of data that
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need to be processed and analyzed, and current commercially available instruments do

not provide reliable programs to reconstruct the elution profile of the peptides. Thus, to

date most of the work on cross-linked species identification has remained at the level of

differential peptide mass mapping of unseparated tryptic digests of cross-linked protein

complexes for the technical easiness in both sample handling and data processing; even

though this approach is far from ideal to obtain a thorough and rigorous analysis of the

analytes.

Moreover, protein assemblies containing multiple copies of the same polypeptide

chain pose an additional complexity in the structural analysis of cross-linked species.

Designation of cross-links in these complexes may be ambiguous, because identical

cross-linked peptides can arise from inter- or intramolecular conjugation. To circumvent

this limitation, the IL-6 homodimer was reconstituted from ''N-labeled and unlabeled

proteins, and interchain cross-links were assigned from their isotopic pattern (167).

Nevertheless, a great portion of the homodimeric complexes are obligatory dimers, in

which protein complex dissociation is coupled with subunit unfolding. Thus, an efficient

shuffling of the monomers under physiological conditions is hindered for the

reconstitution of the complex with monomers from different protein sources.

In this chapter, a novel method is described, empowered by enhanced sensitivity

and detection dynamic range via introducing differential nano-flow rate high performance

liquid chromatography prior to mass spectrometry analysis. This method was employed

following chemical cross-linking to explore the interface of obligatory homodimer GGH

ecotin D137), an ecotin mutant with an N-terminal Gly-Gly-His extension and an

aspartate 137 to tyrosine mutation, which was engineered for an investigation of Gly
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Gly-His-Ni(II) oxo-complex cross-linking strategy (149, 150). Ecotin is an Escherichia

coli periplasmic protease inhibitor, blocking the function of several serine proteases with

widely varying substrate recognition. Three cross-linked pairs established by tandem

mass spectrometry, which were unique to the cross-linked complex, were thus

unambiguously assigned to localize at the homodimeric interface. The cross-linking

results are in good agreement with the crystal structure of wild type ecotin. Localization

of the most dominant cross-linked pair, Gly(-3) and Lys135, is consistent with a zero

length cross-link, Gly(-3) (or Gly(-2)) and Tyr37, observed in our earlier cross-linking

study utilizing Gly-Gly-His-Ni(II) oxo-complex (149).

Experimental Procedures

Materials. Disuccinimidyl suberate (DSS) and dithiobis(succinimidylpropionate) (DSP)

were purchased from Pierce and dimethyl sulfoxide (DMSO) was purchased from

Aldrich. Sequencing grade modified porcine trypsin was from Promega. The protease

deficient E. coli strain 27C7 was used for the expression of GGH-ecotin D137Y as

previously described (150). Ecotin concentration was determined by absorbance

measurement at 280 nm using a calculated extinction coefficient of 23,140 M'.cm".

Cross-linking reactions. Stock solutions of the cross-linking agents were prepared

freshly at a concentration of 25 mM in DMSO. GGH-ecotin D137Y (4.5 pig protein for

each cross-linking reaction, at 10 mM or 2 p.m. in 20 mM sodium phosphate buffer (pH =

7-8), as indicated in Fig. 2.1) was incubated with 50-fold molar excess cross-linking
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agent in each reaction. The reactions were carried out for 0.5 hours at room temperature

or 2 hours at 4 °C, quenched with 1.5 pil 0.8 M ammonium hydroxide and incubated at

room temperature for another 15 minutes.

In-gel digestion protocol. After carrying out the cross-linking reactions, the reaction

mixtures were concentrated under vacuum, mixed with sample buffer (0.24 M Tris, 8%

SDS, 2.88 M 3-mercaptoethanol, 40% glycerol and 0.4% bromophenol blue), boiled for 5

minutes and loaded onto 4-15% SDS-PAGE mini-gels (Bio-Rad). Protein bands were

visualized with Coomassie brilliant blue. In-gel digestion on monomer and dimer bands

was performed utilizing a procedure at http://donatello.ucsf.edu/ingel.html. Typically, 7

pul (5 ng/ul) modified trypsin was used for each gel band, and digestions were carried out

at 37 °C for 4 hours. Peptides were extracted from gel pieces with 50 pul 50%

acetonitrile/2% formic acid (3×), and the extraction solution was dried down to 20 pul.

Half of the digestion mixture from each gel band was desalted with a C18 zip tip

(Millipore) for MALDI-MS analysis.

In-solution digestion protocol. After carrying out the cross-linking reaction, the buffer

of each reaction mixture was changed to 25 mM ammonium bicarbonate. 2% Glu-C was

added to each protein solution and the digestion was performed at 37 °C for 3 hours. The

in-solution digestion mixture was desalted using C18 resin zip-tips (Millipore), and one

twentieth of the digest was analyzed by MALDI for each sample.
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Mass Spectrometry and Chromatography. MALDI-MS spectra of the zip-tip cleaned

digestion mixtures were acquired on a PerSeptive Biosystems Voyager-DE STR

instrument with delayed extraction and reflectron, equipped with a nitrogen laser

operating at a wavelength of 337 nm and a frequency of 3 Hz. Saturated 2,5-

dihydroxybenzoic acid water solution was used as matrix, mixed 1:1 with 0.6 pulpeptide

sample solution and drop-dried on the target. Spectra were internally calibrated using two

trypsin autolysis peptides (842.51 and 2211.10). For differential LC-MS analysis, a 1 pul

alic]uot of the digestion mixture was injected into an UltiMate capillary LC system (LC

Packings, Sunnyvale, CA) via a FAMOS Autosampler (LC Packings, Sunnyvale, CA),

and separated by a 75 pum x 15 cm Cls reverse-phase capillary column at a flow rate of ~

300 n1/min. The HPLC eluent was connected directly to the micro-ion electrospray

source of a QSTAR Pulsar QqTOF mass spectrometer (Applied Biosystem/MDS Sciex,

Foster City, CA). Typical performance characteristics were > 8000 resolution with 30

ppm mass measurement accuracy in both MS and CID modes.

Mass Spectrometric Data Analysis and MS-Bridge. LC-MS data was acquired using

the Analyst QS software (Applied Biosystems, Foster City, CA). The centroided LC-MS

data was then deisotoped and reconstructed by a homemade script, ms-reconstruct, to

generate the peptide list for each LC-MS run. The peptide lists from the cross-linked

dimer and the DSS-treated monomer were thoroughly compared by another homemade

script, ms-compare, which flags those peptides uniquely observed.

The peptide compositions of the unique peptides in the cross-linked dimer digest

Were predicted by MS-Bridge, a program in ProteinProspector
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(http://prospector.ucsf.edu). The input to MS-Bridge consists of measured molecular

weights of “unique” components, protein sequences, enzymes used in digestion, amino

acids participating in cross-linking reactions, elemental composition of the linker bridge

and up to two surface modifications on the linkable amino acids. The program generates

a list of possible peptides based on the input information. All the peptides containing

linkable amino acids are then combined in silico to form all possible cross-linked species.

MS-Bridge then matches the observed mass values of the putatively cross-linked species

to all possible cross-linked assemblies within a specified mass tolerance. Normal tryptic

peptides and cross-linker modified peptides are also listed to aid the interpretation of the

complex mass spectra. MS-Bridge has the flexibility to consider chemical and

posttranslational modifications of amino acids, e.g. N-terminal glutamine conversion to

pyroglutamic acid, methionine oxidation, acetylation of the N-terminus and various

modifications of cysteine. N-terminal O-amino groups of proteins can also be specified to

participate in the cross-linking reactions.

Results and Discussion

Disuccinimidyl suberate (DSS) and dithiobis(succinimidylpropionate) (DSP) are

homobifunctional N-hydroxysuccinimide (NHS) ester cross-linking reagents (108, 111,

112), which react with the e-amino groups of lysine residues and the O-amino groups of

protein N-termini. As generic cross-linking reagents, DSS and DSP have been used

Successfully to characterize various protein complexes, presumably due to their unbiased

reactive functionality as well as the even distribution of lysine residues on protein

s

º
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surfaces. Nevertheless, in addition to the desired intermonomer cross-linking reactions

around the protein interaction interface, DSS and DSP can also modify surface lysine

residues, with the second reactive moiety being hydrolyzed or reacting with the

quenching reagents such as Tris, glycine or ammonium hydroxide, to form surface

modifications (also referred to as single-ended cross-links). Reactions can also occur

within individual proteins to give intramonomer cross-links.

Cross-linking of GGH-ecotin D137). Dimers, Multiple Protease Digestions and

Differential MALDI-MS Analysis. Various cross-linking conditions were explored on

GGH-ecotin D137Y homodimer, and the cross-linking reactions were monitored by the

appearance of the dimer band, around 34 kDa on reducing 1D SDS-PAGE gel (Fig. 2.1

A). The yield of the cross-linking reactions can be readily estimated by the relative

intensity of the dimer (34 kDa) and monomer bands (17 kDa). Cross-linking reactions

carried out at room temperature for 30 minutes (Fig. 2.1 A, lane 1 and 2) proved to be

more complete than reactions at 4°C for 2 hours (Fig. 2.1 A, lane 3 and 4). At the same

temperature, cross-linking reactions with a higher protein concentration (Fig. 2.1 A, lane

1 and 3) gave better covalent dimerization yield than reactions at a lower protein

concentration (Fig. 2.1 A, lane 2 and 4).

Proteins in the monomer and dimer bands of each cross-linking reaction were in

gel digested with trypsin and the resulting tryptic peptides were extracted. The MALDI

TOF mass spectrum of the DSS-treated monomer digest (Fig. 2.1 C) resembled that of

the cross-linked dimer digest (Fig. 2.1 B), although some of the peptides were present at

different relative abundances. The peak intensity differences may be attributed to minor
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Fig. 2.1. Cross-linking of GGH-ecotin D137Y homodimer. (A) SDS-PAGE analysis of
*-linking reactions at various conditions. Lane 1, 5 HM protein complex cross-linked
* room temperature for 30 minutes; Lane 2, 1 puM protein complex cross-linked at room
temperature for 30 minutes; Lane 3, 5 puM protein complex cross-linked at 4 °C for 2
". Lane 4, 1 p.M protein complex cross-linked at 4 °C for 2 hours. (B-C) MALDI
P analysis of the tryptic digest of the cross-linked dimer (B) and the monomer (C).*Pºides unique to the dimer digest are annotated. Real intermonomeric cross-links (i.e.
determined later by differential LC-MS analysis) are underlined in bold and false
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Table 2.1. Putative cross-linked species identified by differential MALDI-MS analysis.

Observed Mass Intensity Theoretical Cross-linked Sequence
[MH]” (ion counts)" Mass [MH]" Residues‘ Assignment

23 13.27 1.5 x 10° 2313.30 K92–K18 92-95, 10-22
(or K94-K18)

2318.23 3.1 x 10' 2318.24 K131–K135 129-135, 131-142

25.35.32 0.5 x 10° 2535.36 K21-K126 19–22, 113-128

2680.37 2.3 x 10" 2680.30 K131–K91 129-135, 77-95

2680.39 K135-G(-3) (-3)-9, 132-142

2874.42 1.5 x 10° 2874.50 K94-K91(or K92, 93-95, 77-95
or K94)

K92-K91(or K92, 92-94, 77–95
or K94)

2874.47 G(-3)-K9 (-3)-18
(and K18 mod.)

2874.54 K95-K92(or K94) 92-95, 95-112

3319.77 3.0 x 10° 3319.79 K135–K126 132-142, 113-128

3452.77 0.6 x 10° 3452.80 G(-3)-K112 (-3)-9, 109-126

3452.87 K131–K135 127-142, 132-142

"DHB was used as the MALDI matrix. Spectra were calibrated using the trypsin
*olysis products at m/z 842.5100 and 2211.1045, as internal standards. Real
Intermonomer cross-linked peptides (determined later by differential LC-MS analysis)
Were underlined in bold; while, false-positives from differential MALDI-MS analysis
* in Italic. "Intensity of the peaks as indicated by arbitrary ion counts, N.B. the

4.2 x 10'. “Peptides appearing only in the dimer digest were searchedbase peak was
f
ppm.
* Pºssible cross-links or modifications using MS-Bridge with a mass tolerance of 50

º,
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differences in the efficiency of the in-gel digestion and extraction processes, as well as

low reproducibility in MALDI analysis. Peptides from the DSS-treated monomer digest

were used as a control, so all unmodified peptides, surface-modified peptides and

intramonomer cross-links could be excluded. Species, unique to the dimer tryptic digest,

were thus cross-linked peptide candidates. Mass values of these putatively cross-linked

peptides were then computed in MS-Bridge within the mass window of 50 ppm, to

predict all possible cross-linking combinations. Seven peptides appeared only in the

cross-linked dimer digest (Fig. 2.1 B, Table 2.1), possibly corresponding to cross-linked

species.

However, due to the degeneracy of possible cross-linked peptide combinations for

Some mass values, conclusive assignment of the identity of the cross-linked residues

without any sequence information is not feasible. For example, there are two possible

cross-linking combinations that could give rise to the peptide at m/z 2680.37 (Table 2.1).

We took advantage of different site-specific proteases and different cross-linkers (Fig.

2.2) to identify the cross-linked residues for this species as follows. After being cross

linked by DSS, GGH-ecotin D137) was digested in-solution with endoprotease Glu-C

(Fig. 2.2 A) and two peptides were observed (i.e. at m/z 1569.83 and 1698.93),

corresponding to the cross-link between Gly(-3) and Lys135. To further confirm the

identity of this most dominant cross-link, both the cross-linking reagent and digestion

enzyme were changed to see if the same cross-link would emerge again. The thiol

cleavable NHS ester cross-linker, DSP was selected because of its similar reactivity,

hydrophobicity and linker length to DSS. In addition, DSP has a disulfide bond that can

be cleaved under reducin conditions, serving as a facile “readout” for cross-linked
»
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Fig. 2.2. Determining the cross-linking sites for the peptide of m/z 2680.37 using
multiple protease digestions and MALDI-MS. (A) MALDI-TOF mass spectrum for Glu
9 digest of GGH-ecotin D137) cross-linked by DSS. The species of m/z 1569.83 and
1969.89 match the masses of the cross-linked peptides between Gly(-3) and Lys135. (B)
MALDI-TOF mass spectrum for Glu-C digest of GGH-ecotin D137Y cross-linked by
DSP. The Species at m/z 1605.78 matches the mass of the cross-linked peptides between
Gly(-3) and Lys135. (C) MALDI-TOF mass spectrum for reduced Glu-C digest of GGH
°Cotin D137 y cross-linked by DSP. The peak at m/z 1050.57 corresponds to the disulfide
cleavage product, containing peptide moiety Lys135-Arg142.
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peptides (157). The Glu-C digestion mixture of DSP-cross-linked GGH-ecotin D137Y

contained the Gly(-3)-Lys135 cross-link at m/z 1605.78 (Fig. 2.2 B), i.e. 35.95 Da higher

than 1569.83, the DSS cross-linked peptide (Fig. 2.2 A). This mass increment matches

well with the mass increment between DSP and DSS, i.e. 35.92 Da. After reduction of the

digestion mixture in DTT, the peak at m/z 1605.78 disappeared (see Fig. 2.2 C),

concurrently with the appearance of the peptide at m/z 1050.57, which matches the

disulfide cleavage product of the cross-linked peptide at m/z 1605.78, containing moiety

Lys135-Arg142.

The structures of the putatively cross-linked peptides, observed at m/z 1569.83

and 1698.92 in MALDI-MS spectrum of the Glu-C digestion mixture of DSS cross

linked GGH-ecotin D137Y, were conclusively established via their low-energy CID

spectra acquired during an information-dependent data acquisition (IDA) LC-MS and

LC-MS-MS run (Fig. 2.3; Fig. 2.4). Interpretation of the tandem mass spectrum for the

Species at m/z 1569.83 revealed two C-terminal sequence ions (y; ions and yi' ions),

indicating peptide moiety Lys135-Arg142 and Gly(-3)-Glu2 (Fig. 2.3). The masses of the

C-terminal sequence ions (y to yi) of Lys135-Arg142 moiety matched the anticipated

Values of the unmodified peptide, suggesting that the e-amino group of Lys135 is the

°ross-linked site. Similarly, the o-amino group of Gly(-3) could be unambiguously

*signed as the other cross-linked site. In addition to the cleavage of peptide amide

bonds, new amide bonds formed via cross-linking reactions were also susceptible to

fragmentation in the collision cell, which accounts for the formation of a fragment ion at

m/z 608.19. The fragment ions at m/z 691.26 and 346.13%", corresponded to the

*onium ion of lysine at m/z 84 with the e-amino group cross-linked by DSS to the

*** -- - - -
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Gly(-3)-Glu2 moiety. Therefore, the most abundant cross-linked species in the Glu-C

digest of DSS cross-linked GGH-ecotin D137Y were conclusively assigned between the

O-amino group of the protein N-terminus and the e-amino group of Lys135.

The identity and structure of the other putatively cross-linked species at m/z

1698.92 could be established in an identical fashion by tandem mass spectrometry (Fig.

2.4). This species has a similar structure as the peptide at m/z 1569.83, except for

containing additional residue corresponding to Glu134.

Identifying Intermonomeric Cross-linked Peptides Using Differential nano-LC-MS

and LC-MS-MS. The non-covalent homodimeric nature of GGH-ecotin D137Y requires

an additional monomer/dimer fractionation step prior to the structural analysis, so that

intermonomeric and intramonomeric cross-linked species can be distinguished. As

schematically illustrated in Fig. 2.5, the completed cross-linking reaction products were

separated by SDS-PAGE and in-gel proteolytic digestion mixtures of the well-resolved

dimer and monomer bands were then analyzed by liquid chromatography mass

Spectrometry (LC-MS). By this methodology, intramonomeric cross-linking products,

*Pected to be present in both the monomer and cross-linked dimer products, could be

distinguished from intermonomeric cross-linking products, which would be solely present

in the cross-linked dimer band, by subtractive LC-MS. Furthermore, on-line capillary

HPLC with nano-ESI mass spectrometry for a detailed analysis of the digests can

facilitate the detection of low stoichiometry cross-linked peptides, besides increasing the

*fidence in the identification of intermonomeric cross-linked species.
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The total ion chromatograms (TIC) of the tryptic peptide mixtures from the cross

linked dimer (Fig. 2.6 A) and the monomer (Fig. 2.6 B) were analogous, except for a

single additional conspicuous peak in the dimer digest eluting at ~14 minutes. The mass

spectrum of the peptides eluting at this retention time revealed the presence of two unique

peaks in the dimer digest at m/z 670.85" and 894.46” (insets of Fig. 2.6 A and 2.6 B),

which were signals due to the same component bearing different charges ([M+H]" =

2680.44). This species was also observed in MALDI-MS analysis as a cross-linked

peptide candidate (Fig. 2.1 B, Table 2.1). Although the absolute retention times for

peptides in different LC runs may vary slightly, the relative retention time of a peptide

Still can be well defined using the knowledge of the other peptides that are co-eluting. For

example, 670.85" and 894.14" co-eluted with peptides giving signals at 575.98",

695.37* and 864.95%". However, in the control digestion mixture 670.85" and 894.14"

were absent, even though the other peptides all eluted at the same relative retention time,

indicating that the presence of this additional peptide was unique to the cross-linked

dimer digest.

Interpretation of the low-energy collision-induced-dissociation (CID) spectrum

obtained for precursor ion 670.85" (Fig. 2.7) revealed that the cross-link involved the N

terminal Gly(-3) and Lys135. The identity of the two cross-linked peptide moieties were

*signed by their continuous C-terminal containing fragment ion ladders. The expected

* Values of the C-terminal sequence ions (y1, to yo) of Gly(-3)-Lys'9 moiety were

Pºnt, but unmodified, suggesting that the only remaining residue, Gly(-3) the o-amino

group of the protein N-terminus, must be the site of cross-linking. Similarly, the masses

of the C-terminal sequence ions (y1 to yi) of Alal 32-Arg142 moiety were present at the
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anticipated values, showing that all residues C-terminal to Lys135 are unmodified.

Meanwhile, the mass values of the first two N-terminal sequence ions (i.e. b3 and by)

from the same peptide moiety revealed that the first three N-terminal residues of this

peptide are unmodified. Therefore, Lys135 was conclusively established as the site of

cross-linking. In addition to the cleavage of peptide backbone amide bonds, new amide

bonds that were formed via cross-linking reactions are also susceptible to fragmentation

in the collision cell. This fact accounts for the formation and presence of a doubly

charged fragment ion at m/z 695.34. Another doubly charged fragment at m/z 736.88 is

analogous to a substituted form of the normal immonium ion of lysine observed at m/z

84, but with the free amine cross-linked by DSS to the Gly(-3)-Lys'9 peptide moiety. The

tandem mass spectrometric data, together with the differential LC-MS analysis, thus

established an intermonomer cross-link between the O-amino group of the protein N

terminus and the e-amino group of Lys135.

Owing to the high abundance of the cross-linked pair Gly(-3)-Lys135, direct

comparison of the dimer and monomer digest total ion current chromatograms (TIC)

indicated the presence of this additional cross-linked species. However, other possible

differences between the dimer and monomer digests at the TIC trace level were not

obvious and did not indicate any other cross-linked species. This is presumably due to the

much lower abundance of other possible cross-linked components, whose contribution to

the total ion current was not visible due to the presence of other more abundant, co

eluting tryptic peptides. Hence, the data was scrutinized at a more detailed level, by

*onstructing and comparing the list of peptides observed in the two LC-MS analyses in

Pursuit of putatively cross-linked peptides. Fruitfully, three more cross-linked species
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were found to exist only in the cross-linked dimer digest. The identity and structure of

these cross-linked species were conclusively established as well by tandem mass

spectrometry (Table 2.2).

For example, the low-energy CID spectra of a cross-linked species at m/z

773.42" (Fig. 2.8) included two distinct C-terminal fragment ion ladders that stemmed

from two peptide moieties, Val129-Lys135 and Alal 31-Arg142. The mass values of the

observed C-terminal sequence ions beyond Lys135, annotated as Ys and Y9, contained

the mass values anticipated for Val129-Lys135 moiety and the cross-linked bridge. In

contrast, the mass values of the C-terminal sequence ions up to Ile134, i.e. yi to yi,

remained unmodified. Therefore, Lys135 can be established as the cross-linked residue in

the Alal 31-Arg142 peptide moiety. Similarly, Lys131 can be assigned as the cross-linked

residue in the Val129-Lys135 peptide moiety. A fragment of m/z 1110.60, i.e. the same

fragment at m/z 555.80", corresponds to the immonium ion of lysine at m/z 84 with the

e-amino group cross-linked by DSS to the Val129-Lys135 moiety. Therefore,

interpretation of this tandem mass spectrum clearly revealed an intermonomer cross-link

between Lys131 and Lys135. Interestingly, there are a few overlapping residues on this

cross-linked species, i.e. "AAEK", thus indicating that two peptides originated from

different monomers and the cross-link indeed occurred on the dimeric interface. This

result thereby further validates our differential LC-MS approach to confidently identify

intermonomer cross-links.

The low-energy CID mass spectra of the other two observed cross-linked species

** shown in Fig. 2.9 and Fig. 2.10. Nearly complete sequence ion series coverage is

Pºsent in these spectra and provide thus sufficient evidence for the unambiguous

****
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-
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Table 2.2. Intermonomeric cross-links in GGH-ecotin D137Y dimer digest identified by

differential LC-MS and MSMS analysis.

Exp. Retention Cross-linked Sequence Residue
m/z Time (min.) Residues Assignment Distances”

VWKAEEK * *

773.42* 14.84 K131-K135 | 12.87 Á __º- ■ º
AEEKIYNAVVR º *-ºr

-
º |

GGHAESVQPLEK ºº
670.85" 13.97 G(-3)-K135 | 17.50 Åº º º

AEEKIYNAVVR -
--- º

LPIVVYTPDNVDKYR - - - -
- >

830.72" 19.95 K126–K135 | 10.34 Å
-

-->.

AEEKIYNAVVR º * 4

- ** 4– º
--~~~ sº -

GGHAESVQPLEK*IAPYPQAEK º
767.42** 18.58 G(-3)-K135 | 17.50 Å." `

AEEKIYNAVVR ---------- º

*> ºr
I? º

"The protein model was built referring to the crystal structure of wild type ecotin from
PDB (1ECZ), and distances between o-carbons of the cross-linked residues were sº
measured. "The net linker length of DSS is 11.4 Å, and the distance between the o-

-

carbons of two cross-linked lysines can span up to 24 Å. “Distance between the o- c
carbons of K135 and A1 was used. "This cross-linked peptide assembly contains a
lysine derivatized by DSS indicated as K*. 2/7,

~
B

º

º

º
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identification of the cross-linked sites. The peptide moiety Gly(-3)-Lys18 of the cross

linked species at m/z 767.42° contains two possible sites of cross-linking (Fig. 2.10),

namely Gly(-3) and Lys8. According to the MS-Bridge permutation, one of these two

residues must participate in the cross-linking reaction while the other must be modified

by the hydrolyzed cross-linking reagent DSS. In the immonium ion region of the tandem

mass spectrum, a fragment is present at 239.17 that indicates the presence of DSS

modified lysine residue. The presence of a series of internal ions, i.e. PL at 211.14, PLE

at 340.20, and PLEK* at 623.36, provides further evidence that Lys2 is the single-ended

reaction site. Consistent with this assignment, the mass of a fragment ion is present at

1098.06” that matches the expected Bº N-terminal fragment ion of Gly(-3)-Lys18 with

Gly(-3) cross-linked to Alal 32-Arg142. Therefore, the tandem mass spectrometric data

establish cross-link between the O-amino group of protein N-terminus, i.e. Gly(-3), and

the e-amino of Lys135.

Comparing differential MALDI-MS and differential LC-MS analyses. The possible

identities of the other cross-linked peptide candidates from differential MALDI-TOF

*Periments (Table 2.1) were also interrogated using LC-MS analyses. However, only

three of them, namely 2318.23, 2680.37 and 3319.77 (bold, underlined in Fig. 2.1) which

°rrespond to 773.42*, 670.85" and 830.72" respectively in LC-MS analysis (Table

2.2), were unique to the dimer digest; whereas the rest (Italic in Fig. 2.1) were observed

in the LC-MS analyses of both the dimer and monomer digests. For example, the extract

on chromatograms (XIC) for a signal at 863.96", i.e. the MALDI-MS cross-link

candidate at m/z 3451 .77, clearly identified a peak at ~17.8 minutes in the LC-MS runs of

* *s-
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both the dimer and monomer digests (Fig. 2.11 A for dimer; B for monomer). Mass

spectra of the peptides eluted at this time point showed the presence of this species in

both of the digests (insets for Fig. 2.11 A and B). Tandem mass spectrometric analysis

establishes it as an intramonomer cross-link between Gly(-3) and Lys112 (data not

shown).

Therefore, our results demonstrate that differential LC-ESI-MS analyses provide

more insight than MALDI-MS analysis for studies of unseparated digests in both

reliability and sensitivity. This is presumably due simplification of the mixture during

chromatographic separation. In addition, since the intermolecular and intramolecular

cross-links within homodimers cannot be distinguished by the sequence of the cross

linked peptides, the acquisition of control data from the modified monomer is essential

for correct assignments of cross-links at the protein-protein interface. For larger proteins,

the mass degeneracy of possible cross-linking combinations will be substantial, in which

case tandem mass spectrometric data is necessary to identify cross-linking sites with a

high degree of confidence.

The intermonomeric cross-linked residues derived from differential LC-MS

analysis were mapped back onto the crystal structure of wild type ecotin (Fig. 2.12). The

net length of DSS linker bridge is 11.4 Å. However, the distance between the o-carbons

of two cross-linked residues can span up to 24 Å if the mobility of lysine side-chains is

°onsidered (113). In good agreement with the crystal structure, all four cross-linked pairs

satisfy the distance restraint (Table 2), and all the cross-linked residues cluster around the

homodimeric interface of ecotin (Fig. 2.12). The dominant cross-linked species involves

the N-terminal Gly(-3) and Lys135. This is consistent with our earlier GGH-Ni(II) oxo
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Fig. 2.12. Structure of the wild type ecotin obligatory homodimer. The monomer chain 1
is colored in green and the monomer chain 2 is colored in blue. The cross-linked residues
are connected with dotted lines, and annotated with superscripts to indicate their chain
origin. Gly(-3) is not present in the structure, thus is substituted by Alal.
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complex cross-linking studies, in which a novel zero-length cross-link was formed

between Gly(-3) (or Gly(-2)) and Tyr137 (149). The sequence overlap in one of the

cross-linked peptides, i.e. 773.42" in Table 2, indicates that this cross-link is indeed

formed on the homodimeric interface, further corroborating our differential LC-MS

strategy for characterization of homomolecular complexes.

Semi-automatic LC-MS Data Analysis. These results show that as a general method

differential LC-MS peptide mapping between cross-linked dimer and monomer proteins

can correctly identify the intermonomer cross-links, thus can serve as a rigorous and

reliable approach to elucidate structural information on homomolecular complexes.

However, the manual comparison of two LC-MS runs is a labor-intensive and time

consuming process, and current commercially available instruments do not provide

reliable programs for the reconstruction of eluting peptide profiles. To improve the

robustness and through-put of the differential LC-MS method, software tools were

developed to generate peptide lists from LC-MS data acquired on the Analyst QS

Software platform.

Essentially, the centroided LC-MS data in text format was deisotoped and

°ompiled by ms-deisotope and ms-reconstruct, to generate a peptide list for each LC-MS

*n. The peptide lists from the cross-linked dimer and the DSS-treated monomer were

thoroughly compared using ms-compare, which indicates uniquely observed peptides.

The algorithm used in ms-deisotope is based on Zscore deconvolution algorithm (168),

Yet with two additional filters to increase both the flexibility and accuracy of the

Program, best suitable for large, complex data-sets acquired from LC-MS runs (Fig.

ºf .
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2.13). Since the level of noise varies with tuning parameters and ion-source setting of

instruments, the lower-bound “ion counts” threshold for both interesting peptides and real

signals are now entered as interactive inputs. Addition of this first filter increases the

robustness of the program towards LC-MS data; meanwhile floating entry of thresholds

allows the processing of weak signals whenever necessary. The second filter was added

in the determination of isotope clusters. Examining the isotope distribution of averagine

masses, ranging from 600 to 6000, revealed that the intensity ratio of any two consecutive

isotopes falls between 0.3 and 3.0 on putative peptides made up of “average” amino acids

(i.e. averagine peptides) (169). Thus, an intensity ratio between 0.25 and 4.0 on

consecutive peaks was added as the second filter to increase the accuracy for isotope

cluster determination. This becomes especially handy on partially overlapping peptide

clusters.

Conclusions

Mass spectrometry is performing an increasing role in biophysical studies that seek to

Probe protein structure and protein-protein interactions (111, 112, 170). Although

chemical cross-linking with mass spectrometric analysis has been well-established to

discover the components of protein assemblies (108, 109), structural studies place higher

demands on the mass spectrometric analysis for the unambiguous identification of the

*OSS-linked peptides. This is especially true for homomolecular complexes, where

intermonomer and intramonomer cross-links are indistinguishable by sequence of the

°ross-linked peptide moieties. In this study, we developed an unbiased, generic method,
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i.e. a differential LC-MS strategy, and probed the homodimeric interface of an

engineered ecotin mutant, GGH-ecotin D137Y. The fraction of the protein that remained

monomeric after treatment with the cross-linking agent was used as a control, and

peptides that only appeared in the dimer digest were selected as intermonomer cross

linking candidates (Fig. 2.5). The normal tryptic peptides, surface modified peptides and

intramolecular cross-linked peptides were thereby excluded from further consideration.

Four cross-linked species were identified this way, which correspond to three different

pairs of intermonomer cross-links on the dimeric interface. The cross-linked residues

appear to be on the dimeric interface based on the wild-type ecotin crystal structure.

Differential MALDI-MS analysis on unseparated dimer and monomer digests was

employed as well, but it proved less specific than differential LC-MS for identifying

intermonomer cross-links, i.e. four out of seven candidate species identified by MALDI

MS proved to be intramonomeric. Therefore, our results have shown that differential LC

MS analysis can conclusively identify the intermonomer cross-links in homomolecular

complexes. Given the relatively large amount of data generated by LC-MS, software

tools to automatically reconstruct and compare related LC-MS runs will greatly increase

the robustness and throughput of this approach.
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Chapter 3

Isotope-coding and Affinity-tagged Cross-linking (ICATXL): an Efficient Strategy

to Probe Protein Interaction Surfaces

Introduction

Among the methods that may be employed to probe protein assemblies, strategies

based on chemical cross-linking introduce new covalent bonds into the three-dimensional

Solution-based structure of protein assemblies. Information derived via precise

identification of the cross-linked residues, together with the length of the cross-linking

reagents, provides valuable low-resolution insight on the spatial organization of the

protein secondary structures and protein subunits (111, 112, 171, 172). These structural

constraints may be obtained by proteolytic digestion of the cross-linked protein

complexes followed by structural analysis of the cross-linked species by tandem mass

Spectrometry. This approach has been the method of choice for its merits in speed,

Sensitivity, and capability to handle large protein assemblies. Nevertheless,

comprehensive analysis of digested, cross-linked protein complexes is often challenging,

complicated by the complexity of the peptide mixture and low stoichiometry of the cross

linked products. Several factors contribute to the complexity of the cross-linked protein

digestion mixtures. In order to ensure that the “native” protein conformation is not

58





disturbed during cross-linking reactions, yields of the cross-linking reactions are

maintained at reasonably low levels to avoid denaturation of the proteins (113). Thus, the

majority of peptides in the cross-linked protein digestion mixtures do not contain any

cross-link. Furthermore, modification of the cross-linkable amino acid residues by cross

linking reagents, also referred to as single-ended cross-links, generates a large number of

modified, non-informative peptides. Therefore, a separation procedure, specifically

enriching the cross-linked species, prior to attempting mass spectrometric analysis would

be useful.

This may be achieved by incorporation of affinity handles on cross-linking

reagents (139, 160-163) that would permit simplification of the mixture, thus facilitating

the separation and detection of cross-linked peptides sought. Current commercially

available cross-linking reagents are usually hetero-functional, consisting of one

photoactivatable cross-linking moiety and one residue-specific cross-linking moiety (123,

163). The use of a photoactivatable, highly reactive cross-linking functionality may

capture multiple accessible sites, thus improving the overall cross-linking yield at the

protein level. However, the promiscuity of the cross-linking reactivity forms a

multiplicity of products with low-stoichiometry at any given site. This site mixture is

structurally heterogeneous and thus thwarts precise structural identification of such cross

linked species (163).

In this chapter, the design and synthesis of two novel affinity-tagged cross-linking

reagents are reported. In addition, isotope-coding is incorporated during the cross-linking

reactions to facilitate rapid differentiation of cross-linked peptides from surface-modified

peptides (i.e. single-ended cross-links). This novel cross-linking strategy termed ICATXL

ºr 71,
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(isotope-coded and affinity-tagged cross-linking) has been applied on the engineered

ecotin mutant, GGH-ecotin D137Y.

Experimental Procedures

Materials. Chemical reagents were purchased from commercial suppliers and used

without further purification unless otherwise stated. HBTU was obtained from

Novabiochem (San Diego, CA). DMF (synthesis grade) and acetonitrile (HPLC grade)

were purchased from Aldrich Chemical Co. (Milwaukee, WI). Flash chromatography was

performed on 200-400 mesh silica gel (Merck). Immobilized Monomeric avidin agarose

beads (ImmunoPure) were obtained from Pierce. H2O" water (95+% atom "O) was

purchased from Sigma. 'HNMR spectra were recorded on a 400 MHz Varian AS400

spectrometer, and chemical shift values were reported in ppm (6) relative to tetramethyl

silane (TMS). Sequencing grade modified porcine trypsin was from Promega. The

protease-deficient E. coli strain 27C7 was used for the expression of GGH-ecotin D137Y

as previously described (150). Ecotin concentration was determined by absorbance

measurement at 280 nm using a calculated extinction coefficient of 23,140 M'.cm".

Preparation of Affinity-tagged Cross-linkers 1 and 2.

Allyl 3,5-bis-ethoxycarbonylmethoxy-benzoate (A). A mixture of 3,5-

dihydroxybenzoic acid (3.08 g, 20 mmol, 1.0 equiv), sodium carbonate (2.33 g, 22 mmol,

1.1 equiv) and allyl bromide (2.54 g, 21 mmol, 1.05 equiv) in DMF (40 ml) was stirred at

room temperature for 18 hours. The reaction mixture was then diluted with water (100

------
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mL), extracted with ethyl acetate (3 × 50 mL) and dried (MgSO4). Allyl 3,5-

dihydroxybenzoate was obtained as clear oil after removal of the solvent by evaporation.

This crude product was then dissolved in DMF (40 mL), and potassium carbonate (7.2 g,

52 mmol, 2.6 equiv) and ethyl bromoacetate (8.7 g, 52 mmol, 2.6 equiv) were added. The

reaction was stirred on a 40 °C water bath for 20 hours and purified by flash

chromatography (hexane:ethyl acetate = 6:1 then 3:1) to obtain allyl 3,5-bis

ethoxycarbonylmethoxy-benzoate A as a light yellowish oil (5.1 g, yield 66%); 'HNMR

(CDCl3) 67.24 (d, 2H), 6.74 (t, 1H), 6.01 (m, 1H), 5.39 (d, 1H), 5.29 (d, 1H), 4.76 (m,

2H), 4.64 (s, 4H), 4.28 (q, 4H), 1.31 (t, 6H).

(3,5-Bis-ethoxycarbonylmethoxy)benzoic acid (B). A (4.7 g, 12.7 mmol, 1.0

equiv) was then dissolved in THF (50 mL) and piperidine (10.8 g, 127 mmol, 10 equiv)

and 2.8% palladium phosphine (0.4 g) were added. The mixture was stirred at room

temperature for 2 hours, filtered, acidified and extracted with ethyl acetate. The final

product was purified using flash chromatography (first hexane:ethyl acetate = 2:1, then

hexane:ethyl acetate:acetic acid = 1:1:1%) to give B as light yellowish powder (2.8 g,

yield 67%): 'HNMR (CDCl3) 67.28 (d, 2H), 6.79 (t, 1H), 4.66 (s, 4H), 4.29 (q, 4H), 1.31

(t, 6H).

2-[(3,5-Bis-ethoxycarbonylmethoxy)benzoylamino]-ethyl-ammonium (C). A

Solution of Boc anhydride (4.4 g, 20 mmol, 1.0 equiv) in THF (10 mL) was added

portionwise into a solution of ethylenediamine (12 g, 200 mmol, 10 equiv) in THF (15

mL). The mixture was stirred at room temperature for 1.5 hours, extracted with ethyl

acetate, and purified by flash chromatography (CH2Cl2:MeOH:NH3 = 150:10:02 then

70:10:02) to obtain N-Boc-ethane-1,2-diamine (0.94 g, yield 29%): 'HNMR (CDCl3) 6
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4.85 (m, 1H), 3.17 (m, 2H), 2.79 (tt, 2H), 1.46 (s, 9H). B (1.27 g, 3.8 mmol, 1 equiv), N

Boc-ethane-1,2-diamine (0.74 g, 4.6 mmol, 1.2 equiv) and N, N-diisopropylethylamine

(2.0 mL, 11.6 mmol, 3 equiv) were dissolved in DMF (20 mL) at 0 °C, and a solution of

HATU (1.5 g, 4.0 mmol, 1.05 equiv) in DMF (5 mL) was added portionwise. The

reaction mixture was warmed up to room temperature, stirred for an hour, acidified and

extracted with ethyl acetate. The combined organic layer was washed (1N HCl, 3×), dried

(Na2SO4), and evaporated to give the desired product (1.8 g, yield 97%). The product was

dissolved in 4 mL CH2Cl2 and 3 g TFA was added into the solution. Boc deprotection

reaction proceeded to completion within an hour. After evaporation, C was obtained

quantatively as white powder: "HNMR (DMSO) 68.61 (t, 1H), 7.86 (s, broad, 3H), 7.06

(d, 2H), 6.73 (t, 1H), 4.83 (s, 4H), 4.18 (q, 4H), 3.49 (q, 2H), 2.99 (td, 2H), 1.22 (t, 6H);

ESI-TOF MS (MH") m/z calcd for C17H2SO/N2.369.2, found 369.2.

N-biotinyl(or-S-S-biotinyl)-N'-[(3,5-Bis-ethoxycarbonylmethoxy)benzoyl]-

ethane-1,2-diamine D1 (or D2). A mixture of C (1.2 equiv), NHS-biotin or NHS-SS

biotin (40 mg, 1.0 equiv) and N, N-diisopropylethylamine (3 equiv) in DMF (0.6 mL)

Was stirred at room temperature for 3 hours. The reaction mixture was then acidified and

extracted with ethyl acetate (3×). The combined organic layer was washed with 50%

Saturated brine, 0.5 N HCl (3×), 50% saturated sodium bicarbonate solution, 50%

Saturated brine (3×) and dried over Na2SO4. After solvent removal, D1 (or D2) was

recovered as white powder (yield 71%). Data for D1: 'HNMR (MeOD) 6 7.02 (d, 2H),

0.69 (t, 1H), 4.43 (m, 1H), 426 (q, 4H), 4.19 (m, 1H), 3.48 (m, 2H), 3.42 (m, 2H), 3.07

(m. 1H), 2.87 (dd, 1H), 2.65 (d. 1H), 2.20 (t, 2H), 1.71-144 (m, 4H), 140-132 (m, 2H),

129 (t, 6H). Data for D2: 'HNMR (DMSO) 68.49 (t, 1H), 8.11 (t, 1H), 7.98 (t, 1H), 7.04

* - *-
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(d, 2H), 6.69 (t, 1H), 6.39 (d, 2H), 4.83 (s, 4H), 4.31 (m, 1H), 4.19 (q, 4H), 4.14 (m, 1H),

3.34-3.26 (m, 4H), 3.23 (m, 2H), 3.10 (m, 1H), 2.91 (t, 2H), 2.83 (dd, 1H), 2.77 (t, 2H),

2.58 (d, 1H), 2.49 (t, 2H), 2.08 (t, 2H), 1.67-142 (m, 4H), 1.36-1.25 (m, 2H), 1.25 (t,

6H).

N-biotinyl(or-S-S-biotinyl)-N'-[3,5-Bis-(N-succinimidyloxycarbonyl

methoxy)-benzoyl]-ethane-1,2-diamine 1 (or 2). A mixture of D1 (or D2, 35 mg),

methanol (4 mL) and 2 N NaOH (3 equiv) was stirred at room temperature until all the

diester starting material hydrolyzed into the diacid product (~2 hours). The reaction was

quenched by addition of 4N HCl (3.6 equiv) and the pH was adjusted to 3-5. The reaction "…º.

mixture was co-evaporated with toluene (x3, 50 mL each) to give the diacid product as ■ º
white powder. This crude product was dissolved in pyridine (4 mL), and N-succinimidyl º
trifluoroacetate (5 equiv) was added portionwise at 0°C. N-succinimidyl trifluoroacetate º
was made fresh from succinimide and trifluoroacetic anhydride. The reaction mixture - º:

was stirred at room temperature overnight, acidified, extracted with ethyl acetate, washed --

with 2 NHCl (x3), and dried over Na2SO4. Solvent was removed, and cross-linker 1 (or º º
2) was obtained as white powder.

º

º
". . tº ºz

2
Cross-linking reactions. Stock solutions of the cross-linking agents were prepared

freshly at a concentration of 25 mM in DMSO. GGH-ecotin D137Y (4.5 pig protein for

*ach cross-linking reaction, at 10 AM or 2 piM in 20 mM sodium phosphate buffer (pH =

78), as indicated in Fig. 2.1) was incubated with 50-fold molar excess cross-linking

*gent in each reaction. The reactions were carried out for 45 minutes at room

temperature, quenched with 1.5 pul 0.8 M ammonium hydroxide and incubated at room
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temperature for another 15 minutes. For isotope-coding cross-linking experiments,

essentially a cross-linking experiment with the same amount of GGH-ecotin D137Y

protein was conducted in H2O" buffer in parallel with the cross-linking reaction in

normal H2O" buffer. Two protein pools were not combined until the reactions were

quenched with ammonium hydroxide.

In-solution digestion protocol. After cross-linking reaction, the buffer of each reaction

mixture was changed to 25 mM ammonium bicarbonate using Microcon centrifugal filter

devices with a molecular weight cut-off at 3,000 (Millipore). 2% Lys-C was added to

each protein solution and the digestion was performed at 37 °C for 4 hours. The in

solution digestion mixture was then boiled in a water bath for 5 minutes to inactivate

Lys-C protease activity.

Immobilized monomeric avidin separation. A 70 pul solution of immobilized

monomeric avidin agarose beads in 1:1 suspension was primed with 300 pil 0.4%

trifluoroacetic acid (TFA) in 30% acetonitrile (ACN) (3x), followed by 300 pil of 100

mM NH4HCO3 at pH 8.0 (3x). The protein digestion mixture was incubated with beads at

room temperature for 2 hours. Monomeric avidin beads were washed to strip non-specific

bound peptides with PBS, PBS/1N NaCl, PBS/20% MeOH and 25 mM NHAHCO3. The

Cross-linker containing peptides were eluted from avidin beads, using 20 pull (2x) 50%

*Cetonitrile/0.4% formic acid for 1 cross-linked ecotin and 50 mM DTT/25 mM

NHaHCO, for 2 cross-linked ecotin. A 1 puL aliquot of the affinity eluent was analyzed by

MALDI TOF-MS. The identity of the peptides was assigned using the program MS
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Bridge from the UCSF ProteinProspector package, and the structures for some of the

peptides were further confirmed by tandem mass spectrometry.

Mass Spectrometry and Chromatography. MALDI-MS spectra of peptides were

acquired on a PerSeptive Biosystems Voyager-DE STR instrument with delayed

extraction and reflectron, equipped with a nitrogen laser operating at a wavelength of 337

nm and a frequency of 3 Hz. Saturated 2,5-dihydroxybenzoic acid water solution was

used as matrix, mixed 1:1 with 0.6 pil peptide sample solution and drop-dried on the

target. For differential LC-MS analysis, a 1 pul aliquot of the digestion mixture was

injected into an UltiMate capillary LC system (LC Packings, Sunnyvale, CA) via a

FAMOS Autosampler (LC Packings, Sunnyvale, CA), and separated by a 75 pum x 15 cm

C18 reverse-phase capillary column at a flow rate of ~ 300 n1/min. The HPLC eluent was

connected directly to the micro-ion electrospray source of a QSTAR Pulsar QqTOF mass

spectrometer (Applied Biosystem/MDS Sciex, Foster City, CA). Typical performance

characteristics were >8000 resolution with 30 ppm mass measurement accuracy in both

MS and CID modes.

Mass Spectrometric Data Analysis and MS-Bridge. The possible peptide, linker

Compositions of the components purified after monomeric avidin affinity separation were

Permutated by MS-Bridge, a program in ProteinProspector (http://prospector.ucsf.edu).

The input to MS-Bridge consists of molecular weight of possible cross-linked species,

Protein sequences, enzymes used in the digestion, amino acids participating in cross

linking reactions, elemental composition of the linker bridge and up to two surface

- ºr tº
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modifications on the linkable amino acids. The program generates a list of peptides based

on the input information. All the peptides containing linkable amino acids are then

combined in silico to form all possible cross-linked species. MS-Bridge then matches the

observed mass values of the putatively cross-linked species to all possible cross-linked

assemblies within a specified mass tolerance. Normal tryptic peptides and cross-linker

modified peptides are also listed to aid the interpretation of the complex mass spectra.

MS-Bridge has the flexibility to consider chemical and posttranslational modifications of

amino acids, e.g. N-terminal glutamine conversion to pyroglutamic acid, methionine

oxidation, acetylation of the N-terminus and various modifications of cysteine. N

terminal O-amino groups of proteins can also be specified to participate in the cross

linking reactions.

Results and Discussion

Design of novel cross-linkers. It would be ideal to develop reagents that could find wide

application in studies of various protein assemblies, thus we have considered what kind

of beneficial attributes would be desirable in the cross-linker functionality, cross-linking

length and features of the affinity tag. In order to obtain suitable cross-linked protein

*SSenmblies, side-chain groups having the right reactivity must be accessible to the cross

linking agent within the distance span of cross-linker spacer chains, and preferably yield

unique or a limited number of conjugations. Polar groups such as carboxylic acids and

Primary amines are preferred cross-linking targets, since they are often evenly distributed
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º
º

on the exterior of polypeptides; thus, they are more likely to occupy positions that can

serve as potential probing points at or near the protein interaction surfaces. sº
Chemical groups that specifically react with carboxylic acids are limited in * T.

sºvariety. In aqueous solutions, the carboxylate functional group displays rather low

nucleophilicity. For this reason, it is unreactive to the great majority of bioconjugate

reagents, except for those zero-length cross-linkers such as carbonyldiimidazole and

carbodiimides. In contrast, primary amine-reactive bioconjugate reagents represent the

major group of cross-linking or modification reagents, presumably due to their

physiologically compatible reaction pH, relatively high yield and reaction specificity. To *se.
... ºn

have some idea about the distribution of lysine residues around the protein interaction hº
* * * * |

º º * -

Surfaces, we examined the heterodimeric protein complexes from a database containing º tº *
º

75 nonredundant x-ray structures of protein-protein complexes with resolution 3.1 Å or º
-

- - - - -
-º-º: º

better (173) (Fig. 3.1). The distances of the e-amino groups of lysine residues from
- -

sº--
different polypeptide chains in each complex were measured and the minimal distance for º

*-
each complex was plotted in Fig. 3.1. Interestingly, the majority of the protein complexes • * , 12

* * * es

in the database have intermolecular, cross-linkable lysine residues around the binding 3
* --> - -

interface within the distance of 13 Å. The accessibility of inter-chain lysine residues *
... 2 º,

Within this distance span in protein complexes might explain why disuccinimidyl
º

º
º

**berate (DSS) has been successfully employed in so many documented protein --

c
°Cºmplexes (111, 112).

- - - - - -
2/2,

I synthesized two affinity-tagged, amine-reactive, homo-bifunctional cross- º
-

- B
linkers, 1 and 2 (Fig. 3.2). N-hydroxysuccinimide (NHS) ester was chosen as the

º

º
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2-4 5-7 3-10 11-13 14-16 17-19 20–22 23-25 26-28 29–31 N/A (Å)
Minimal distance of intermonomer lysines

Fig. 3.1. Distribution of minimal distances between cross-linkable inter-chain lysine

residues in a heterodimeric protein complex database complied by Lo Conte et al. (173).

H

O NJ-N-R | R
H

O O 1 biotin

&ºrº , ;
o 9 ° 3 2 *~~~~ºn

Fig. 3.2. Amine-reactive, affinity-tagged cross-linker 1 and 2.
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O OH O- O Os, OH
3, b S--~~ C

--- ---

l
HO Y)H Etozcº'o 3. Soºcozet Etozcºo Yoº-Cozet

A B

d, e

R9s." Jºn - °s">~NH,"
g, h H f

1 and 2 -e- ■ SS
-º-Etoxº~o’ºo-co;Et Etozcºo Yoº-cozEt

D1 (or D2) C

D1 R = biotin
O

D2 R = **-s-s Jºn-biotin
-

H

Fig. 3.3. Synthetic scheme for the preparation of 1 and 2. Conditions: (a) allyl bromide,

N*2CO3; (b) ethyl bromoacetate, K2CO3; (c) Pd(pphs), piperidine; (d) N-Boc-ethane-1,2-

diamine, HATU, Hunig's base; (e) TFA, (f) Hunig's base, NHS-biotin (or NHS-SS

biotin): (g) NaOH: (h) N-succinimidyl trifluoroacetic anhydride.
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functional group for its specific reactivity, reasonable stability and synthetic simplicity.

The distances between two reactive carbonyls in 1 and 2 are similar to that of the well

documented cross-linker, DSS. Biotin was selected as the affinity tag for its high affinity

and small size, so that the biotin moiety does not greatly increase the mass added to the

cross-linked peptides, meanwhile minimizing steric hindrance introduced by the tag.

Cross-linker 2 has a thiol-cleavable site to facilitate the recovery of cross-linked peptides

after an avidin affinity purification step.

Characterization of cross-linkers 1 and 2 using a model peptide. I tested the reactivity

and reaction specificity of 1 and 2 on the synthetic peptide, LPAELATK. The peptide

was incubated with 1 or 2 (each at a 10-fold excess) in 20 mM Na3PO4 buffer (pH = 7.8)

at room temperature for 0.5 hours. Mass spectrometric analysis of the reaction mixture

revealed that most of the peptide reacted with the cross-linker within 0.5 hours to give the

modified product at m/z 1362.50 for cross-linker 1 (Fig. 3.4 A), or at m/z 1525.69 for

°ross-linker 2 (Fig. 3.4 B). The reaction mixtures were loaded onto monomeric avidin

beads, washed with PBS buffer, and the cross-linker modified peptides were then eluted

from the beads using 50% acetonitrile/0.4% formic acid for reactions with 1 (Fig. 3.4C),

Sºr using 50 mM DTT/25 mM NH4HCO3 for reactions with 2 (Fig. 3.4 D). The 301 Da

***ass reduction (i.e. 1525.69 – 1224.63 = 301) of the peptide modified with 2 after the

**ution from avidin beads is due to the cleavage of disulfide bond in cross-linker 2.

Detailed analysis of the reaction product between the peptide and 1 by tandem

ºrnass spectrometry demonstrates that both the O-amino group of the peptide and the e

*nnino group of the lysine residue can react with the NHS esters of the cross-linking

*—

–
*º,

º

A-"

sº
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reagents to generate single-ended cross-links (Fig. 3.5 A). For example, the tandem mass

spectrum of 1-modified peptide at m/z 1362.7 clearly contains two series for both b and y

ions, suggesting that the precursor ions were composed of two peptides (Fig. 3.5 A). The

mass values of N-terminus fragment ions, annotated as bi to be, of one peptide (in red)

indicate a single-ended modification at the O-amino group of the peptide; while the mass

values of C-terminus fragment ions, annotated as yi' to yº’, of the other peptide (in blue)

indicate a single-ended modification at the e-amino group of the lysine residue. When

both the O-amino group of the peptide and the e-amino group of the lysine residue react

with the NHS esters of the cross-linking reagents, cyclic peptides were formed (at m/z

1344.5 for 1, Fig. 3.4 A; at m/z 1525.69 for 2, Fig. 3.4 C). The tandem mass spectrum of

the cyclic peptide at m/z 1344.5 (cross-linked by 1, Fig. 3.4 B) consists primarily of

internal fragment ions, which is characteristic for cyclic peptides. Most of the abundant

fragment ions are derive from the cleavage of the proline N-terminal amide bond, which

is a preferred fragmentation site in collision induced dissociation.

+ — — — l
2

ecotin

45.7 kD

32.5 kD -

13.4 kD T

Fig. 3.6. SDS-PAGE analysis of GGH-ecotin D137) cross-linking reactions.
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Fig 3.7. MALDI-MS spectra of the Lys-C digestion mixture of 2 cross-linked GGH

*Otin D137 y before (A) and after (B) affinity separation.
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Table 3.1. Affinity-separated peptides from the Lys-C digestion mixture of 2 cross

linked GGH-ecotin D137Y.

Cbserved Mass Calculated Mass Intensity Peptide Sequence
[M+H]" [M+H]” (%) Property Assignment

1591.00 1590.73 1 K131, 2 mod. 127-135

1633.99% 1633.76 37 G(-3), 2 mod. (-3)-9

1674.06% 1673.78 100 K135, 2 mod. 132-142

2020.18 2019.85 2 K91, 2 mod. 77-92

2277.34 2276.99 1 K91 or K92, 2 m od. 77-94

2307.61% 2307.25 10 Normal Peptide 33-58

2416.48 2416.13 1 K95, 2 mod. 95-112

26.13.61% 2613.23 18 G(-3)-K9 (-3)-18

2631.62% 2631.24 3 G(-3) or K9, 2 mod. (-3)-18

2791.91 2791.42 2 K94-K131 93-95, 127-142

2906.31% 2906.40 3 G(-3)-K135 (-3)-9, 132-142

30 13.76% 3013.32 4 G(-3), K9, 2 mod. (-3)-18

-i- Identity of the peptides were confirmed by LC-ESI tandem mass spectrometry.
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linked GGH-ecotin D137Y.

Table 3.2. Affinity-separated peptides from the Lys-C digestion mixture of 1 cross

Observed Mass Calculated Mass Intensity Reacted Sequence
[M+H]" [M+H]” (%) Residues Assignment

1572.00+ 1571.69 5 Normal Peptide 113-126

1771.94% 1771.30 21 G(–3), 1 mod. (-3)-9
-

ºn
1812.03% 1811.86 11 K135, l mod. 132-142

-º ==
1853.00+ 1852.86 9 K18, 1 m od. 10–21 ºr "
1906. 16* 1905.95 10 Normal Peptide 96-112 º tº: º

- - º

1922.13+ 1921.95 8 Normal Peptide 96-112 º º
2034.25° 2034.05 8 Normal Peptide 95-112 --

Y. s
* ...sº ºn .**

~

2544.58 2544.27 93 K135, 1 mod. 127-142 -- *-

or K131, 1 mod. * Tº

2554.50 2554.21 15 K95, 1 mod. 95-112 ºr º,
... ººº- :-

… "
-

*
2751.43* 2751.31 100 G(-3)-K9 (-3)-18 º º,

*

*:::::-- …”

3044.63% 3044.48 13 G(-3)-K135 (-3)-9, 132-142 -** wº, -- 2 º*** **** º
o

3281.98 3281.66 5 K126, 1 m od. 113-135 º

377737 3776.68 6 K91-K91 77-92, 77-92 º
>

3776.73 K91-K 18 77-94, 10-21 |
G(-3)-K135 or z_3).o 127. -

3776.83 G(-3)-K131 (-3)-9, 127-142 zº/
* Identity of the peptides were confirmed by LC-ESI tande mass spectrometry. - B |

º
*2
º

º

*E
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Cross-linking of GGH-ecotin D137) using cross-linker 1 and 2. Stock solutions of the

Cross-linking reagents 1 and 2 were prepared freshly at a concentration of 25 mM in

dimethyl sulfoxide (DMSO). The cross-linking reactions were performed in 20 mM

Na3PO4 buffer at pH 7.5, with the final concentration of 10 puM for GGH-ecotin D137).

and 0.3 mM for cross-linking reagents. The reactions were allowed to proceed for 45

minutes at room temperature before quenched with ammonium hydroxide. Non-reductive

1-D SDS-PAGE (Fig. 3.6) analysis clearly demonstrated the presence of dimer bands in

the cross-linking reaction mixtures.

After affinity separation, the unmodified peptides were removed (Fig. 3.7 A, 3.7

B); and the most abundant peptides in the MALDI TOF-MS spectrum of the Lys-C

digestion mixture of 2 cross-linked GGH-ecotin D137Y become the cross-linker

containing peptides (Fig. 3.7A, 3.7 B and Table 3.1). This result is expected because of

the mild reductive conditions employed for the elution step (50 mM DTT / 25 mM

NH4HCO3). The only exception is a peptide at m/z 2307.61, which has a cysteine in the

Sequence. Thus, it is tempting to speculate that the thiol group of this cysteine underwent

a thiol-shuffling reaction with 2 and became biotin-tagged through a disulfide bond,

Which was cleaved during the elution step to release the peptide. In addition, similar to

What was observed in studies with the model peptide, 2-modified peptides showed a 301

Pa mass reduction after elution from avidin beads, due to cleavage of disulfide bond in

**oss-linker 2 during the reductive elution.

The cross-linking, affinity separation and mass spectrometric analysis results for 1

*oss-linked GGH-ecotin D137Y are similar to the results observed in 2 cross-linked
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GGH-ecotin D137Y. Except for four normal tryptic, unmodified peptides, all abundant º

peptides after avidin-biotin affinity separation are cross-linker containing peptides (Fig. º
~

3.8 A, 3.8 B and Table 3.2). Affinity separation not only greatly simplified the analytes, s
but increased detection sensitivity of cross-linked peptides. As an example, the cross- sº

linked species at m/z 3044.63 was not observed in the crude GGH-ecotin D137Y Lys-C

digestion mixture after cross-linked with 1 (Fig. 3.8 A), but this cross-linked peptide was

readily detected after affinity separation (Fig. 3.8 B).

The cross-linked species, corresponding to the intermolecular cross-link between

the O-amino group of the protein N-terminus, i.e. Gly(-3), and the e-amino group of
*-

Lys135, was observed at m/z 3044.43 in 1 cross-linked protein digest (Table 3.2) and at º:
m/z 2906.81 in 2 cross-linked protein digest (Table 3.1). Low-energy CID mass spectra ºr■ . |
of both cross-linked peptides illustrate high similarity in fragmentation pattern as well as º º %

sequence ion mass values (Fig. 3.9), except a mass shift of 138 Da in three cross-linker Yº º

containing fragment ions, i.e. 737.65” – 691.72", 919.00° – 849.99", 1006.00"— -- º
937.07%", which is consistent with the mass difference between the two cross-linkers after º: º

the reduction reaction. **2.
º º

%,
Isotope-coded and affinity-tagged cross-linking (ICATXL) strategy. Our cross

linking results on GGH-ecotin D137) using novel homofunctional amine-reactive cross- sº
linker 1 and 2 show that the affinity tag incorporation into cross-linkers can reduce the

°mplexity of the analytes and optimize the detection of low abundant cross-linked

species by Specific enrichment of species modified with the affinity tag. However, during

the °ross-linking reactions, hydrolysis of the second reactive functionality is a dominant
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Fig 3.10. Isotope-coded and affinity-tagged cross-linking (ICATXL) strategy allows

*Pid differentiation of cross-linked peptides from surface-modified peptides (also

referred as single-ended cross-links).
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Table 3.3. Affinity-separated peptides observed in Fig. 3.11.

[M+H]" [M+H]" (%) Residues Assignment

934.33* 934.41 22 K94, l mod. 93–95

1771.77+ 1771.30 100 G(–3), 1 mod. (-3)-9
Yº.--------

1811.86+ 1811.86 38 K135, 1 mod. 132-142 º
- ****

1352.81* 1852.86 10 K18, 1 m od. 10–21 **** º
--------- -z

*
2544.32* 2544.27 5 K135, 1 m od. 127-142 ºscº -

ºzºa º
sº

2554.43 2554.21 3 K95, 1 mod. 95-112 ºrº--

º
2575,37 2575. 16 7 K91-K94 77-92, 93-95 *… *---

--- º - 79.
2751.25* 2751.31 40 G(-3)-K9 (-3)-18 ;..." º

º

2769.33 2769.32 8 K9, 1 m od. (-3)-18 cºs
...? º

3044,43* 3044.48 13 G(-3)-K135 (-3)-9, 132-142 o

3289.46 3289.48 2 G(-3), K9, 1 mod. (-3)-18 ºS
- -

-
* Identity of the peptides were confirmed by LC-ESI tandem mass spectrometry. c
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Fig. 3.12. Crystal structure of wild type ecotin homodimer (PDB 1BCZ). The cross-linked 3
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side reaction, generating surface-modified peptides (i.e. single-ended cross-links). Rapid

differentiation of cross-linked peptides from surface-modified peptides would thus be

advantageous. Therefore, I developed a novel strategy termed ICATXL (isotope-coded

and affinity-tagged cross-linking) that relies on the use of affinity-tagged cross-linkers

and isotope-coding on the surface-labeled species (Fig. 3.10). This strategy should permit

sensitive isolation and rapid differentiation of productive cross-links from nonproductive,

single-ended cross-linked species.

The strategy is shown schematically in Fig. 3.10. GGH-ecotin D137Y dimer was

cross-linked with 1 in H2O" and H2O" buffer, separately. Hydrolysis of one NHS ester

group of 1 in each buffer thus resulted in O" or O'” incorporation into the single-ended

cross-links. In contrast, oxygen is not incorporated into cross-linked or unmodified

protein residues. Protein samples cross-linked in H2O" and H2O" were then combined,

dialyzed and proteolyzed. Cross-linked peptides and single-ended cross-links were

purified and enriched through immobilized monomeric avidin purification. Since peptides

from single-ended cross-links were derived equally from O" and O'” incorporation, they

appeared as characteristic “doublets” in the mass spectra. Hence, further structural

analysis could be drastically simplified by the fact that these single-ended cross-links

were readily distinguished from cross-linked peptides by their unique isotopic pattern.

As shown in Fig. 3.11 A, the Lys-C digestion mixture of 1 cross-linked GGH

ecotin D137Y dimer contain unmodified proteolytic peptides, surface-modified peptides

and cross-linked peptides. After affinity separation (Fig. 3.11 B), cross-linked peptides

are no longer hidden by the more abundant unmodified peptides and are thus detected

with higher sensitivity. For example, the cross-linked species at m/z 3044.43 is readily
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discernable after affinity purification. Nearly all the abundant peptides after monomeric

avidin purification contain the biotin moiety from 1 (Table 3.3). Peptides from single

ended cross-links are characterized by a unique 2 Da Amass “doublet” isotope pattern,

e.g. peptides at m/z 1771.77, 1811.83 etc (Fig. 3.11 B). In contrast, cross-linked peptides

have a normal isotope pattern, e.g. peptides at m/z 2751.25, 3044.43 etc (Fig. 3.11 B).

The cross-linked species at m/z 3044,43 consists of an intermonomer cross-link between

N-terminus Gly(-3) in chain A and Lys135 in chain B (Fig. 3.12). The sequence of these

two cross-linked peptides and the identity of the cross-linked residues were conclusively

established by tandem mass spectrometry (Fig. 3.9 A). The assignment of the cross-linked

residues is in good agreement with that of another cross-linking study on GGH-ecotin

D137Y using GGH-Ni(II) oxo-complex cross-linking strategy (149) as well as the crystal

structure of wild type ecotin (Fig. 3.12).

Use of O" and O'” for isotope coding is amenable to introduction of a liquid

chromatography separation step since isotopes of oxygen do not affect retention time as

do those of hydrogen (174, 175). As an example, some C-terminal fragment ions, i.e. ya

to yio, of the peptide with a m/z value of 1852.81 display characteristic “doublet” isotope

pattern (Fig. 3.13). From the fragments’ unique isotope pattern of 1-modified Leu10

Lys21 peptide, the modification site can be easily determined as Lys15 (Fig. 3.13). This

isotope-coding strategy can therefore be of general use for study of more complex protein

assemblies when more separation steps may be desirable. In conclusion, our study has

shown that identification of cross-linked peptides can be greatly facilitated by combining

affinity-tagged cross-linkers and isotope incorporation during the cross-linking reactions.
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Chapter 4

Defining the GRP94 Dimeric Interface: Tandem Mass Spectrometric

Characterization of Covalently Cross-linked GRP94

Reveals Intermonomeric Domain Interaction Sites

Introduction

The Hsp90 family of molecular chaperones are highly conserved and ubiquitously

expressed in all protein folding compartments of eukaryotic cells (176-178). Hsp90

function is essential in regulating the activity, turnover, and trafficking of a large number

of proteins involved in signal transduction, cell cycle control, and steroid hormone

responses (179-184). Although the precise chaperone function varies with the nature of

its substrates, Hsp90, as part of a dynamic chaperone complex, is thought to either

stabilize its (structurally metastable) client proteins and thereby prevent their proteasome

mediated degradation, and/or maintain its client proteins in conformational states suitable

for subsequent activation (180-182). GRP94, also known as gp96 or endoplasmin, is the

ER paralog of Hsp90 and is found only in higher eukaryotes. Analogous to its cytosolic

counterpart Hsp90, GRP94 is essential for the proper assembly and maturation of

numerous client proteins, including Toll-like receptors, a subset of integrins, and

immunoglobulins (185-189). At present, biochemical insights into the molecular basis for
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client protein recognition and regulation of the interaction between GRP94 and its client

proteins are limited.

Hsp90 and GRP94 are highly homologous and share an identical domain

organization, consisting of an N-terminal domain, a middle domain and a C-terminal

dimerization domain, through which the homodimeric quaternary structure of Hsp90

family proteins is established (190, 191). Although the high-resolution, atomic structure

of full length Hsp90 family proteins remains elusive, the structures for individual

domains of Hsp90 have been determined (192-196). Biochemical, crystallographic and

genetic studies have established that the function of Hsp90 is regulated by its ATP

binding and hydrolysis cycle (197-199). The N-terminal domain of Hsp90 constitutes the

binding site for adenosine nucleotides and their macrolide antibiotic mimetics,

geldanamycin and radicicol (193, 196, 200, 201). However, the N-terminal domain alone

does not possess detectable ATPase activity, and the N-terminal domain crystal structures

of Hsp90 alone or in complex with ATP, ADP, geldanamycin or radicicol are essentially

superimposible (198, 202, 203), indicating that the recruitment of key catalytic elements

from other domains or an extensive conformational change around the ATP binding site,

is necessary to enable ATP hydrolysis. Regarding the former, biochemical and structural

studies have identified the middle domain as the primary binding site of Ahal (204-206),

an ATPase activating co-chaperone of Hsp90, and crystallographic data demonstrate that

Ahal binding elicits a conformational rearrangement sufficient to reposition a catalytic

residue in the middle domain in physical proximity to the y-phosphate of ATP.

The domain organization and the N-terminal domain structure of Hsp90 identify it

as a member of the GHKL family, which includes DNA gyrase B, histidine kinases, and
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MutL (207). Biochemical studies on Hsp90, analogous to those performed on GyrB and

Mutl, suggest that the client protein binding cycle of Hsp90 chaperones utilizes a

“molecular clamp” conformational intermediate. In this model, ATP binding to the N

terminal domain elicits a transient, intermonomeric N-terminal dimerization reaction and

it is this conformational state that favors client protein binding (208, 209). The structure

of the GRP94 N-terminal domain closely resembles that of Hsp90 N-terminal domain

(210). However, mammalian GRP94s bear a highly conserved 5-amino acid insertion, not

present in plant GRP94 nor Hsp90, which confers a substantially different ligand binding

selectivity to the GRP94 N-terminal ATP/ADP binding site (210, 211). Biochemical

studies have demonstrated that apo-GRP94 undergoes a spontaneous, time and

temperature-dependent tertiary conformational change yielding enhanced in vitro

capacity to suppress client protein aggregation; adenosine nucleotides suppress this

conformational activation, implying additional roles for ATP binding in the regulation of

GRP94 function (212). Interestingly, and in marked contrast to Hsp90, structures of the

GRP94 N-terminal domain in complex with ATP and ADP revealed a dramatic

displacement of helices 1, 4 and 5, exposing a non-polar surface which can participate in

a unique N-terminal domain dimerization reaction (213). Thus, whereas Hsp90 N

terminal domain structures alone or in complex with ATP, ADP or geldanamycin are

essentially identical, the GRP94 N-terminal domain in complex with ATP or ADP

assumes a substantially different conformation than that displayed by the N

ethylcarboxamidoadenosine (NECA)- or radicicol-bound forms (38). Whether this newly

discovered ATP-dependent GRP94 N-terminal dimerization interaction serves to confer
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the “molecular clamp” conformation, functioning in Hsp90-client protein interactions,

remains to be determined.

I probed the dimeric interface of GRP94 using disuccinimidyl suberate (DSS), a

homobifunctional N-hydroxysuccinimide (NHS) ester cross-linking reagent. Six

intermonomeric cross-linked peptides were detected and the cross-linked residues were

identified unambiguously by tandem mass spectrometry. Two of the cross-links localize

in the C-terminal dimerization domain of the protein. Four of the intermonomeric cross

links indicate a trans-proximity of N-terminal and middle domains from different

monomers in at least a subgroup of the GRP94 protein population, providing novel

insights regarding the domain organization of GRP94 and suggesting additional modes of

domain-domain interactions for the Hsp90 family of molecular chaperones.

Experimental Procedures

Materials. DSS was purchased from Pierce (Rockford, IL) and modified trypsin was

obtained from Promega (Madison, WI). GRP94 was purified from freshly isolated

porcine pancreas as previously described (211). Briefly, porcine pancreas rough

microsomes (RM) were detergent permeabilized by addition of 10 mM CHAPS (3-[(3-

cholamidopropyl)-dimethylammonio]-1-propane sulfonate) and the detergent-treated RM

Suspension was centrifuged to yield a pellet fraction, containing endoplasmic reticulum

membrane proteins, and a supernatant fraction, containing ER lumenal proteins. GRP94

was purified from the lumenal protein fraction by anion exchange (SourceQ,

GE/Amersham Life Sciences, Piscataway, NJ) and gel filtration (Superdex 200,
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GE/Amersham Life Sciences, Piscataway, NJ) chromatography. The GRP94-containing

fractions in the gel filtration step were pooled and concentrated by centrifugal

ultrafiltration (Centricon-30; Amicon, Beverly, MA). Protein purity was routinely - 95%,

as determined by Coomassie-Blue stained SDS-PAGE analysis.

Cross-linking reactions and in-gel tryptic digestion. Stock solutions of the cross

linking agent were prepared fresh at a concentration of 25 mM in DMSO. GRP94 (~150

pmol for each reaction, at 5 puM in 20 mM sodium phosphate buffer (pH = 7.8)) was

incubated with a 20-fold molar excess of DSS in each cross-linking reaction. The

reactions were carried out for 0.5 hour at room temperature, quenched with 1.5 pil 0.8 M

ammonium hydroxide and incubated at room temperature for an additional 15 minutes.

The reaction mixtures were then concentrated under vacuum, mixed with sample buffer

(0.24 M Tris, 8% SDS, 2.88 M 3-mercapto-ethanol, 40% glycerol and 0.4% bromophenol

blue), boiled for 5 minutes and loaded onto 4-15% SDS-PAGE mini-gels (Bio-Rad).

Protein bands were visualized with Coomassie brilliant blue. In-gel digestion on

monomer and dimer bands was performed utilizing a procedure described at

http://donatello.ucsf.edu/ingel.html. Typically, 7 pil (50 ng/ul) modified trypsin was used

for each gel band, and digestions were carried out at 37 °C for 4 hours. Peptides were

extracted from gel pieces with 30 pul 50% acetonitrile/2% formic acid and the

acetonitrile/formic acid extract was evaporatively reduced to 20 pul before mass

spectrometric analysis.
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On-line capillary LC-MS and LC-MS-MS analysis of cross-linked peptides. A 1 pil

aliquot of the digestion mixture was injected into an UltiMate capillary LC system via a

FAMOS Autosampler (LC Packings, Sunnyvale, CA), and separated by a 75 pum x 15 cm

C18 reverse-phase capillary column at a flow rate of ~300nl/min. The HPLC eluent was

connected directly to the micro-ion electrospray source of a QSTAR Pulsar QqTOF mass

spectrometer (Applied Biosystem/MDS Sciex, Foster City, CA). Typical performance

characteristics were > 8000 resolution with 30 ppm mass measurement accuracy in both

MS and CID modes. LC-MS data was acquired using the Analyst QS software (Applied

Biosystems, Foster City, CA). The centroided LC-MS data was then deisotoped and

reconstructed to generate the peptide list for each LC-MS run. The lists of tryptic

peptides extracted from the covalently linked GRP94 dimer band and the DSS-treated

GRP94 monomer band were thoroughly compared to identify the peptides that were

uniquely present in the digest of the cross-linked dimer species (Fig. 4.1). For those

peptides unique recovered in the digest of the GRP94 cross-linked dimer, all possible

cross-linking combinations were predicted by MS-Bridge, a program in the UCSF

ProteinProspector package (http://prospector.ucsf.edu).

Results

Cross-linking of GRP94 and differential LC-MS analysis. The cross-linking and mass

spectrometric analysis strategy employed to map the GRP94 dimeric interface is

schematically illustrated in Fig. 2.5. The non-covalent homodimeric nature of native

GRP94 requires that monomer/dimer fractionation steps be carried out prior to the
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structural analysis, so that intermonomeric and intramonomeric cross-linked species can

be distinguished from the sequences of the cross-linked peptide moieties. To achieve this

goal, the cross-linking reaction products were separated by SDS-PAGE. Digestion of the

well-resolved dimer and monomer bands were carried out and then analyzed by liquid

chromatography mass spectrometry (LC-MS) (Fig. 2.5). Using this approach,

intramonomeric cross-linking products, expected to be present in both the monomer and

cross-linked dimer products, could be distinguished from intermonomeric cross-linking

products, which would be solely present in the cross-linked dimer band, by subtractive

LC-MS.

Nearest-neighbor subunit interactions were probed with DSS, an amine-reactive,

NHS ester cross-linking reagent, which reacts with protein N-terminus o-amino and

lysine e-amino groups. In addition to the desired intermonomeric cross-linking reactions

at the subunit-subunit protein interaction surfaces, DSS is expected to also cross-link

lysine residues within one monomer, to give intramonomeric cross-links as well as

modify surface residues (with the second reactive functionality being hydrolyzed -

referred to as single-ended cross-links). These side-reactions, i.e. surface modifications,

slightly reduced the mobility of the monomeric fraction of the protein in reductive,

denaturing gel electrophoresis (Fig. 4.1 A, lane 2). Under the reaction conditions

employed in our studies, the covalently linked dimer band was the sole higher molecular

weight cross-linked form observed. In addition, studies performed at two-fold lower or

higher GRP94 concentrations, at an identical cross-linker/GRP94 ratio, yielded the

primary cross-linked oligomer form (data not shown), indicating that the reaction was
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specifically confined to the GRP94 homodimer and did not arise via intermolecular cross

linking between the GRP94 homodimer and did not arise via intermolecular cross-linking

between different GRP94 dimeric subunits, e.g. a tetrameric species.

Identification of the cross-links around the C-terminal dimerization domain. To

facilitate the detection of low stoichiometry cross-linked peptides and to increase the

confidence in the identification of intermonomeric cross-linked species, we employed on

line capillary HPLC with nano-electrospray ionization (ESI) mass spectrometry for

analysis of the tryptic digests. The total ion chromatograms (TIC) of the tryptic peptide

mixtures from the cross-linked dimer (Fig. 4.1 B) and the monomer (Fig. 4.1 C)

resembled each other, yet a closer comparison of the peptide elution profiles revealed a

subset of peptides unique to the covalently-linked dimer digest. Although the absolute

retention times for peptides in these two LC runs varied slightly, the relative retention

time of a peptide can be well defined by other peptides that co-elute with it. For example,

664.34" co-eluted with peptides giving signals at 505.25", 516.23°, 541.26°, 638.30°

and 757.37" in the dimer digest (inset of Fig. 4.1 B). However, in the monomer digest

664.34" was absent, even though the other peptides all eluted at the same relative

retention time, indicating that peptide 664.34" was unique to the cross-linked dimer

digest (inset of Fig. 4.1 C). Within the mass window of + 30 ppm, MS-Bridge was

employed to identify six possible cross-links that could give rise to this species. Sequence

information on these species was thus necessary to unambiguously identify the actual

cross-linked peptides.
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The identities of the two cross-linked peptide moieties comprising 664.34" were

conclusively assigned by their continuous C-terminal fragment ion ladders (Fig. 4.2). The

masses of the C-terminal sequence ions (y1, to yo) of Lyss47-Arg557 moiety matched

the anticipated values of the unmodified peptide, suggesting that the e-amino group of

Lyss47 is the cross-linked site. Similarly, the masses of the C-terminal sequence ions (y1

to yº) of Ile661-Lys671 moiety were observed at the anticipated values, establishing that

all residues at the C-terminal of Lys663 were unmodified. Meanwhile, the mass of the

first N-terminal sequence ion (i.e. b3) from the same peptide moiety revealed that the first

two N-terminal residues of this peptides were unmodified. Therefore, Lys663 could be

unambiguously assigned as the cross-linked site. The results from tandem mass

spectrometry and differential LC-MS analysis established that the e-amino groups of

Lys663 and Lyss47 were cross-linked in an intermonomeric manner at the homodimeric

interface in GRP94.

Low-energy CID tandem mass spectrum of another intermonomer cross-linked

species, observed with an m/z of 512.77", is shown in Fig. 4.3. The masses of C-terminal

sequence ions of the Gluó29-Lys633 peptide moiety, i.e. yi, to ya!, indicate that Lys630 is

the cross-linked residue. Meanwhile, masses of C-terminal sequence ions of the Lyss47

R557 peptide moiety, i.e. yi to yg, indicate that Lyss47 is the cross-linked residue. This

assignment is further confirmed by the mass of an N-terminal fragment ion of the

Lyss47-R557 peptide moiety B2, which contains the masses of cross-linking bridge and

the Glué29-Lys633 peptide moiety and appears as a singly charged ion at m/z 1027.65

and a doubly charged ion at m/z 514.28%". In addition to the cleavage of peptide amide

bonds, new amide bonds formed via cross-linking reactions are also susceptible to
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fragmentation in the collision cell, and this fragmentation process accounts for the

formation of a fragment ion at m/z 770.45. The fragment ion at m/z 853.51, i.e. the same

fragment at m/z 51428", is analogous to a substituted form of the normal immonium ion

of lysine at m/z 84, but with the free amine cross-linked by DSS to the Glu529-Lys633

peptide moiety. Therefore, another intermonomer cross-link can be unambiguously

established between the e-amino groups of Lys630 and Lyss47.

The position of the three residues involved in these two cross-links would be

expected, and are consistent with existing biophysical and crystallographic data (195,

214). Both Lys630 and Lys663 reside in the C-terminal dimerization domain, with

Lys663 being mapped on the C-terminal domain helix 2 of E. coli Hsp90 homologue,

high-temperature protein G (HtpG), whose location is within the proposed jaws of the

HtpG homodimer (195). Lys347 can be mapped onto helix 7 of the yeast hsp90 middle

domain structure, adjacent to the C-terminus of the middle domain (194). These data

indicate that regions of GRP94 near the N-termini of the dimerization domain reside in

close intermolecular proximity to regions near the C-terminus of the middle domain, as

previously suggested by bacterial two-hybrid system studies (215). On a broader level,

the data presented above make clear that differential LC-MS analysis used in conjunction

with tandem mass spectrometry provides a robust and reliable approach to identify

intermonomeric cross-linked species for protein complexes that contain multiple copies

of the same polypeptide chains.

Identification of the cross-links involving the N-terminal and middle domains. In

addition to the two pairs of cross-links around the C-terminal dimerization domain, we
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observed four distinct intermonomeric cross-links that involved residues from both the N

terminal and the middle domain (Table 4.1). As example, the extract ion chromatogram

(XIC) for a signal at m/z 549.09" from the dimer digest clearly identified a peak at

~27.8 minutes (Fig. 4.4 A), and mass spectrum of the peptides eluted at this time point

showed that 549.09" co-eluted with peptides giving signals at 509,27", 763.38” and

897.93% (inset of Fig. 44 A). In contrast, the extraction chromatogram for 549.09" from

the monomer digest failed to indicate any substantial signal (Fig. 4.4 B). In addition, mass

spectra of the peptides eluted at the same relative retention time further revealed that

549.09" was absent in the monomer digest even though the other peptides all eluted at

the same relative retention time (inset Fig. 4.4B).

Interpretation of the low-energy CID spectrum (Fig. 4.5) obtained for this

component revealed that it was composed of two cross-linked peptide moieties, Leu456

Arg461 in the middle domain and Glu157-Lys168 in the N-terminal domain. The masses

of the C-terminal sequence ion series of Glu157-Lys168 moiety up to Lys161, i.e. yi to

yì, as well as the masses of the N-terminal sequence ion series up to Lys161, i.e. b3 to b4,

appeared unmodified. Thus, Lys161 could be assigned conclusively as the cross-linked

site. Similarly, Lys458 could be assigned as the other cross-linked site. In addition,

cleavage of newly formed amide bonds via cross-linking reactions accounts for the

formation of a fragment ion at m/z 879.64. The fragment ions at m/z 962.71 and

481.85", corresponded to the immonium ion of lysine at m/z 84 with the e-amino group

cross-linked by DSS to the Leu456-Arg461 moiety. Therefore, an intermonomeric cross

link between the e-amino groups of Lys458 and Lys161 could be unambiguously

established.
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Table 4.1. Intermonomeric cross-linked species in GRP94 dimer digest identified by

differential LC-MS and MSMS analysis.

Exp. Cross-linked Peptide
m/z A (ppm) Residues Sequences

664.3417" 6.3 K663 – K547 I661 – K671
(K594 – K480) * K547 – R557

512.7652* 2.7 K630 – K547 D629 – K633
(Q561 – K480)* K547 – R557

432.5076* -0.9 K462 – K161 K462 – K463
(K394 – N91)* E157 – K168

549,0895* –0.3 K458 – K161 L456 – R461
(K390 – N91)* E157 – K168

584.7225* -1.0 K455 – K114 E449 – K458
(K387 – K44) * E103 – K116

606.6124" 11 K458 – K114 L456 – R461
(K390–K44) * E103 – K116

"The cross-linked residues in the GRP94 dimeric complex were mapped back onto
the corresponding yeast Hsp90 as indicated in the parentheses.
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The low-energy CID spectrum of another cross-linked species at m/z 432.51" can

be interpreted in a similar fashion (Fig. 4.6). The reasonable coverage of the C-terminal

and the N-terminal sequence ions indicated that it was derived from an intermonomeric

cross-link between the e-amino groups of Lys462 and Lys161. The fragment ions at m/z

655.39 and 754.53 corresponded to internal fragment ions of the Glu157-Lys168 peptide

moiety but with the e-amino group of Lys161 cross-linked to the Lys462-Lys-63 peptide

moiety. Although Lys-Lys sequence of the cross-linked Lys462-Lys463 peptide moiety is

not a unique sequence in GRP94, other Lys-Lys sequences do not contain a tryptic

cleavage site preceding the first Lys residue. Therefore, it is a unique sequence,

originated from a normal tryptic cleavage. Given the abundance of this cross-linked

species, the cross-linked peptide moiety thus can be assigned as Lys462-Lys463 and the

cross-linked site can be assigned as Lys462.

Interpretation of the low-energy CID spectrum of a cross-linked species at m/z

584.72” revealed that the cross-link involved the e-amino groups of Lys455 and Lys 114

(Fig. 4.7). Because the cross-linked sites localize close to the C-termini of both cross

linked peptide moieties, the informative C-terminal sequence ions are relatively sparse.

However, a series of fragment ladders at m/z 637.42, 752.50, 865.56, 936.59, 1051.67

and 1138.66 provide valuable information concerning the sequence of the cross-linked

Glu103-Arg116 peptide moiety. Besides the normal C-terminal sequence ions of Glu103

Arg116 moiety, these fragment ions contained additional cross-linker bridge and the

immonium fraction of Lys455.
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The low-energy CID spectrum of another cross-linked species at m/z 606.61"

indicated that Lys458 and Lys114 were the cross-linked residues (Fig. 4.8). The masses

of C-terminal fragment ions beyond Lys114 of the Glu103-Arg116 peptide moiety, i.e.

Y3 to Y11, contained the mass values anticipated for Glu-456-Arg461 moiety and the

cross-linker bridge, thus evidencing that Lys114 was the cross-linked site. The masses of

the C-terminal fragment ions of the Leu456-Arg461 peptide moiety remained unmodified

before Lys458, i.e. yi to y?', thus Lys458 can be assigned as the cross-linked residue.

A close inspection on the positioning of cross-linked residues elucidates two

clusters on the N-terminal and middle domain of Hsp90 family chaperones (Fig. 4.9).

Lys114 and Lys161 cluster around the adenosine nucleotide binding pocket of GRP94 N

terminal domain (Fig. 4.9 A); while Lys455, Lys458 and Lys462, corresponding to

Lys387, Lys390 and Lys394 respectively in yeast Hsp90, cluster at the beginning of

elongated helix 2 of the middle domain (Fig. 4.9 B).

Cross-linking reactions in the presence of adenosine nucleotide and its macrolide

antibiotic mimetics. The N-terminal domains of Hsp90 family chaperones constitute the

binding site for adenosine nucleotides and their macrolide antibiotic mimetics,

geldanamycin and radicicol (193, 196, 200, 201). Biochemical studies on Hsp90 suggest

that the client protein binding cycle of Hsp90 chaperones utilizes a “molecular clamp”

conformational intermediate. In this model, ATP binding to the N-terminal domain elicits

a transient, intermonomeric N-terminal dimerization reaction and it is this conformational

state that favors client protein binding (208, 209). However, this intermonomeric N

terminal dimerization reaction is inhibited when the ATP-binding pocket is occupied by
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geldanamycin and radicicol, halting the progression of Hsp90 chaperone ATP hydrolysis

and functional cycles. As described above, cross-links involving the N-terminal and

middle domain of GRP94, have been established in this study suggesting a trans

proximity of these two domains. Thus, it would be interesting to know what the

relationship is between this compacted, intertwining conformation and the N-terminal

dimerization proposed by “molecular clamp” model. More specific for our cross-linking

experiment scope, will the presence of ATP enhance the cross-links between the N

terminal and middle domain, and will the presence of ATP antibiotic mimetics diminish

the cross-links between the N-terminal and middle domain?

GRP94 protein was incubated with ATP/Mg” or its antibiotic mimetics to form

the protein-ligand complexes, which were cross-linked with DSS under similar

conditions for previous experiments. The cross-linking reactions were monitored by the

formation of covalently linked dimer bands on SDS-PAGE gel (Fig. 4.10). It seemed that

the yield of cross-linking reactions were not substantially influenced by the presence of

either ATP/Mg” (Fig. 4.10; lane 2), geldanamycin (Fig. 4.10; lane 5), radicicol (Fig.4.10;

lane 6). The amount of DMSO that was used to dissolve radicicol and geldanamycin did

not affect the cross-linking reaction (Fig. 4.10; lane 4). The lack of changes in cross

linking yield in the presence of ligands can be attributed to two possible reasons. First

possibility comes from the fact that the dominant cross-linked species localize around the

C-terminal dimerization domain, through which the homodimeric quaternary structure of

GRP94 is established. Thus, any changes in N-terminal and middle domain cross-links

will not be visible due to the high abundance of C-terminal cross-linking. The second

possibility is that ligands do influence the compact conformation substantially and would
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Lane # 1 2 3 4 5 6

GRP94 + + + + + +

DSS
-

+ + + + +

nucleotide — ATP – DMSO RA GD

Fig. 4.10. The cross-linking reactions of GRP94 with DSS are not affected by the binding
of ATP/Mg", radicicol (RA) or geldanamycin (GD). A control reaction with the same
amount of DMSO (i.e. dimethyl sulfoxide), an organic solvent used to dissolve radicicol
or geldanamycin, was also run to show that it does not affect the reaction (lane 4).
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be sufficient to be detected by our cross-linking experiments. These two possibilities are

essentially indistinguishable at the protein level, thus I analyzed each cross-linking

experiment at the peptide level using the same differential LC-MS strategy employed to

identify the previous six intermonomeric cross-links on GRP94 homodimer.

Interestingly, neither the position of cross-linked residues nor the abundance of

the cross-linked species in the ligand-bound protein was significantly different from those

of the native apo-GRP94 protein. Take the intermonomeric cross-linked species at m/z

549.09" as example, the extract ion chromatogram (XIC) for this signal from the

covalently linked dimer digests of cross-linked, apo-GRP94 (Fig. 4.11 A) or ATP-bound

GRP94 (Fig. 4.11 B) clearly identify a peak at ~27.8 minutes. Mass spectra of the

peptides eluted at this time point showed that this N-terminal and middle domain cross

linked species existed at similar abundance in proteins with or without ATP (inset of Fig.

4.11 A and B). The same similar abundance was observed for other intermonomeric

cross-links. Thus, the binding of ATP does not increase intermonomeric cross-links

between the N-terminal and middle domain.

Similarly, the intermonomeric cross-linked species at m/z 549.09" existed in the

dimer digest of cross-linked, radicicol- or geldanamycin-bound GRP94 as well (Fig. 4.12

B and C). The abundance of this cross-linked species was similar in antibiotics-bound

proteins compared to the control experiment (Fig. 4.12 A) with only a small amount of

DMSO used to dissolve antibiotics. Therefore, the binding of geldanamycin or radicicol

does not decrease intermonomeric cross-links between the N-terminal and middle

domain.
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Discussion

We have characterized several intermonomeric, covalently cross-linked species

that define the homodimeric interface of GRP94, using differential nano-flow rate LC

MS and tandem mass spectrometry. The cross-linked residues we observed delineate two

distinct interaction sites on the native GRP94 homodimer, suggesting a conformation

with two closely interacting monomers, which is sampled by the protein even in the

absence of adenosine nucleotides. In addition, the intermonomeric trans-proximity of the

N-terminal domain and the middle domain from different GRP94 monomers suggests a

structural basis for the previously reported phenomenon of negative cooperativity in

adenosine ligand (N-ethylcarboxamido adenosine, NECA) binding to GRP94 (211, 216,

217).

An intertwining GRP94 conformation in the absence of adenosine nucleotides. Due

to its inherent conformational flexibility, high-resolution structures of full-length Hsp90

chaperone proteins remain elusive. Nevertheless, crystal structures of each individual

domain of Hsp90 family members have been reported (192-196). Of particular relevance

to the present study, the molecular envelope of the full-length HtpG dimer displayed a

parallel arrangement of two monomers intimately wrapped around the C-terminal

domains, with C-terminal helix 2 protruding into the cleft of the dimer (195). The

positioning of two GRP94 cross-linked pairs around the C-terminal domain is consistent

with this structure, further validating our approach to the identification of intermonomeric

Cross-links (Fig. 4.13; pink lines). The remaining four GRP94 intermonomeric cross-links

involve the N-terminal domain and the middle domain and are also contributed from
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different polypeptide chains (Fig. 4.13; purple lines). These cross-links suggest a

quaternary conformation distinct from that seen with full-length HtpG dimer, as revealed

by the low-resolution density map, which distally projects the middle and the N-terminal

domain of each monomer from the intertwined C-terminal dimerization domains.

Furthermore, since no ATP was added during purification of the protein and GRP94 has a

low affinity and a high off-rate for ATP and ADP, the closed conformation of GRP94

depicted can not be attributed to ATP-induced N-terminal domain dimerization, as

suggested by the “molecular clamp” model (208,209). To further define the nature of this

conformational state, we extended our cross-linking study to GRP94 in complex with

geldanamycin, radicicol or ATP/Mg". Interestingly, neither the dimer cross-linking

yield, the position of cross-linked residues nor the abundance of the cross-linked species

in the ligand-bound protein was significantly different from those of the native apo

GRP94 protein (Fig. 4.11 and 4.12). Therefore, this cluster of cross-links defines a

conformation that is energetically accessible and substantially sampled by native GRP94.

Furthermore, although biophysical data demonstrate that binding of ATP, ADP or

radicicol to GRP94 suppresses a spontaneous and irreversible tertiary conformational

change of GRP94, our results indicate that these ligands do not alter the intrinsic

conformational motion of the protein necessary for the detection of this highly compact,

closed conformation.

Implications of the close, intertwining conformation on ligand binding to GRP94.

We have established that four of the intermonomeric cross-linked species involve two

residues, Lys161 and Lys114, on the GRP94 N-terminal domain and three residues,

º

º
º

;

117





Top View

Fig. 4.13. The positioning of intermonomeric cross-links in the molecular envelop of full
length HtpG dimer (A, B) suggests an alternative compact, intertwined conformation
sampled by GRP94 (C). Two monomers (in green and blue) need to come to close
proximity to allow the observed intermonomeric cross-links as indicated by orange
arrows. The residue numbers of yeast Hsp90, corresponding to the cross-linked residues
observed in GRP94, are labeled with their approximate positions indicated as circles.
Cross-links are represented as sticks, either in light purple (C-terminal dimerization
domain cross-links) or in purple (N-terminal and middle domain cross-links). Figure
reprinted from (195), with permission from Elsevier.
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Lys462, Lys458 and Lys455, on the GRP94 middle domain (Fig. 4.9). Lys161 and

Lys114 situate around the ATP-binding pocket whereas Lys462, Lys458 and Lys455,

corresponding to Lys394, Lys390 and Lys387 respectively in yeast Hsp90, cluster at the

beginning of elongated helix 2 of the middle domain. This domain has been proposed to

function as a catalytic loop and was initially identified, through structural alignment of

the Hsp90 N-terminal and middle domains with those of DNA gyrase and MutD, as being

topologically equivalent to the prerequisite elements for ATPase activation in both GyrB

and MutL (194). In support of a functional role for N-terminal and middle domain

interactions, yeast Hsp90 Arg380Ala and Gln284Ala mutants are not viable in vivo, and

display compromised Hsp90 ATPase activity in vitro (194). In addition, the structure of

the Hsp90-Ahal core interacting regions, i.e. Ahal N-terminal domain and Hsp90 middle

domain complex, revealed an Ahal interaction-dependent conformational switch in the

loop which substantially promoted Hsp90 ATPase activity (206). These data make clear

the significant role of N-terminal/middle domain interactions in the regulation of Hsp90

adenosine nucleotide interactions. Remarkably, the residues that were cross-linked to the

GRP94-equivalent middle domain loop derive from the ATP-binding pocket on the

GRP94 N-terminal domain, illustrating a trans-proximity of this loop toward the GRP94

ATP-binding site. By analogy with Hsp90, it can thus be presumed that the proximal

positioning of the two domains serves in the regulation of GRP94 ATPase activity.

However, GRP94 displays a very modest ATPase activity and ER paralogs for the

plethora of co-chaperones and accessory factors known to regulate Hsp90 ATPase

activity have not been identified (Rosser, Baker, Mason and Nicchitta, unpublished

observations). In addition, and as previously noted, the GRP94 N-terminal domain,
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unlike the Hsp90 N-terminal domain, assumes a markedly different conformation in the

ATP- or ADP-bound state (213). For these reasons, it is appropriate to consider

alternative functions for GRP94 intermonomeric N-terminal domain/middle domain

interactions. Foremost in consideration is the established negative cooperativity of

adenosine ligand binding to GRP94 (211, 217). Though GRP94 is an obligate

homodimer, equilibrium binding studies demonstrated that GRP94 binds one mole of the

N-terminal domain ligand NECA per mole of dimer (211, 217). The structural basis for

such negative cooperativity remains to be determined; it is thus intriguing to consider that

the intermonomeric proximal interactions described in the current study function to

restrict adenosine ligand binding to a single N-terminal domain of the GPR84 dimer. In

this view, the N-terminal and middle domains of GRP94 would participate in three

dimensional domain swapping, a phenomenon known to contribute to subunit

oligomerization and negative cooperativity (218, 219).

The compact, intertwined conformation of GRP94 detected in our cross-linking

studies may, in addition, provide a mechanistic model for the regulation of ATP Y

phosphate solvent exposure and the assembly of the catalytic site for Hsp90 ATP

hydrolysis. In this view, the catalytic site would arise via the recruitment of the catalytic

loop from the paired monomer. Remarkably, all three intermonomeric cross-linked

residues on the middle domain participate in ion-pairing with residues on Ahal N

terminal domain (206), suggesting that beyond releasing the catalytic residue Arg380,

Ahal activates the ATPase activity of Hsp90 by stabilizing the compact, intertwined

dimer conformation identified in the current study. How such interactions influence

ATPase activity, and why GRP94 displays such interactions yet exhibits such low
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ATPase activity likely reflects the findings that GRP94-ATP and Hsp90-ATP structures

differ substantially and that, to date, a mammalian ER paralog of Ahal remains to be

identified (196, 213).
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Chapter 5

Unraveling the Interface of Signal Recognition Particle and Its Receptor Using

Chemical Cross-linking and Tandem Mass Spectrometry"

Introduction

Cotranslational protein targeting is highly conserved in all three kingdoms of life

and involves varying degrees of complexity (220-222). As the signal sequence of a

nascent membrane or presecretory protein emerges from the ribosome, it is recognized by

a cytosolic ribonucleoprotein complex, the signal recognition particle (SRP), to form a

cytosolic targeting complex. The targeting complex is then directed to the translocation

apparatus, embedded either in the endoplasmic reticulum (ER) membrane in eukaryotes

or plasma membrane in prokaryotes, through the recognition between the SRP and its

receptor (SR) (220, 223). Bacteria have the simplest version of SRP and SR machinery.

Ffh, a bacterial homologue of mammalian SRP54, together with 4.5S RNA forms the

minimal signal recognition particle; and its specific interaction with Fts Y, the bacterial

SRP receptor (224), ensures the efficiency and fidelity of protein translocation. Both Ffh

and Fts Y are GTPases, and their GTPase cycles are tightly coupled to their functional

cycles to regulate the timing and effect the unidirectionality of the targeting process. Ffh

'Part of the content was published under the above title in Proc. Natl. Acad. Sci. USA 101, 16454-9, 2004.
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and Fts Y associate in a GTP-dependent manner to deliver the nascent protein to the

membrane translocon; subsequent GTP hydrolysis leads to the dissociation of Ffh from

Fts Y, allowing the recycling of the SRP and SR (225).

Ffh and Fts Y are highly homologous proteins, and constitute a unique SRP

GTPase subfamily (226). Structural studies on Ffh and Fts Y have revealed several

unusual features (227, 228). The GTPase catalytic core is comprised of a G-domain, that

shares homology with the Ras GTPase fold (229). An N-terminal four-helix bundle (N-

domain), unique to the SRP GTPases, forms a structural and functional unit with the G

domain, called collectively the “NG domain” (227, 228). The N-domain contributes to

the regulation of GTPase activity (230-232) and the specific interaction between Ffh and

Fts Y (233-235), through its highly conserved ALLEADV motif. Another unique feature

of the SRP GTPases is the insertion box domain (IBD), which forms part of the

nucleotide-binding pocket. The IBD loop has been implicated as an essential feature in

both nucleotide exchange as well as the interactions between Ffh and Fts Y (227, 236).

Besides the NG domain, Ffh has a C-terminal methionine-rich domain, called the

M domain (226). The M domain provides the binding module for 4.5S RNA (237,238),

which facilitates Ffh-Fts Y complex formation (239, 240). It is widely accepted that the M

domain also contains the primary binding site for signal sequences (226, 241), although

recent data implies that the NG domain may contribute to signal sequence binding as well

(242). The positioning of the M domain relative to the NG domain has long been

ambiguous (241) because of the highly flexible peptide linkage between the M- and NG

domain. Recent crystal structures of Archaeal S. solfataricus full-length SRP54 both
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alone and with RNA suggest that the M domain is juxtaposed to the N-domain, forming

direct hydrophobic contacts (243).

The regulatory mechanism of the SRP GTPase family appears to be unique as

well. Most GTPases function through the “GTPase switch” mechanism, cycling between

kinetically stable GTP-bound and GDP-bound states. Switching between these states is

regulated by two sets of proteins: guanine nucleotide exchange factors (GEF) that

facilitate the release of GDP in exchange for GTP, and GTPase activating proteins (GAP)

that facilitate the hydrolysis of GTP to GDP. Unlike other subfamilies of GTPases, Ffh

and Fts Y possess only weak nucleotide affinities (244), thus in this case there is no

obvious need for external GEFs. This is consistent with the crystal structures of the apo

Ffh and Fts Y proteins, which show empty nucleotide binding sites stabilized by extensive

hydrogen bonds (227, 228). In contrast, upon Ffh-Fts Y complex formation, GTP is bound

much more stably and both proteins act as reciprocal GAPs for each other (245). The

recently solved crystal structures of the Ffh-Fts Y NG complex (234, 235) reveal the

remarkable twinning of substrates and the recruitment of several essential residues into

the catalytic chamber through conformational changes, shedding light on the basis for the

nucleotide affinity increase and reciprocal activation during the complex formation.

However, it remains to be understood how the SRP GTPase cycles are coupled to the

protein targeting reaction.

In this chapter, I report my chemical cross-linking studies of the Ffh-Fts.Y

complexes obtained from two species, Escherichia coli and Thermus aquaticus. Because

of the reasonable distribution of lysine residues on these protein surfaces, we used two

homofunctional, amine-reactive, N-hydroxysuccinimide (NHS) ester cross-linking

*

*
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reagents, which are able to react with protein N-termini and lysine e-amino groups.

During the course of these studies, nine intermolecular cross-linked peptides were

detected and the cross-linked residues were identified unambiguously by high

performance tandem mass spectrometry. Spatial restraints, derived from the maximal

distance that the two reactive groups of the cross-linkers could span, were simultaneously

imposed on the cross-linked residues to generate low-resolution models of the complex.

Subsequently, macromolecular docking and energy minimization were employed to build

a refined model of the Ffh-Fts Y NG domain complex. Shortly after the completion of this

work, the crystal structures of the complex of the NG GTPase domains of Ffh and Fts Y

were reported (234, 235). These x-ray structures are in good agreement with the

computational model of this complex presented here. In addition, four of the cross-linked

pairs involve reaction with residues on Ffh M domain and provide new insight regarding

the position of the M domain relative to the rest of the Ffh-Fts Y complex, not revealed by

crystallographic studies.

Experimental procedures

Material. Disuccinimidyl suberate (DSS) was purchased from Pierce. Bis(sulfosuccini

midyl) adipate (BSSA) was a generous gift from Dr. R. Kiplin Guy at UCSF. Modified

"ypsin was obtained from Promega (Madison, WI) and 5’-guanylylimidodiphosphate

(GPPNHp) was obtained from Sigma (St. Louis, MO). The E. coli Ffh and Fts Y were

*Xpressed from the plMF6 plasmid in BL21(DE3)-plysE cells (Stratagene, La

* CA), as has been described elsewhere (240). Fts Y (47-497), a truncated form of E.
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coli Fts Y, was used for this study. E. coli Ffh-Fts Y complex was formed at 25 °C for an

hour in assay buffer [50 mM Hepes/150 mM KOAc/2 mM Mg(OAc)3/0.01% Nikkol

(Anatrace, Maumee, OH), pH 7.5] in the presence of 100 puM purified GppNHp. T.

aquaticus Ffh and Fts Y were sub-cloned in the pBT28b vector as N-terminal hexa

histidine fusion proteins and expressed using the BL21(DE3)-Rosetta E. coli strain

(Novagen, San Diego, CA) (234). The histidine tags were removed by thrombin cleavage,

and the Ffh-Fts Y complex was formed by incubation and purified by gel-filtration in 50

mM KC1, 20 mM Hepes, 5 mM GDP, 0.5 mM BeSO4 and 5 mM NaF.

Cross-linking reactions and in-solution tryptic digestion. Stock solutions of the cross

linking reagents were prepared freshly at a concentration of 25 mM in dimethyl sulfoxide

(DMSO) for DSS, in H2O for BSSA. The cross-linking reactions were performed in a

final volume of 70 pil, with the final concentration of 5 puM Ffh"Fts Y complex and 0.5

mM cross-linking reagents. DSS was used for the E. coli Ffh-Fts Y complex, and BSSA

was used for the T. aquaticus Ffh-Fts Y complex. The reactions were allowed to proceed

for 1 hour at room temperature and were quenched with ammonium hydroxide. For the

controls, Ffh and Fts Y were treated separately with DSS or BSSA at the same protein and

Cross-linking reagent concentrations. Ffh and Fts Y were not combined until the reactions

Were quenched by ammonium hydroxide. The proteins were digested by 2% trypsin

(W/W) at 37 °C for 4 hours.

On-line capillary LC-MS and LC-MS-MS analysis of cross-linked peptides. A 1 pil

aliquot of the digestion mixture was injected into an Ultimate capillary LC system via a
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FAMOS Autosampler (LC Packings, Sunnyvale, CA), and separated by a 75 pm x 15 cm

reverse-phase capillary column at a flow rate of ~300 nl/min. The HPLC eluent was

connected directly to the micro-ion electrospray source of a QSTAR Pulsar QqTOF mass

spectrometer (Applied Biosystem/MDS Sciex, Foster City, CA). Typical performance

characteristics were > 8000 resolution with 30 ppm mass measurement accuracy in both

MS and CID mode. LC-MS data were acquired using the Analyst QS software (Applied

Biosystems, Foster City, CA). The centroided LC-MS data were then deisotoped and

reconstructed to generate a list of peptides detected during each LC-MS run. The peptide

lists from the cross-linked Ffh-Fts Y complex and the control were thoroughly compared

to differentiate two related LC-MS runs and indicate the peptides unique to the digest of

the cross-linked complex. Using the mass measurements of the molecular weights for

those peptides in the digest unique to the cross-linked complexes, all possible cross

linking combinations were predicted by MS-Bridge, a program in the UCSF

ProteinProspector package (http://prospector.ucsf.edu).

Computational modeling of low-resolution NG domain complex using MODELLER

and cross-linking results. NG domains of T. aquaticus Ffh and Fts Y were treated as

"pseudo” rigid bodies with the intra-atomic distances and dihedral angels restrained to

their crystallographic values (227). An upper bound distance restraint of 30 Å was

"Posed on the o-carbons of the cross-linked pairs. Non-bonded interactions were

"90eled with a Lennard-Jones potential using the CHARMM force-field parameters and

**stance cut-off of 9 Å. A thousand Ffli-Fisy NG domain complex models with random

Pºsitions and orientations were optimized to obtain an ensemble of models that

º º
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maximally satisfy all the input restraints. The procedure for optimizing a single

configuration consisted of 1000 steps of molecular dynamics with simulated annealing

followed by a final conjugate gradient minimization.

Refinement of Ffh-Fts Y NG domain complex model using DOCK and MultiDock.

The apo NG domains of Ffh and Fts Y were docked against each other as rigid bodies

using the program DOCK 4.01 (246). The program DMS

(http://www.cgl.ucsf.edu/Overview/software.html) was used to generate molecular

surfaces over the Ffh and Fts Y structures. The DOCK accessory program SPHGEN was

used with default parameters to build a set of receptor spheres over Fts Y, and a set of

ligand spheres over Ffh. Orientations were scored with the DOCK contact score, using

default values for the cutoff distance, the clash overlap and the clash penalty parameters

of 4.5 A, 0.75 and 50 respectively. One hundred steps of simplex minimization were

applied to each orientation, using default values for the initial translation, the initial

rotation, the contact convergence and the maximum cycles parameters of 1, 0.1, 0.1 and 1

respectively. The top scoring 250 orientations were selected. The Ffh-Fts Y docked

models were scored, optimized and ranked using the MultiDock program (247).

MultiDock was run with default parameters, with Fts Y selected as the imobile mol, and

Ffh selected as the mobile mol. The Total Energy score of each complex was used to

rank order the complexes.
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Results and Discussion

Cross-linking and LC-MS, LC-MS-MS analysis of E. coli Ffh-Fts Y complex. Using

the homobifunctional cross-linker, DSS, we have investigated various cross-linking

conditions, and optimized the cross-linking yield of the Ffh-Fts Y complex while

minimizing any non-specific cross-links between homodimeric Ffh or Fts Y (Fig. 5.1 A).

As expected, the appearance of the cross-linked gel band was strictly dependent on the

presence of both nucleotide triphosphate and Mg", that are required for complex

formation (244). In addition, the extent of Fts Y tryptophan fluorescence change in the

DSS-treated E. coli Ffh-Fts Y complex was indistinguishable from that of the native

complex. This fluorescence change monitors a relatively late conformational change

during the formation of active Ffh-Fts Y complex. These results therefore indicate that the

integrity of the complex was sustained during the cross-linking reaction.

The total ion chromatograms (TIC) of the tryptic digestion peptide mixtures from

the cross-linked complex (Fig. 5.1 B) and the control (Fig. 5.1 C) resembled each other,

yet closer inspection revealed significant differences. For example, among the peptides

that elute at ~42.5 minute from the reverse-phase capillary column, a peptide at m/z

891.46" was present only in the digest of the cross-linked Ffh-Fts Y complex (inset of

Fig. 5.1 B and 5.1 C). Its monoisotopic mass value and charge state were assigned

Without ambiguity (inset of Fig. 5.2). Depending on the accuracy of peptide mass

*Surement, there are many possible cross-linking combinations that could give rise to

this species (e.g. assuming a mass measurement window of + 20 ppm yielded over 900

possibilities). In retrospect, even exact mass measurement would not lead to a conclusive

assignment, allowing 4 isobaric cross-linked species with different peptide combinations

:
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Fig. 5.1. Cross-linking of E. coli Ffh-Fts Y complex. (A) SDS-PAGE analysis of the
*s-linking reaction. (B-C) Total ion current (TIC) of the tryptic digestion mixture of
the cross-linked Ffh-Ftsy complex (B) and the control (C). Insets are the mass spectra of
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as possible solutions. Therefore, sequence information was necessary to unambiguously

identify the actual cross-linked peptide moieties. Interpretation of the low-energy

collision-induced-dissociation (CID) spectrum (Fig. 5.2) obtained for this component

revealed that it was composed of three cross-linked peptide moieties, Fts Y Lys406

Lys447, Ffh Met1-Arg8 and Fts Y Lys399-Arg402. The mass values of the N-terminal

sequence ion series of the Fts'Y Lys406-Lys447 moiety, annotated as B2 to B11, contained

the mass values anticipated for Fts'Y Lys399-Arg402 moiety and the cross-linking bridge,

thus establishing an intra-molecular cross-link between Lys399" and Lys406”.

Similarly, the mass values of some C-terminal sequence ions of the Fts Y Lys406-Lys-147

moiety, annotated as Y19 to Y24, contained the mass value of Ffh Met1-Arg8 and the

cross-linking bridge. In contrast, the C-terminal sequence ion series of the Fts.Y Lys406

1*Y, i.e. y to yis, appear unmodified. These results establishLys447 moiety up to Leu43

that the O-amino group of Ffh N-terminus is cross-linked to the e-amino of Fts'Y Lys432.

This particular cross-linked species, therefore, contains both an intramolecular and an

intermolecular cross-link.

The identity and structure of another intermolecular cross-linked species observed

with an m/z of 817.75” was determined in the same way by tandem mass spectrometry

(Fig. 5.3). This species corresponds to a cross-link between the N-terminal Met of E. coli

Ffh and Lys247 of E. coli Fts Y. The existence of complete C-terminal sequence ions of

the Ffh Met1-Arg8 peptide moiety, i.e. yi to y, clearly indicated that Ffh Met1 was the

cross-linked site. Similarly, the existence of almost complete C-terminal sequence ions of

the Fts'Y Lys247-Arg258 peptide moiety, i.e. yi, to yo", indicated that Fts Y Lys247 was

the cross-linked site. The masses of two N-terminal sequence ions of Fts Y Lys247
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Arg258 moiety, i.e. B2” and B3’, contained the mass values anticipated for Ffh Met1

Arg8 moiety and the cross-linker bridge, thus corroborated that Fts Y Lys247 was cross

linked to Ffh Met1.

Cross-linking and LC-MS, LC-MS-MS analysis of T. aquaticus Ffh-Fts Y complex.

To further constrain the Ffh-Fts Y interface, we treated the Ffh-Fts Y complex purified

from T. aquaticus with a different cross-linker BSSA. This complex from a different

species permitted us to explore a set of differently positioned Lys residues as cross

linking targets. Seven pairs of intermolecular cross-links from T. aquaticus Ffh"Fts'Y

complex were found and their identity and structure were established by tandem mass

spectrometry (Table 1).

Interpretation of the low-energy CID spectrum of a cross-linked species at m/z

529.31* revealed that the cross-link involved the e-amino groups of F■ h Lys28 and Fts Y

Lys13 (Fig. 5.4). The mass values of some C-terminal sequence ion series of the Ffh

Leu22-Arg32 moiety, annotated as Ys to Ys, contained the mass value of Fts Y Alaº

Arg15 and the cross-linking bridge. In contrast, the C-terminal sequence ion series of the

F■ h Leu22-Arg32 moiety up to Ala29", i.e. y to y, appeared unmodified. These results

8" was the cross-linked site. Similarly, twoestablished that the e-amino group of Lys2

most C-terminal sequence ions of the Fts Y Ala9-Arg15, i.e. yi, and y2, were unmodified;

and two most N-terminal sequence ions of the Fts Y Alaº-Arg15, i.e. b3, and by, were

unmodified. Thus, Lys13 of Fts Y could be assigned as the cross-linked residue. These

results therefore established that the e-amino group of Ffh Lys28 was cross-linked to that

of Fts Y Lys13.

º
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Table 5.1. Intermolecular cross-links in the Ffh-Fts Y complex identified by tandem mass

spectrometry”.

Exp. Cross-linked Peptide
m/z A (ppm) Residues Sequences

891.46" -10 Ffh M1 – FtSY K432 Ffh M1 – R8
(T■ h M1 – Tts Y K241)." Fts Y K406 – K447

FtSY K399 — R402

817.75* O Ffh M1 – FtSY K247 Ffh M1 – R8
(T■ h M1 – Tts Y E51)* FtSY K247 – R258

529.31* 19 Tfh K28 – TtSY K13 Tfh I22 – R32
TtSY A9 – R15

613.55* O T■ h K28 – Tts Y G(-3) * T■ h I22 – R32
Tts Y G(-3) – R6

685.61" 18 T■ h K236 – Tts Y G(-3) * T■ h A232 – K246
Tts Y G(-3) – R6

577.03* 17 T■ h K404 – Tts Y G(-3) * T■ h F402–K410
Tts Y G(-3) – R6

652.83" 20 T■ h K390–Tts Y G(-3) * T■ h I388 – R401
Tts Y G(-3) – R6

489.24” 12 T■ h K386–Tts Y G(-3) * T■ h K386–R387
Tts Y G(-3) – R6

515.30" 25 Tfh K390 – TtSY K62 Tfh I388 – R401
TtSY K62 – K65

“The cross-linked species, namely 891.46" and 817.75", were obtained from E. coli
Ffh"Fts Y complex; while other cross-linked species were observed in T. aquaticus
Ffh-Fts Y complex. bT aquaticus Ffh and Fts Y were annotated as T■ h and Tts Y
respectively here to distinguish from E. coli Ffh and Fts Y. “A high proportion of the
cross-links involve the N-termini of the proteins. This is presumably due to the lower
pKa value (pKa = 8) of the O-amino of proteins than that (pKa = 10) of the e-amino
of lysines. In addition, the higher mobility of the protein terminal tails may also
contribute to their higher cross-linking frequency. "The intermolecular cross-linked
residues in E. coli complex were mapped back onto the corresponding T. aquaticus
proteins as indicated in the parentheses. ‘Gly(-3)” corresponds to the N-terminus of
the recombinant Fts Y used in this study, which contained a three amino acid
extension derived from the expression tag (203).
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Five of the cross-linked pairs have Gly(-3) of Fts Y as the cross-linked residue.

Gly(-3)” is the N-terminus of the recombinant Ftsy used in this study, which contain a

three amino acid extension (Gly-Ser-His) derived from the expression tag (234). The

identity of the actual N-terminal residues of the recombinant Fts Y was established by

tandem mass spectrometric analysis of Fts Y N-terminal tryptic peptide (Fig. 5.5).

Interpretation of the low-energy CID spectrum of a peptide at m/z 351.8" indicated the

presence of a Gly-Ser-His extension beyond Fts Y Met1 (Fig. 5.5 A). DSS-induced

* (Fig. 5.5 B). Without a reactive side-chain, themodification was observed on Gly(-3)

only circumstance that a glycine reacts with NHS ester cross-linkers is the O-amino group

of a N-terminal glycine. This result thus further confirmed that Gly(-3) was the actual N

terminus of recombinant Fts Y. The absence of Fts Y Met1-Argö tryptic peptide in the

whole LC-MS run suggests a fairly homogenous population of the protein.

Having established the identity of Fts Y N-terminal tryptic peptide, the structure

and identity of the five Gly(-3)-containing cross-linked pairs can be determined without

any ambiguity. In the low-energy CID spectrum of a cross-linked species at m/z 613.55",

the identity of the cross-linked peptide moieties can be conclusively assigned as Ffh

Ile22-Arg32 and Fts Y Gly(-3)-Argé from the almost complete coverage of two C

terminal sequences (Fig. 5.6). Furthermore, the masses of the C-terminal sequence ions of

Ffh Ile22-Arg32 beyond Lys28", i.e. Ys to Y10, contained the mass values of Fts Y Gly(-

3)-Arg6 peptide moiety and the cross-linking bridge. In contrast, the mass values of the

C-terminal sequence ions of F■ h Ile22-Arg32 before Lys28", i.e. yi to y, remained

unmodified. Thus, Lys28" could be assigned unambiguously as the cross-linked site.

Similarly, the masses of all C-terminal sequence ions of Fts Y Gly(-3)-Arg5, i.e. yi, to yº",
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remained unmodified. Therefore, Gly(-3)” is the cross-linked residue. The tandem mass

spectrometric data thus elucidated that Lys28" and Gly(-3)” were cross-linked.

Identity of the cross-linked peptide moieties in other cross-linked species can be

assigned similarly by partial sequences of the moieties derived from most abundant C

terminal fragment ions. In tandem mass spectrum of the species at m/z 685.61" (Fig.

5.7), the mass values of the first three N-terminal fragment ions of Ffh Alaz32-Lys246,

i.e. b2 to b4, were unmodified; while observed b ions beyond Lys236", i.e. B5 to B8,

have the masses of Fts Y Gly(-3)-Argé moiety and the cross-linker bridge. Thus,

Lys236" could be determined as the cross-linked site. Consistent with this assignment,

the mass values of the C-terminal fragment ions of Ffh Ala232-Lys246 before Lys236",

i.e. yi to yio, were unmodified; while the first C-terminal ion that contained Lys236",

i.e. Y11, have the masses of Fts Y Gly(-3)-Argé moiety and the cross-linker bridge. The

fragmention at m/z 768.32” is analogous to the internal ion of DEK, but with Lys cross

linked by DSS to the Fts Y Gly(-3)-Argö peptide moiety. In the low-energy CID spectrum

of another cross-linked species at m/z 577,03" (Fig. 5.8.), the cross-linked residue in Ffh

Phe-A02-Lys410 moiety could be readily worked out by subtracting the masses of two

adjacent C-terminal ions, i.e. yo and Y, which equaled to the sum of residue Lys404

mass, the cross-linker bridge and Fts Y Gly(-3)-Argö peptide moiety mass. In low-energy

CID spectrum of the cross-linked species at m/z 652.83" (Fig. 5.9), the mass of

Lys340"-containing C-terminal fragment ion of F■ h Ile388-Arg401 moiety (i.e. Y12)

indicated the presence of Fts Y Gly(-3)-Arg6 moiety and the cross-linker in this fragment.

Since observed C-terminal fragment ions of Ffh Ile388-Arg401 moiety before Lys340"

were unmodified, e.g. y to yo, Lys340" could thus be assigned as the cross-linked site.
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Interpretation of the low-energy CID spectrum of the cross-linked species at m/z

489,24" (Fig. 5.10) revealed that it was derived from a cross-link between Gly(-3) of

Fts Y Gly(-3)-Arg6 and Lys386 of Ffh Lys386-Arg387. Although Lys-Arg of the cross

linked Lys386-Arg387 is not a unique sequence in Ffh, it is the only tryptic dipeptide

with this sequence, which originates from a normal tryptic cleavage. The mass of first N

terminal ion of Fts Y Gly(-3)-Argé moiety (i.e. B1) contained the masses of the cross

linker bridge and Ffh Lys386-Arg387 peptide moiety. Therefore, Gly(-3) could be

conclusively determined as the cross-linked residue. The tandem mass spectrum of the

cross-linked species at m/z 515.30" (Fig. 5.11) is weak, due to the low abundance of the

precursor ion. However, the partial sequence of the cross-linked peptide moieties derived

from fragment ions helped to eliminate other cross-linking possibilities suggested by MS

Bridge. Thus, a cross-link between Fts Y Lys62 and Ffh Lys390 was the only reasonable

cross-linking combination for this species, and all abundant fragment ions in the

spectrum matched well with sequences of the peptide moieties. Furthermore, the cross

linked residue Lys390 on Ffh M-domain was also observed in another cross-linked pair

Ffh Lys390 and Fts Y Gly(-3) (Fig. 5.9), corroborating that this residue is likely to be

situated close to the FfheFts Y interface. Remarkably, three cross-linked residues, namely

Lys386", Lys390" and Lys404", on F■ h M-domain are localized on the helix 3 and 4

of the M domain, clustering close to the signal sequence binding groove (Fig. 5.12).

Generating Ffh-Fts Y NG domain complex models based on the cross-linking results.

Distance constraints generated from chemical cross-linking studies have been previously

exploited as filters to select the best-fit models (113). Nevertheless, conformational

ºr L.

º
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rearrangements upon complex formation, and the motion of terminal tails and hinge

regions between domains can significantly alter the distance of some residues on the apo

structures. To accommodate these kinds of dynamic properties in computational

modeling of protein complexes, we developed a multi-step strategy of using cross-linking

distance information to determine the binding interface and relative orientation of the

complex, followed by rigorous docking and energy minimization in the restricted search

space corresponding to the putative low-resolution interface.

To this end, we first calculated an ensemble of Fts Y-F■ h NG domain complex

structures that maximally satisfied all distance restraints derived from the cross-linking

experiments. A thousand Fts'Y-Ffh NG domain complex models with randomly generated

orientations were optimized to simultaneously minimize violations of the spatial

restraints. Remarkably, the selected top 10% ranking models were highly clustered,

sharing a tight binding interface and a single interacting orientation. A discrete patch of

surface on each protein was readily defined as the putative interaction surface by a cluster

of residues that were in direct contact with its partner protein in more than 75% of the

selected models.

Within the boundaries of this putative binding interface and orientation, we

employed macromolecular docking to further refine our computational models. The

docking program used here sampled the protein-protein interface in a much more fine

grained manner than the restraints optimization program used in the first step. The apo

NG domains of Ffh and Fts Y were treated as rigid bodies, and 1000 models with varying

orientation of Ffh to Fts Y were generated. The models were optimized and ranked by

their steric complementarities, and the best 250 ones were selected for further refinement.
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Any minimized orientations that had moved significantly from the predicted binding

interface were discarded to restrict the sampling to the interface defined by the cross

linking geometry. The remaining docked models were then energy minimized over both

the rigid body and side-chain rotomer degrees of freedom in order to optimize the binding

interface of the two proteins. The minimized energies were used to score and sort the

computational models.

The best scoring model was superimposed onto the crystal structure of the

Ffh-Fts Y NG domain complex (Fig. 5.13). The heavy atom root-of-mean-square

deviation (RMSD) between the model and the crystal structure was 4.19 Å. The

backbone RMSD between the model and the crystal structure was 3.80 Å. Among the

eleven residues involved in the cross-linking reactions, four residues with cross-links in

the NG domain were present on the crystal structure of the T. aquaticus Ffh-Fts Y NG

domain complex, namely Lys241", Glu51", Lys28" and Lys236". Their solvent

accessibility and close proximity to the Ffh-Fts Y complex interface further indicates that

our cross-linking results are a good reflection of Ffh"Fts Y complex conformation in

Solution. In addition, among the intramolecular cross-links we identified by tandem mass

spectrometry, four cross-linked pairs have distance information available from the crystal

structure of the NG complex (Table 5.2). The length of DSS linker bridge is 11.4 Å,

however, the distance of two cross-linked o-carbons can span up to 24 Å if the mobility

of lysine side-chains is considered (113). The satisfaction of the distance restraint of

these cross-linked pairs indicates that the use of the cross-linking reagents did not induce

global conformational change in the proteins.
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Fig. 5.13. Modeling of the Ffh-Fts Y NG domain complex. (A-C) Side view of the
computational model (A), crystal structure (C) and their overlay (B). (D) Top view of the
overlaid structures. Red arrows indicate the rearrangement of motif II (IBD loop) and
motif III on Fts Y, which account for the roughly 12° rotation of Ffh between the model
and the crystal structure (red block arrow).
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Table 5.2. Intramolecular cross-linked species in the Ffh-Fts Y complex identified by

mass spectrometry".

Exp. Peptide Cross-linked Distances
m/z A (ppm) Sequence Residues (Å)

816.14*. 30 Ffh 59-79 Ffh K66 – K76 15.7
(T■ h E66 – A76)"

583.33” 28 Ffh 120-125, Ffh K122 – K278 9.2
272-289 (T■ h L120 – K275)"

681.92* 23 Tfts Y 87-101, Tfts Y K87 – K274 19.7
272-278

581,59" 24 Tfts Y 70-81, TftSY K71 – K274 15.3
272-278

“T. aquaticus Ffh and Fts Y were annotated as Tfh and Tfts Y respectively here
to distinguish from E. coli F■ h and Fts Y. "The cross-linked residues in E. coli
complex were mapped back onto the corresponding T. aquaticus proteins as
indicated in the parentheses.
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The largest difference between the model and the crystal structure is situated at

the interface region, where induced-fit conformational changes in the small loop regions

allow Ffh and Fts Y to pack more closely together in the crystal structure. As shown in

Fig. 5.13 D, the highly conserved motif II (IBD loop) and motif III of Fts Y move away

from the complex interface to seal the upper face and lateral entrance of the catalytic

chamber and at the same time to assume the correct position for catalysis of GTP

hydrolysis (234, 235). Thus, it is most likely that discrepancies between the model and

the crystal structure arose because such secondary structure displacements were not

allowed during the modeling, treating Ffh and Fts Y as rigid bodies.

Implications from Ffh-Fts Y complex model and Ffh M domain position. We have

established that four of the cross-linked species detected in the T. aquaticus Ffh"Fts'Y

complex involve three residues, Lys386"", Lys390" and Lys404", on the Ffh M

domain and two residues, Gly(-3)” and Lys62”, on the Fts Y N-domain. These cross

links therefore suggest the proximity of the M domain towards the Fts Y N-domain (Fig.

5.14 B). This is in contrast to the domain arrangements in the recently solved crystal

structure of SRP54 from archaea S. solfataricus (243) (Fig. 5.14 A and B, M-domain

shown in grey) and that proposed from a low-resolution, single-particle cryo-electron

microscopic structure of eukaryotic SRP bound to the ribosome (not shown) (248). Both

Studies position the M domain at the side, facing away from the Fts Y N-terminus (Fig.

5.14 A). In this arrangement, Lys386, Lys390 and Lys404 of T. aquaticus Ffh, which

correspond to Arg401, Glu405 and Glu419 of S. solfataricus SRP54 respectively, are

positioned too far from the N-domain of Fts Y to be plausible cross-linking targets.

º
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S. solfataricus T. aquaticus T. aquaticus T. aquaticus T. aquaticus
SRP54 Ffh NG Ft.SY NG Ffh NG Ft.SY NG

M domain

R401(K386Fil)

E405 gºs
(K390Fm)*

(K404F■ h)

Fig. 5.14. A different M domain position in the Ffh-Fts Y complex. (A) Mapping of T.
aquaticus Lys386", Lys390" and Lys404" on the structure of S. solfataricus SRP54.
S. solfataricus SRP54 (in grey) was superimposed with Ffh (in green) of T. aquaticus
Ffh"Fts Y NG domain complex (Ffh in green and Fts Y in blue). Residues that cross
linked to Gly(-3)""were shown as sticks in magenta. (B) A close proximity of M domain
toward Ffh-Fts Y complex interface, suggested by the cross-linking data. Relevant cross
linked residues are shown as asterisks in magenta, and cross-links are shown as lines.
Different positions of M domain are represented as grey cylinders.
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Although Gly(-3)”, which Lys386", Lys390" and Lys404" were cross-linked to, is

absent in the complex crystal structure, its location is well-confined around the Ffh-Fts Y

* cross-linked to ininterface by the position of the other three residues that Gly(-3)

good stoichiometry, namely Lys28", Lys236", and Lys62” (Fig. 5.14 B). Therefore,

our cross-linking studies suggest that the M domain assumes a different position in the

Ffh-Fts Y complex from those suggested in the two previous studies. However, the Ffh

domain-organization proposed here is consistent with the model of Ffh NG and M

domain arrangement, cited to be based on fluorescence data (249).

One possible explanation for this difference in the M domain positioning is that

Fts Y (SRP receptor) was not present in the crystal and EM studies. The M domain, being

loosely tethered to the surface of Ffh, might assume different positions depending on the

step of the targeting reaction. Upon interacting with Fts Y, the M domain might undergo a

dynamic rearrangement, either via rearrangements in the N-domain that is transmitted to

the M domain, or via additional interactions formed between the M domain and FstY.

This rearrangement could be further modulated by other components of the targeting

reaction, such as the SRP RNA and the signal sequence, such that loading and unloading

of signal sequences to SRP may be appropriately controlled in space and time.
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Chapter 6

Summary

The enzymatic, scaffolding, trafficking and regulatory functions of proteins are

effected by their three-dimensional structures and their interplay in the cellular context

with other molecules, particularly other macromolecules. Systematic proteome-wide

characterization of multiple protein complexes in yeast revealed the complexity of

cellular protein interaction networks (28, 29). Nevertheless, the true extent of cellular

protein-protein interactions is poorly understood when transient interactions, modulated

by ligand binding, alternative splicing and posttranslational modifications, are taken into

aCCOunt.

Among the methods to probe protein assemblies, strategies based on chemical

cross-linking introduce new covalent bonds into the three-dimensional structure of

protein assemblies without their physical disruption. Information derived via

identification of the cross-linked residues, together with the length of the cross-linking

reagents, provides valuable low-resolution insight on spatial organization of the protein

Secondary structures and protein subunits (111, 112). Proteolytic digestion of the cross

linked protein complexes and structural analysis of the cross-linked species by tandem

mass spectrometry represents a powerful approach to reveal three-dimensional
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information about the assembly of a complex. Its merits include speed, sensitivity, and

the capability to handle large protein assemblies. Nevertheless, accurate analysis of the

digested cross-linked proteins is often challenging, complicated by the complexity of the

peptide mixture and low stoichiometry of the cross-linked products. Therefore, this work

has been focused on both developing novel tools and strategies to facilitate the

identification of the cross-linked peptides, and applying these new methods to interesting

protein assemblies.

I have developed a reliable and robust method, named as differential nano-LC-MS

method, to probe both homo- and heteromolecular protein complexes (see Chapter 2).

The fraction of the protein that remained monomeric after treatment with the cross

linking agent was used as a control, and peptides that only appeared in the dimer digest

were selected as intermonomer cross-linking candidates. The normal tryptic peptides,

surface modified peptides and intramolecular cross-linked peptides were thereby

excluded from further consideration. I have employed this methodology on the

homodimer of an ecotin mutant, namely GGH-ecotin D137Y. Four cross-linked species

were identified, corresponding to three different pairs of intermonomer cross-links on the

dimeric interface. The cross-linked residues appear to be on the dimeric interface based

on the wild-type ecotin crystal structure (PDB 1 ECZ), and are consistent with previous

GGH-Ni(II) oxo-complex cross-linking studies on the protein in this laboratory (149).

This differential nano-LC-MS method was compared with differential MALDI-MS

analysis on unseparated dimer and monomer digests, a more conventional mass

Spectrometric analysis method; and our differential LC-MS method proved to be more

reliable and specific.

4.
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Given the much larger volume of data generated by LC-MS, we have developed

software tools to semi-automatically reconstruct and compare related LC-MS runs, which

greatly increase the robustness and throughput of our approach. In addition, a program in

ProteinProspector (named MS-Bridge) was developed to predict all possible cross-linking

combinations for the given molecular weight of a putatively cross-linked species. This

bioinformatics program guides our selection for putatively cross-linked peptides and

expedites the interpretation of the tandem mass spectra of cross-linked species.

I have synthesized two affinity-tagged, homobifunctional cross-linking reagents

to improve the separation and detection of the cross-linked peptides (see Chapter 3). The

reactivity and reaction specificity of the cross-linkers were characterized on a synthetic

peptide. As expected, the O-amino group of N-terminus and e-amino group of lysine were

the only reactive functional groups. The cross-linkers were also successfully applied on

the ecotin mutant, GGH-ecotin D137Y. In order to facilitate rapid differentiation of

cross-linked peptides from surface-modified peptides (i.e. single-ended cross-links),

oxygen isotope-coding is incorporated during the cross-linking reactions. Furthermore,

use of O" and O'” for isotope coding is amenable to the introduction of a liquid

chromatography separation step because of the co-eluting propensity of oxygen isotopes.

This isotope-coding strategy can thus be of general use for study of more complex protein

assemblies when more separation steps are desirable. Therefore, my study on developing

novel cross-linking agents has demonstrated that identification of cross-linked peptides

can be greatly facilitated by combining affinity-tagged cross-linkers and isotope

incorporation during the cross-linking reactions.

157





Having invented facile tools and developed reliable methods, I first tackled the

Hsp90 endoplasmic reticulum paralog, glucose-regulated protein of 94 kDa (GRP94) (see

Chapter 4). GRP94 is known to perform an essential function(s) in the folding and

assembly of numerous membrane and secretory proteins (186-188). Its highly

homologous cytosolic counterpart, Hsp90, facilitates protein folding via ATP-binding

and hydrolysis-linked interactions with client protein substrates (197-199). In current

views, ATP binding functions to promote transient intermonomeric dimerization of the

Hsp90 N-terminal ATP binding domains; it is this conformation that is thought to support

client protein activation (208, 209). I analyzed GRP94 quaternary structure using

chemical cross-linking in conjunction with differential nano-LC-MS analysis strategy.

Six intermonomeric cross-linked peptides were conclusively identified by tandem mass

spectrometry, representing two distinct interaction surfaces between the monomeric

Subunits of the GRP94 dimer.

Two of the cross-links localize near the C-terminal dimerization domain,

consistent with previous biophysical and biochemical studies (214). The remaining four

cross-linked pairs identify a novel, ATP-independent intermonomeric contact between

the N-terminal and middle domains of the subunit polypeptide chains. These data provide

direct experimental evidence for a compact conformation with two monomers intertwined

in native, full-length GRP94, which is distinct from the quaternary conformation

observed in the low-resolution density map of HtpG, an E. coli Hsp90 homologue (195).

Remarkably, this information evidences a pre-existing conformation, ready for the

activation of ATP hydrolysis, and implicates a plausible trans-activating, ATP hydrolysis
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mechanism for Hsp90 family chaperones, thus providing valuable insight on the ATP

hydrolysis cycle and the functional cycle of Hsp90 family chaperones.

The second protein complex I applied my differential nano-LC-MS method on is

the heterodimer of bacterial signal recognition particle (SRP) and SRP receptor (SR) (see

Chapter 5) (133). During the signal recognition particle (SRP)-dependent targeting of

proteins to the bacterial plasma membrane, the specific interaction between Ffh (the

protein component of SRP) and Fts Y (the SRP receptor) is known to be essential for the

efficiency and fidelity of this process. In this work, I studied E. coli and T. aquaticus

Ffh"Fts Y complexes using chemical cross-linking and tandem mass spectrometry, and

identified nine intermolecular cross-linked peptides. Spatial restraints, derived from the

maximal distance that the two reactive groups of the cross-linkers could span, were

simultaneously imposed on the cross-linked residues to generate low-resolution models

of the complex. Subsequently, macromolecular docking and energy minimization were

employed to build a refined model of the Ffh-Fts Y NG domain complex.

Shortly after the completion of this work, the crystal structures of the complex of

the NG GTPase domains of Ffh and Fts Y were reported (234, 235). These x-ray

structures are in good agreement with the computational model of this complex presented

here. Intriguingly, four of the cross-linked pairs involve the M domain (i.e. the signal

sequence peptide binding domain) of Ffh, which is absent from the crystal structure,

providing the first experimental evidence that the M domain is positioned in close

proximity to the Ffh-Fts Y interface in the complex. This positioning of the M-domain is

distinct from the M domain position in Ffh apo protein (243, 248). Therefore, our results

Suggest a dynamic rearrangement of the M domain during the Ffh-Fts Y complex

Yo.
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formation, implicating a likely role of SRP receptor in modulating the unloading of the

signal sequence.

My studies on both GRP94 homodimer and the Ffh-Fts Y complex using chemical

cross-linking and tandem mass spectrometry correctly elucidated the interaction surfaces

of the protein assemblies, which has been confirmed by x-ray crystallographic studies.

Furthermore, my cross-linking results revealed additional structural information beyond

current crystallographic studies on these two complexes, e.g. positioning of the M

domain in the Ffh-Fts Y complex and a distinct GRP94 conformation.

Three-dimensional structure is the action platform that determines the function of

proteins and protein assemblies, thus conformational changes that may take place during

protein complex formation can modulate the function of proteins in a temporal and

spatial manner (37). Proteins have also been observed to simultaneously exist in

populations of diverse conformations (38). The aforementioned conformational dynamics

of proteins and protein assemblies serve as a structural basis for the functional diversity

and plasticity of proteins, thus elucidation of the structural arrangements of protein

complexes is essential to deepen our mechanistic understanding of the cell (39-41).

Chemical cross-linking strategies have the important advantage that protein assemblies

may be studied in solution in their native states, and can be used to covalently “lock”

Some even less populated conformations. Therefore, with the maturation of mass

spectrometric analysis, a wider application of this approach to various protein assemblies

can be readily foreseen and such research will contribute to the elucidation of

conformational dynamics of proteins and protein complexes.

–
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