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ABSTRACT: Glutathione transferase rGSTM1-1 catalyzes the addition of glutathione (GSH) to 1-chloro-
2,4-dinitrobenzene, a reaction in which the chemical step is 60-fold faster than the physical step of product
release. The hydroxyl group of Y115, located in the active site access channel, controls the egress of
product from the active site. The Y115F mutant enzyme hag &72 s1) that is 3.6-fold larger than that

of the native enzyme (20°%). Crystallographic observations and evidence from amide proton exchange
kinetics are consistent with localized increases in the degree of segmental motion of the Y115F mutant
that are coupled to the enhanced rate of product release. The loss of hydrogen bonding interactions involving
the hydroxyl group of Y115 is reflected in subtle alterations in the backbone position, an increase in
B-factors for structural elements that comprise the channel to the active site, and, most dramatically, a
loss of well-defined electron density near the site of mutation. The kinetics of amide proton exchange are
also enhanced by a factor between 3 and 12 in these regions, providing direct, quantitative evidence for
changes in local protein dynamics affecting product release. The enhanced product release rate is proposed
to derive from a small shift in the equilibrium population of protein conformers that permit egress of the
product from the active site.

The glutathione transferases (EC 2.5.1.18) catalyze the The enzymes exhibit a remarkable degree of catalytic
addition of glutathione (GSH)to both endogenous and diversity with single isoenzymes catalyzing multiple reaction
xenobiotic electrophilic compounds. They are perhaps the types. The extent and type of participation of individual
single most important group of enzymes for initiating the residues in catalysis are highly dependent on the nature of
metabolism and disposition of potentially toxic alkylating the transition state and the rate-limiting step for the reaction
agents. The canonical GSH transferase superfamily consistsn question. Some years ago, we presented mechanistic and
of at least nine subfamilies1( 2). The structural and  structural evidence that Y115, located in domain Il of a rat
functional aspects of these dimeric enzymes have beenclass mu enzyme (rGSTM1-1), played distinctly different
studied extensively over the past three decades. A historicalroles in the addition of GSH to epoxides and in nucleophilic
perspective and recent reviews are availate]). Crystal-  aromatic substitution (@\r) reactions 9). The hydroxyl
lographic studies reveal that the subunit polypeptide is group of Y115 provides electrophilic assistance in the
organized into two domains, a GSH binding domain (domain addition of GSH to an arene oxide substrate, a reaction in
) at the N-terminus and a xenobiotic substrate binding which the chemical step is rate-limiting (Figure 1A). In
domain (domain II) at the C-terminug, (8). contrast, the same hydroxyl group was proposed to control
the egress of product from the active site in the addition of
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tail A EXPERIMENTAL PROCEDURES 2
$209
N Materials. Deuterium oxide (99.9 at. % D), pepsin,
Q O Q }_' /0 neurotensin, angiotensin Il, 1-chloro-2,4-dinitrobenzene, glu-
H VoH o5 tathione, glutathione sulfonate, and protease inhibitor solution
SJ __ L) were purchased from Sigma (St. Louis, MO). Trifluoroacetic
d & oht o4 acid (peptide synthesis grade) was purchased from Pierce
Y115 Chemicals (Rockford, IL). Acetonitrile (HPLC grade) was
purchased from EM Science (Gibbstown, NJ). Anhydrous
t;“\ monobasic potassium phosphate was purchased from Fisher
S209 B Scientific (Pittsburgh, PA). Benzonase and pET20b{ere
1 : NN purchased from Novagen (Madison, WBfuTurbo DNA
Q |\-| }) A polymerase was purchased from Stratagene (La Jolla, CA)
vée H 32AY H a_s\, and Quick T4 DNA Ligase from New England BioLabs Inc.

/S—Q—Noz ' ; 26A (Beverly, MA). All materials were used without further
wd purification. All the solutions were prepared and used on

the same day.
y . Preparation of the Y115F Mutanthe Y115F mutant used
FIGURE 1: (A) Proposed role of Y115 as an electrophlllc Catalytlc for Crysta"ography was produced as previous'y described

group in the addition of GSH to arene oxide substrates. (B) Proposed : :
hydrogen bonding interactions between the hydroxyl group of Y115 (9. A new, more convenient expression vector was prepared

and S209 that inhibit segmental motions of the C-terminal tail and fOr production of the mutant protein for other experiments.
the a4 anda5 helices and limit the rate of product release. The The Y115F mutation was introduced into the DNA fragment

Iarge arrow indicates the pathway for egress of product from .the encoding rGSTM1-1 by a PCR-based method udhig-
active site, while the curved arrows suggest the segmental motionsT,rho DNA polymerase. The first PCR was carried out with
necessary for product release. the B-primer AAA AAA TCT AGA CAT ATG CCT ATG

ATA CTG GGA TAC TGG (P1) containing the restriction
release involves hydrogen bonding interactions between thesite forNdd, the 3-primer GCT TCT CAA AGT CGG GGT
hydroxyl group of Y115, located at the end of thé helix, TGA AAC AAA GCA TGA TGA GC (P2) containing the
and the side chain hydroxyl group and the main chain amide Mmutation (underlined), and plasmid pGT33MX encoding rat
NH group of S209, located in the C-terminal t&] ). These GSTML1-1 as the template. The second PCR was carried out

interactions are proposed to restrain the segmental motionWith the 8-primer GCT CAT CAT GCT TTG TTT CAA
of the two major structural elements (thd—turn—o5 CCC CGA CTT TGA GAA GA (P3) containing the mutation
helices and the C-terminal tail) that form a portion of the 19 (underlined), the 3primer TTT GGA TCC GAA TTC CTA
A deep channel to the active site and control the rate of ﬁ:ez-tl;icﬁt-)rr?— sﬁg-lf—orcégg‘? IT;S y Gpgsc,:mi(dpi))GE:l%gtlaIQIr;% :22
release of product. However, to this point, there has been '

no direct information regarding the nature of the changes in template. Products of both PCRs (DNA fragments-dD0

. : : . . bp) were purified by gel electrophoresis and used as
E(r)?;feln structure o dynamics that might support this propos templates for the third PCR. This PCR was carried out using

) _ ) primers P1 and P4, and the PCR produe6Q0 bp) was

Conformational changes and protein dynamics are known prified by gel electrophoresis. The PCR product from the
to be important factors in the catalytic efficiency of enzymes thjrd reaction and the vector pET20b)were digested with
(10). In this paper, we demonstrate the utility of backbone restriction enzymesidd and EcoRl, purified, ligated with
amide proton exchange kinetics in detecting segmental Quick T4 DNA ligase according to the manufacturer's
motions in the rGSTM1-1 enzyme that directly influence instructions, and transformed into DbSsupercompetent
catalysis. We present evidence that the chemical reaction ofcells. Plasmids obtained from the colonies were purified with
enzyme-bound GSH and CDNB occurs at a rate 20times the Wizard Plasmid Purification Kit (Promega, Madison, WI)
faster than product release with both the native enzyme andand sequenced to ensure the correct mutation and the absence
the Y115F mutant. Crystallographic observations and evi- of secondary mutations.
dence from amide proton exchange kinetics are consistent The mutant plasmid was transformed into BL21(DE3)
with localized increases in the degree of segmental motion competent cells. The cells were grown in LB medium
of the Y115F mutant that are coupled to enhanced productcontaining 150 mg/L ampicillin at 37C. Protein expression
release. Not surprisingly, the crystal structure of the mutant was induced with 0.3 mM IPTG. Cells were harvested by
is very similar to that of the native enzyme. However, the centrifugation at 600§for 15 min and suspended in 50 mM
loss of hydrogen bonding interactions involving the hydroxyl Tris buffer containing 1 mM EDTA and 1 mM DTT (pH
group of Y115 is reflected in subtle alterations in the 7.5). The cells were sonicated; 1 mL of 30protease
backbone position, an increase Bifactors for structural  inhibitor solution was added, and the mixture was centrifuged
elements that comprise the channel to the active site, and,
most dramatically, a loss of well-defined electron density 2 certain commercial materials, instruments, and equipment are
near the site of mutation. The kinetics of amide proton identified in this paper to specify the experimental procedure as

exchange are also enhanced in these regions, providing directcompletely as possible. In no case does such identification imply a
9 9 p 9 fecommendation or endorsement by the National Institute of Standards

quantitative evidence for changes in local protein dynamics ang Technology, nor does it imply that the materials, instruments, or
affecting product release. equipment identified is necessarily the best available for the purpose.
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at 3500@ for 35 min. The supernatant was treated Wi_th Table 1: X-ray Data Collection, Processing, and Refinement
benzonase f02 h atroom temperature to remove nucleic statistics
acids and dialyzed against 20 mM MOPS buffer containing ‘e <~

1 mM EDTA and 1 mM DTT (pH 68) The protein was Space group C2
loaded on the SP-Sepharose column equilibrated with the cell parametersd, b, ¢ (A); o (deg)] 85.75, 68.58,
same buffer and eluted with an NaCl gradient (from 0 to _ 80.46;105.12
500 mM) in the same buffer. Fractions containing protein ‘i’]"ig‘é‘z';r_‘g;‘o‘l’lfjt‘?grt]asf]‘élllle(‘j;')o” A 21'§éz 20
were pooled together and dialyzed against 20 mM potassium g __(9) (overall/high-resolution shell) 0.11/0.23
phosphate buffer containing 1 mM EDTA and 1 mM DTT completeness (%) (overall/high-resolution shell) 94/91
(pH 6.8). The protein solution was loaded onto a hydroxy-  redundancy (overall/high-resolution shell) 3/3
apatite column and eluted with a buffer gradient (from 20 refﬂ/g:n%ﬁ;’era"/ high-resolution shell 33/8
to 400 mM potassium phosphate) containing 1 mM EDTA " \efinement program SHELX
and 1 mM DTT (pH 6.8). Fractions containing protein were resolution limits (A) 10.6-2.2
combined, dialyzed against 20 mM potassium phosphate unique data (162.2 A) 21775
buffer containing 1 mM EDTA and 1 mM DTT (pH 7.0), Reactor I 0203
concentrated. flash-frozen. and stored-&0 °C. content of the asymmetric unit intact dimer
d ' no. of residues per monomer 217
Measurement of the Rate of the Chemical Reacfldme no. of inhibitors per monomer 1
pre-steady-state measurements of the rate of the chemical no. of water molecules 185
reaction in the ternary &5SHCDNB complex were taken bo”%‘gg%;ﬁg::'é}{'on A %-%13%)
using an Applied Photophysics SX18MV stopped-flow %g%qacﬁlandran élo)t allowet 09 3
instrument equipped with two monochromators. All reported most favored regions (%)
concentrations are those in the observation cell after mixing.  averageB [main chain/side chain (] 28.8/30.8

Reactions were carried out with M enzyme in 0.1 M
potassium phosphate buffer (pH 7.0) containing 1 mM GSH (Jobin Yvon Horiba Inc., Edison, NJ) equipped with tem-
by rapid mixing with different concentrations (5800uM) perature control units. The protein concentration wadv/3
of CDNB prepared in the same buffer. Product formation for both the native and mutant enzyme, dialyzed in 20 mM
was followed at 340 nm in a 0.2 cm path length cell potassium phosphate buffer (pH 7.0). Measurements were
maintained at 24C. In general, seven-trace averages were recorded at 28C using a quartz cell with a path length of
accumulated and the kinetic data fit to a theoretical expres-10 mm, and each sample was allowed to reach thermal
sion describing a single exponential followed by a steady equilibrium. Fluorescence scans were recorded between 300
state. The concentration dependence of the observed ratand 400 nm using excitation wavelengths between 275 and
constant for the burst phase followed saturation kinetics from 295 nm. Also, measurements were taken in the presence or
which the rate of the chemical reaction step was derived. absence of GSH (2 mM) aftea 5 min incubation period.
Crystallographic Data CollectiorLow-temperature X-ray  All resultant spectra were corrected by subtraction of the
diffraction data were collected from a single crystal of the background obtained with buffer alone.
mutant enzyme Y115F in complex with RAOR)-9-(S Circular Dichroism SpectroscopySteady-state circular
glutathionyl)-10-hydroxy-9,10-dihydrophenanthrene (GPR) dichroism measurements of the native and Y115F mutant
using a Bruker electronic area detector and a Rigaku rotatingenzyme were recorded on a JASCO J-720 spectropolarimeter
anode X-ray source, as previously descrit®dThe crystals (Spectroscopic Co. Ltd., Tokyo, Japan) equipped with a data
of the Y115FGPR complex were first transferred to a processor. The protein concentration was:30 for both
cryoprotectant solution containing 25% glycerol, 65% am- near- and far-UV CD measurements, prepared in 20 mM
monium sulfate, and 10 mM Tris buffer, after an initial KH,PQO, (pH 7.0). Measurements were recorded af@5n
transfer to a similar solution containing 10% glycerol, before the presence or absence of GS@ mM). A quartz cell
being mounted on a nylon loop and placed on the goniostat.with a path length of 10 mm was used for near-Uv CD
The crystal was maintained at 148 2 K during data (255—350 nm) measurements, while a cell with a path length
collection using a modified EnrafNonius cryostat. Data  of 1 mm was used for far-UV CD (18255 nm) measure-
processing was carried out with the XENGEN suite of ments. A total of 15 scans were recorded and averaged for
programs 11). The Y115F variant crystallized in space group each sample and corrected by subtraction of a baseline with
C2. A summary of the data collection and processing buffer only.
statistics is presented in Table 1. Protein Preparation for H-D Exchange Experiments
Crystallographic Refinementhe starting model for the  Protein samples for HD exchange experiments were
refinement of the Y115F structure was the 1.9 A native dialyzed against 0.1 M potassium phosphate buffer (pH 6.9)
structure with the same bound inhibitor, 3GSI2), after overnight and were filtered prior to use through a pr@
deletion of the solvent molecules. XtalVied3) was used filter to remove particulate matter and any insoluble protein.
to view the model graphically and to adjust the model during A stock solution at a concentration of 508 (13 mg/mL)
refinement. SHELX 14) was used to refine the model against was flash-frozen and stored-a80 °C in small aliquots. Each
the diffraction data. A summary of the refinement statistics aliquot was sufficient for 20 deuterium exchange mass
is presented in Table 1. The final coordinates and structure spectrometric analyses and was used within 1 day of thawing.
factors have been deposited in the Protein Data Bagk ( Identification of Peptic Fragment®eptides produced by
as PDB entry 1IMTC. pepsin digestion of r~GSTM1-1 are difficult to predict from
Fluorescence Spectroscopteady-state fluorescence sequence alone. Therefore, peptides generated by pepsin
spectra were recorded with a Fluorolog-3 spectrofluorometer digestion of the native protein (1:1 enzymsubstrate
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complex) under the quenching conditions used in this study Data acquisition and spectral analysis were conducted with
(5 min, pH 2.4, °C) were identified by off-line HPLC and  Finnigan ICIS software, version 8.3.2., on a Digital Equip-
MALDI mass spectrometry. The digest was separated by ment Corp. Alpha workstation. Additional data processing
reverse-phase HPLC, using a 45 min 5 to 45% gradient of was performed using Finnigan Xcalibur software, version
acetonitrile on a Beckman Ultrasphere C18 column (4.6 mm 1.2. The centroid data were analyzed using MagTran 1.0 beta
x 250 mm), and the elution of the peptides was monitored 9 software written by Zhang and Marsh&ll3j. Peptide ions

by absorption at 214 nm. Fractions were collected, dried, were located by scanning, and intensities of all scans
and analyzed by MALDI-MS to determine the molecular containing the peptide were summed to produce a composite
weights of the peptides. The identities of the peptides were spectrum for each ion. Data were processed by calculating
determined by analysis of the computer-generated pepticthe centroid of the resulting ion spectra.

fragmentation of the native protein using the ExPASy-  Kinetic AnalysisThe amount of deuterium in each peptide
PeptideMass softward §). In cases where mass searching was adjusted for back-exchange (as described below) and
gave more than one possibility, peptides were identified by plotted versus time. Progress curves for individual peptides
sequencing with Edman degradation or confirmed by-LC  were fitted using the program Grafit (Erithacus Software)
MS/MS sequencing conducted “on the fly” as peptides are to the sum of first-order rate terms according to the equation
eluted out of the column. For MALDI-MS, calibration was

performed using a two-point external standard calibration N

with neurotensin (mass of 1672.92) and angiotensin Il (mass D=N-— Z exp(=kit)

of 1046.54). Once optimized, the pepsin digestion was found =

o 3ed?:)gr2¥_rggzcig:Jiﬁlr?lleé(;,cﬁaS)n. eHvdrogen-deuterium where D is the deuterium content of a peptidd,is the
yarog geryarog number of peptide amide protonls,is the exchange rate

exchange experiments were designed to be similar to those . . )
reported previously by other&$—22). Deuterium exchange ?;niss?tgt fi?:r(:}xaci]hazméde hydrogen, diisithe time allowed
was initiated by diluting 1QL of the equilibrated protein b ge.

. . . Deuterium Exchange Control Experimengszero time
solution (13 mg/mL) 10-fold with 9@L of D,O. The protein/ : -
D,0 solution was incubated at 2€ for various times (from control (M) was performed to determine the extent of in

10 s to 6 h). At each time point, the reaction was quenched exchange that occurred after acidification and during the

. . ... pepsin digestion, even though the isotopic exchange rate is
by cooling (tubes transferred to an ice bath_) and acidifying quenched at this temperature and #4)( The sample was
with 100 «L of quench buffer [0.1 M potassium phosphate prepared by adding 10L of protein to 100uL of quench
buffer (pH 2.4) in HO at 0°C]. After 30 s, 1QuL of pepsin

i N buffer at 0°C, followed by the addition of 9@&L of D,0,
glazm mlg/ ;nnlzj Iizczbl?atztci%nciz:e\/\q‘?)sr g?r(njiid Atﬁ tt:: S%lﬁng;e% " digestion, and analysis by the normal procedure. The amount
pie ar X ) X (e samp of deuterium gained during the analysis varied between 0
one protein (16 time points) were prepared individually and
and 10%.
run on the same day.

Electrospray lonization Mass Spectromeffe extent of To determine the amount of deuterium lost during the
trospray S P . HPLC fractionation, a completely deuterated protein sample
deuterium incorporation into the peptide fragments was

determined by HPLEMS. The HPLC injection loop and (Muo0s9 Was prepared by incubating the protein igthat 50

the column were completely submerged in an—aater °C for 3 h atneutral pH, followed by incubation at pH 2.5
slurry at 0°C to minimize the deuterium back-exchan8)( and 50°C for an additiont3 h (19, 24). The sample was

The mixture of peptides was separated in 12 mired to then incubated on ice for a few minutes, digested, and
60% 'XLt‘ it 'Ip/IzF[)DI S(‘j'\.’ sts F;] b Ith T)yI h analyzed by the normal procedure. The average amount of
o acetonitriié/br) gradient, where hoth mobile phases o ariym jost during analysis was 16% after normalizing
contained 0.05% trifluoroacetic acid. The HPLC system :
. . . to 100% deuterium.

conS|steq of an AII|anc§ 2690 .Separgnons Module (Waters The deuterium contents of partially deuterated peptides,
Corp., Milford, MA) equipped with a microbore C18 reverse- adjusted for the gain and loss of deuterium during analysis,
phase column, 1 mnx 50 mm (Phenomenex, Torrance,

CA). The flow rate through the column was 100/min. A were obtained from the following expressidz.

Rheodyne 7125 six-port switching valve (Rheodyne, L.P., m — My,
Rohnert, CA) was used to divert early-eluting phosphate salts D= (—/" )N /0.9
to waste. My 0096 — Mooy,

Mass determinations were performed using positive ion ) , ) . .
ESI on a Finnigan MAT TSQ-7000 triple-quadrupole mass whereD is the deuterium content in a particular pepnde and
spectrometer (Finnigan Corp., San Jose, CA) equipped with Mo% M, andmigosare the average molecular weights of the
a standard API-1 electrospray ionization source outfitted with S@me peptide in the zero-time control, partially deuterated
a 100um inside diameter deactivated fused silica capillary. S@MPple, and fully deuterated control, respectively. The total
The heated capillary was operated at 280and 40 V, and number of peptldg amide protons is givenNbwvith division
the tube lens voltage was set to 120 V to minimize formation Py 0.9 to normalize to 100% {O.
of H,O—solvent clusters. The mass spectrometer was OperpEgULTS
ated in the positive ion mode, and the spray voltage was
maintained at 4 kV. Nitrogen was used for both the sheath Kinetics of Chemical Catalysis by the NatiEnzyme and
and auxiliary gas. The detector was calibrated to unit Y115F Mutant To further substantiate the contention that
resolution, and the data were collected by scanning frém product release is the rate-limiting step in the rGSTM1-1-
300 to 900 with a scan time of 2 s. catalyzed reaction of GSH and CDNB, the pre-steady-state
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1200 ionic interaction with the carboxylate of D36 in the mu loop
of the native enzyme. This interaction is also disrupted in
. the mutant. The B chain of the dimer displays considerably
more disruption than does the A chain as is evident from
A ° the poorer electron density of the B chain in this region and
in the greater increase of tiiefactors from the normalized
value for the whole structure. A marked difference in the
ol B—factors of th_e.A and B _chains was also noted gnd discussed
0 0.2 0.4 06 in some detail in the original report of the native structure
[CDNB] (mM) (8). _ _ _
Ficure 2: Dependence of the observed rate constant for the burst The different crystallographic behavior of the A and B

of product on CDNB concentration. The data for the native enzyme chains appears to arise from lattice interactions which
(®) and Y115F mutantk) were fit to eq 2 by nonlinear regression  stabilize the conformation of the A chain in the region near

with the following values:Ksem= 1200+ 200 st andKq°PNe = the mutation. The crystal packing in the region of F115 in
280 90 uM for the native enzyme ankiem = 1500+ 100 s the A chain is shown in Figure 5. In a similar view of the B
andKPNB = 210 4 30 « for the mutant. X . . . S
chain (not shown), no neighboring molecule is visible.
Crystallographic data were also collected at room temperature
kinetics of the reaction were examined. As expected, burst (unpublished results). In the room-temperature structure, the
kinetics were observed with both the native enzyme and the dynamic disorder of the mutant is increased to the extent
Y115F mutant. The reactions were followed to no more than that there is no visible electron density for B chain residues
10% substrate consumption, and the data were fit to a burst114-126 and 208-217.
followed by a steady state. The observed rate constants for Spectral Properties of the Y115F Mutafihe changes in
the burst followed saturation kinetics consistent with the the fluorescence and CD spectra of the Y115F mutant are
mechanism and rate expression shown in egs 1 and 2 frommodest and consistent with the loss of a single tyrosine

800

Kops (571)
400

1 v 11 TrmT17T71

which kehem and K4“PN® could be obtained. chromophore (Figures S1S4 of the Supporting Informa-
K cone " tion). The near-UV CD spectrum of the mutant shows a small
E-GS + CDNB=—— E-GS -CDNB —2 decrease in ellipticity near 280 nm. The fluorescence
slow emission spectrum of the mutant, centered at 335 nm, is
E-GSDNB— (1) slightly more intense than that of the native enzyme,
Ko [CDNB] sug_ges_tin_g that Y115 is re_sp_onsible for some quenching of
Kops = CD:‘\leB (2) the intrinsic tryptophan emission in the native enzyme. There
Ky + [CDNB] is no spectral evidence for a large disruption of structure in

the mutant protein.

The kinetic results are shown in Figure 2. There is very  Kinetics of Amide Proton Exchangéhe kinetics of amide
little difference inkchemor K¢PNB for the native and mutant  proton exchange were monitored by ESI-TOF mass spec-
enzyme. Most importantlykenem €Xceedsk.o by a factor of troscopy over a time window of 10 s 6 h for each of 50
60 with the native enzyme and a factor of 20 with the mutant. peptides identified in the peptic peptide map of the native
Clearly, in both cases, the rate-limiting step in turnover is and mutant proteins. The 50 peptides, ranging in size from
product release. 3 to 18 residues, cover 100% of the 217-residue sequence

Crystal Structure of the Y115F Mutanfthe overall with 64% of the sequence represented by multiple peptides
structure of the Y115F mutant is essentially the same as that(Figure S5 of the Supporting Information). In most instances,
of the native enzyme as illustrated in Figure 3. The rms the amide exchange kinetics can be resolved into three
deviation of the @ positions from those of the native phases, including a burst of rapidly exchanging protdgs (
enzyme (PDB entry 3GST) is 0.35 A for all 434 residues. > 4 min™1), an intermediate phase (4 min> k, > 0.04
However, there are significant local changes in the structuremin™), and a very slow phase( < 0.04 min'?). The
manifested in both the quality of the electron density and reproducibility of the kinetic profiles for all 50 peptides was
conformation. Although the F115 residue has well-defined confirmed by a second, independent determination of the
electron density in chain A (Figure 4A), no electron density exchange kinetics.
for this residue is evident in thea-weighted &, — F. Not surprisingly, the amide exchange kinetics for most
electron density map of the B chain as illustrated in Figure (>70%) of the main chain remain unaffected by the single
4B. The displacement of theoCatoms for the F115 residues mutation. No regions show an increase in the magnitude of
is larger than average (0.5 and 0.6 A for subunits A and B, the burst phase. However, several regions of the protein show
respectively) as the residues move closer to the phenanthrenenhanced amide proton exchange in the intermediate phase.
ring of the product inhibitor. The most prominent of these regions includes the end of the

In the native structure, the hydroxyl group of Y115 is a4 helix—turn—a5 helix junction that harbors the mutation
within hydrogen bonding distance of both the hydroxyl group (residues 111120), residues 269217 in the C-terminal tail,
and the amide NH group of S209 (Figures 1 and 3). Thus, and the mu loop (residues 346). The kinetic data for the
the removal of the hydroxyl group from residue 115 amide proton exchange in these regions are illustrated in
eliminates these potential hydrogen bonding interactions andFigures 6-9, respectively. Kinetic profiles for HD ex-
transmits the conformational perturbations to residues in thechange in representative peptides covering the remainder of
C-terminal tail, including S209 in the mutant structure. The the protein sequence are shown in Figures-S80 of the
side chain of K210, immediately following S209, forms an Supporting Information.
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FiGURE 3: Stereoview of the superposition of thecarbon trace of subunit B of the native enzyme (thin line) and the Y115F mutant (thick
line). The side chains of Y115 and S209 involved in the hydrogen bonding interactions are illustrated for the native enzyme.

in subunits A and B are shown in panels A and B, respectively.

Amide Proton Exchange Near the Site of MutatiBaptic mutant are the same except for the rate constant in the
peptide 114-126 containing the site of mutation shows a intermediate exchange regime which approximately doubles
burst of four deuterons incorporated in the fast phase in the mutant. The kinetic situation near the site of mutation
followed by approximately five in the intermediate phase can be further clarified by subtracting the observed time
and one in the slow phase as illustrated in Figure 6. The course of exchange for the overlapping peptic peptide-120
kinetic behavior of the native enzyme and that of the Y115F 126 that includes thex5a helix from peptide 114126.



Local Protein Dynamics and Catalysis Biochemistry, Vol. 41, No. 51, 20025167

Ficure 5: Crystal contacts in the region of F115 of chain A of the Y115F mutant. The skeleton of a crystallographic neighbor is shown
in hot pink. The dots represent the van der Waals surface of the protein.

Peptide 126-126 (Figure 6B) shows a burst of one to two followed by a single deuteron in the intermediate phase.
deuterons followed by intermediate and slow phases involv- Again, the only significant difference observed in the kinetics
ing two deuterons and one deuteron, respectively. The kineticof the native and mutant proteins is a 10-fold increase in
behavior of the native and mutant enzymes is similar in all the rate constant for intermediate exchange in the mutant.
three phases. As before, the exchange data for an overlapping peptide
Thus, the difference between the two peptides gives a212—217 (Figure 8B) can be used to help isolate the amide
much clearer picture of the effect of the mutation on the exchange site that is altered by the mutation. Thus, subtrac-
exchange behavior for the amide protons between residuedion of the exchange data for peptide 24217 from that
114 and 120 as illustrated in Figure 6C. This region shows for the larger peptide (209217) suggests that the amide site
a burst of 2.5-3 deuterons and an intermediate exchange of that gives rise to intermediate exchange is located between
two deuterons with the primary kinetic difference being an residues 209 and 212 (Figure 8C). The SKLA tetrapeptide
~3-fold increase in the rate constant for exchange in the for the mutant protein has a burst of three deuterons and
intermediate phase of the mutant. again exhibits a 10-fold increase in the rate constant for the
The C-terminal end of thei4 helix, peptide 113113, intermediate phase exchange of a single proton. In principle,
which precedes the site of mutation, exhibits enhanced amidethe rate constants for the intermediate phase in peptide 209
exchange as shown in Figure 7. This region shows essentially217 (Figure 8A) and residues 26212 obtained via the
no burst phase and a rather slow overall exchange with onedifference should be the same. The fact that they are not
amide proton exchanging in the intermediate phase and onederives from the noise level in the kinetic data of ap-
in the slow phase. The exchange behavior is consistent withpProximately+0.2 deuteron.
the fact that this helix resides in the center of the molecule  The C-terminal tail is also in contact with the mu loop in
with little exposure to solvent. Although there is considerable domain | (residues 3541) via an ionic interaction between
similarity between the exchange reaction in the native and the side chains of K210 and D36. This interaction appears
mutant proteins, the rate constant observed for the proton into be disrupted in the crystal structure of Y115F. The
the intermediate phase in the mutant is 6.8 times larger thanstructural perturbation can also be detected in the amide
that for the native enzyme. exchange kinetics of the mu loop. The amide exchange in
Amide Proton Exchange Distal to the Site of Mutation this region, embodied in peptic peptide -346, which
The changes in amide proton exchange kinetics are notincludes the mu loop and the? helix, is illustrated in Figure
confined to the immediate sequence around the mutation.9. The exchange behavior of each peptide consists of a burst
The C-terminal tail, peptide 26217, also exhibits enhanced of seven deuterons, and intermediate and slow kinetic phases
amide proton exchange in the intermediate phase as il-of two deuterons each. The principal difference is a 2.8-
lustrated in Figure 8A. This relatively solvent exposed fold increase in the rate constant for the intermediate phase
peptide shows a burst of seven deuterons incorporatedof the exchange.
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Ficure 6: Kinetics of amide proton exchange for the native and
Y115F proteins near the site of mutation. (A) For peptide-114
126, the experimental data for the native enzy®@¥ gnd Y115F
mutant @) were fit to a double exponential with the following
values: A; = 4.8+ 0.3 D, Key1 = 0.424+ 0.05 mim:, A, = 0.9+
0.3 D, andkexo, = 0.04 4 0.02 mirr? for the native enzyme angh
=5.3+0.5D,kexy=0.8+£0.2mirm1, A, =1.1+ 0.4 D, andkeyz

= 0.04 4+ 0.03 mir?! for the mutant. (B) For peptide 12026,
the experimental data for the native enzyr®@ énd Y115F mutant
(a) were fit to a double exponential with the following values;
=21+0.3D,kexy=1.1£0.2mirm%, Ay =1.4+ 0.3 D, andkeyz

= 0.134 0.03 mirr! for the native enzyme anth = 2.7+ 0.3 D,
Kex1= 1.3+ 0.3 mim?, A, = 1.6+ 0.3 D, andkexo = 0.15+ 0.03
min~! for the mutant. (C) Amide exchange of residues 4120
by subtraction of peptide 120126 from peptide 114126. The
difference data for the native enzyn®)(and Y115F mutant&)
were fit to a single exponential with the following values: =
2.27+ 0.08 D andkex = 0.274 0.03 mirr? for the native enzyme
andA; = 2.1+ 0.1 D andkey; = 0.77+ 0.09 mir! for the mutant.
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Ficure 7: Kinetics of amide proton exchange in the native and
Y115F proteins in the C-terminal half of the4 helix (residues
111-113). The experimental data for the native enzy@ &nd
Y115F mutant &) were fit to a double exponential with the
following values: A; = 0.784 0.08 D,kex; = 0.22+ 0.07 min?,

A, = 0.99 £ 0.07 D, andkex, = 0.00404 0.0006 mirr! for the
native enzyme ané; = 0.8+ 0.1 D,kexs = 1.5+ 0.4 mim?, A,
=1.0740.04 D, antkeyxo = 0.0076+ 0.0008 mirt? for the mutant.

One other region (residues 462) of the Y115F mutant
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Ficure 8: Kinetics of amide proton exchange for the native and
Y115F proteins in the C-terminal tail. (A) For the peptide 209
217, the experimental data for the native enzy®@e dnd Y115F
mutant @) were fit to a single exponential with the following
values: A = 0.724 0.07 D andkey = 0.18+ 0.06 minr? for the
native enzyme and = 1.114 0.05 D andkex = 1.9+ 0.1 mirr?

for the mutant. (B) For peptide 23217, the experimental data
for the native enzyme®) and Y115F mutant&) were not fit to a
kinetic expression since the change in the deuterium level is defined
by a single time point. (C) Amide exchange of residues-2282

by subtraction of peptide 22217 from peptide 209217. The
difference data for the native enzym@)(and Y115F mutant«)
were fit to a single exponential with the following values: =
0.564 0.04 D andkex = 0.09+ 0.03 mirr? for the native enzyme
andA = 0.794 0.0.07 D andkex = 1.1 £ 0.2 mirr?® for the mutant.
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FiIGURE 9: Kinetics of amide proton exchange for the native and
Y115F proteins in the mu loop, peptide-346. The experimental
data for the native enzym®] and Y115F mutant&) were fit to

a double-exponential expression with the following valués:=
1.7+ 0.1 D,kexy = 0.25+ 0.07 mirm?, A, = 2.5+ 0.1 D, andkex>

= 0.0014+ 0.0003 mirn! for the native enzyme and; = 1.8 +

0.2 D,kexa=0.74+ 0.2 mim%, Ay = 2.5+ 0.1 D, andkex, = 0.0016

+ 0.0003 min?! for the mutant.

primarily in the burst phase. The five peptic peptides that
cover this region (peptides 4%2, 49-59, 49-56, 46-56,
and 51-62) all show a decrease in the amplitude of the burst

has altered amide proton exchange behavior that is manifesphase of Y115F by one deuteron with a concomitant increase
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6 is in the transition region between thd helix and thes-turn

and may be the third rapidly exchanging proton. The

remaining two NH groups [Y(F)115 in the helix and F119

in the S-turn] are probably the two groups that exchange at

intermediate rates and have enhanced rates in the mutant.

. residues 51-56 In contrast, the loops and meanders that are more exposed

- to solvent exhibit a completely different kinetic distribution

0 b i o with most amide protons exchanging in the burst phase.
0.1 1.0 10 100 Peptide 34-46, which embodies the mu loop and the short

Time (min) o2 helix, contains 11 amide protons, seven of which

FIGURE 10: Kinetics of amide proton exchange for residues-51 ~ €xchange in the burst phase. The crystal structures reveal

56 in the native and Y115F mutant enzymes. The segment wasfour amide NH groups that are engaged in hydrogen bonding

analyzed with the double-difference procedure described in the text.interactions, including G35 and Y40 in the loop and W45

The difference data for the native enzyn®) @nd Y115F mutant 5,4 | 46 in the helix. These interactions remain unchanged
(4) were fit to & single exponential with the following valuea: in the structure of the mutant. Similarly, the segment of
=1.964 0.05 D andke, = 0.76= 0.04 mirt* for the native enzyme : Y, g

andA = 3.3+ 0.3 D andkex = 0.9 & 0.2 mirr for the mutant. residues 209217 in the C-terminal tail is largely solvent
exposed and exchanges seven of eight amide protons in the
in the amplitude of the intermediate phase (see Figure S7 ofburst phase. The one proton that exchanges in the intermedi-
the Supporting Information). A double-subtraction procedure ate phase is probably from A212 which is hydrogen bonded
was used to further localize the altered exchange kinetics.to the G=O group of S209 in the native structure. That
In this instance, the difference in the time course for interaction appears to be changed in the Y115F mutant,
exchange of [4962] — [49—-56] was calculated. The though the structure of the B subunit in this region is not
resulting difference, [5662], was then used to calculate the well defined as reflected in the higB-factors.
difference of [5162] — [56—62] = [51—56]. Kinetic The one region that shows a decrease in amide proton
analysis of residues 5156 in Figure 10 shows that this exchange rates, residues-36, is involved in subunit
segment has the same kinetic attributes as all five peptidessubunit interactions at the dimer interface. The side chain
in this region with a shift of a single deuteron from the burst of F56 from one subunit intercalates between ¢ and

£

Deuterons
N

phase into the slower intermediate exchange regime. a5 helices of the opposite subur)(The observed decrease
in the H—D exchange rate might be due to changes in the
DISCUSSION subunit interface involving the4 helix and F56. However,

there is no discernible difference between the structures of
the native and mutant proteins in this region in either subunit
hat would explain the shift of one amide proton from the

urst to the intermediate phase. Although one of the amide
protons in this region, that of K51, is involved in a hydrogen
bond with the carbonyl oxygen of E48, the others are within

ydrogen bonding distance of various water molecules. Given
he structural results, it is surprising that more than one proton
is found in the intermediate exchange regime. Slow exchange
of surface-exposed amides has been observed previ@ssly (
and may be a reflection of the fact that conformations other
than the one revealed in the crystal structure may predomi-
nate in solution.

Structural and Functional Basis for the Role of Y115 in
Catalysis.The exact role of active site residues in catalysis
can often be deduced from a straightforward combination
of crystallographic and functional analysis of mutant en-
zymes. Our original report of the participation of the hydroxyl
group of Y115 in oxirane ring opening reactions was based
on just such an analysi8)( The proximity of this side chain
to the hydroxyl group of the ring-opened product and the
dramatic loss of catalytic efficiency of the Y115F mutant
toward epoxide substrates provide compelling support for
its participation in electrophilic catalysis.

Kinetics of Amide Proton Exchange and Protein Structure.
The influence of protein structure on the kinetics of amide
proton exchange has been discussed extensively by other
(25—28). The GSH transferase investigated herein reveals
no real surprises in this regard and therefore will not be
discussed in great detdilHowever, it is instructive to
consider the relationship between the structure and change
in the protein dynamics for those regions of the protein
affected by the Y115F mutation. The helical regions, for
example thex4 anda5 helices that dominate the structure
between residues 111 and 126, tend to have relatively few
rapidly exchanging amides with most exchanging in the
intermediate or slow kinetic regimes. The ends of thke
and o5 helices and thes-turn (residues 116119) that
connects them show a mixture of exchange kinetics consis-
tent with the structure. In the native structure, all but two of
the main chain NH groups in the segment of residues-114
120 harboring the mutation are within hydrogen bonding
distance of a main chain=€0 group. The two exceptions
are the NH group of D118, which is within hydrogen bonding
distance of the side chain=€D group of N116, and the NH
group of E120, which is exposed to solvent. The latter two
NH protons are likely to constitute two of the three that

h in th hase. Th incipal diff in th X .
exchange in the burst phase e principal difference in the In contrast, the exact structural basis of the influence of

hydrogen bonding pattern in the Y115F mutant is the loss : o
of the hydrogen bond between the main chain NH group of .Y115 in the enzyme-catalyzed addition of GSH to CDNB

N116 and the €0 group of L113. This latter hydrogen bond is not as well characterized. That the rate-limiting step in
' turnover of this substrate is the product release step is now

firmly established §). In previous work, the reciprocal of

3 A more detailed discussion of the relationship of structure to the relative turnover number of the reaction was found to
observed amide proton exchange rates is being prepared for a future

publication (S. G. Codreanu, D. L. Hachey, H. W. Dirr, and R. N. €xhibit a dependence on viscosity with a unit slope. In
Armstrong, unpublished results). addition, direct measurement lof; for the product GSDNB
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Table 2: Segmental Amide Proton Exchange Rate Enhancement and Normalized Chawestors for the Y115F Mutant
normalized change in thg-factoP

peptide or segment Keat" "5/ Keat Kehem' 157 Kenent ki Y115F/K, N @ A B
intact enzyme 3.6 1.3 - 0.95 (0.99) 1.05(1.01)
residues 114120 (@4—turn—o5) 2.9(2) 1.26 (1.36) 1.95 (1.69)
residues 111113 (@4) 6.8 (1) 1.32(1.19) 1.50 (1.45)
residues 209212 (C-terminal tail) 12 (1) 1.44 (1.27) 2.38 (1.61)
residues 3446 (mu loop,0.2) 2.8(2) 1.22 (1.38) 1.44 (1.46)

aThe values in parentheses are the number of amide protons that show enhanced exchange RinetageB-factors for individual subunits
were normalized by dividing the average for the subunit by the average of the dimer. ABfag®rs for segments were normalized using the
average for the subunit in which the segment resides. Values in parentheses are for the native enzyme.

indicated thak. ~ k.o« Furthermore, product release remains exchange rate can be expressed in terms of the product of
the rate-limiting step in the turnover of CDNB by the Y115F the rate constant for intrinsic exchange and the dynamic
mutant Q). The direct measurement of the rate of the factorky/k., which is the equilibrium constant between the
chemical reaction in the ternary complex reported herein closed and open states. The possibility of exchange directly
firmly establishes that the chemical step is much faster thanfrom the closed state is often accounted for by a probability
turnover in both the native and mutant enzymes. Thus, thefactor such thaks = (5 + ky/ko)k (27). In either case, the
increase in turnover number from 20 to 72 # the Y115F molecular dynamics of the exchange process are embodied
mutant must reflect an increase in the off-rate of the product. in the termky/k..
Crystallographic analysis of the Y115F mutant suggests
that the structural basis for enhanced product release is theéScheme 1
loss of the hydrogen bonding interactions between the Y K ko
hydroxyl group of Y115 and S209 in the C-terminal tail of (NH)C‘[ (NHOD_ZJ (NDO‘E (ND),
the protein. The poor electron density (and higffactors)
for F115 and neighboring residues and residues in the The increases in the rates of amide proton exchange
C-terminal tail are consistent with a dynamic or static observed inthe Y115F mutant are modest and are transmitted
disorder in the immediate vicinity of the mutation, particu- by intramolecular contacts to structural elements distal to
larly in the B subunit. The loss of this hydrogen bonding the site of mutation. The single mutation is unlikely to affect
interaction also results in the disruption of the ion pair the intrinsic rate constant for exchangg,or 3, particularly
interaction between K210 and D36 in the mu loop that is for regions away from the mutation. It is therefore likely
evident in the highB-factors in this region as well. The that the increase in rate is due to an increase in the
disorder in these three parts of the molecule is much lessequilibrium constant for formation of an open conformation
apparent in subunit A due to lattice contacts that stabilize (ki/k;) from which exchange occurs. It is quite striking that
the same region. Thus, the crystallographic characteristicsthe increases iky expressed as the ratiQ'*'>7k!N (Table
of subunit B probably more accurately reflect the influence 2) for all of these regions fall in a very narrow range. For
of the mutation on the solution structure of the protein. The three of these segments'*7kN ~ 3—12. Moreover, the
crystallographic data are consistent with an increase in thesegments in question are in physical contact with one another
degree of segmental motion in these regions of the mutant,as illustrated in Figure 11. The narrow range of enhancement
but they do not distinguish between static or dynamic and the physical contact of the segments suggest that the
disorder. change in molecular dynamics is due to coupled motions in
Amide Proton Exchange Kinetics and Protein Dynamics the access channel.
The kinetics of amide proton exchange in folded proteinsis  There is a reasonable correlation between the increase in
known to be influenced by both protein structure and amide proton exchange rates and increase8-factors
dynamics 27—31). Amide groups exposed to solvent at observed in the crystal structure particularly as seen in the
neutral pH and not involved in intramolecular hydrogen quality of the electron density displayed in Figure 4.
bonding interactions exchange rapidly with intrinsic rate However, the correlation is not perfect when normalized
constantsk) of ~10 s* depending on the sequence context. B-factors between the native and Y115F structures are
Buried amide groups, which are often involved in hydrogen compared (Table 2). This is due, in part, to crystal lattice
bonding interactions in secondary structural elements, typi- effects that dampen segmental dynamics in the A subunit.
cally, exchange at much lower rates that depend, in large Three of the four regions compared in subunit B show an
part, on dynamic fluctuations in the protein structure. The increase in normalizeB-factors in response to the mutation.
kinetic situation is often expressed in the mechanisms shownThe fact that the native and mutant structures were deter-
in Scheme 1 where (NEl)s an amide in a closed conforma- mined under different conditions and refined with different
tion, (NH, represents the open conformatidg,is the rate protocols may also make comparison of even normalized
constant for openinds. is the rate constant for closing, and B-factors problematic. Overall, HD exchange rates appear
ki is the intrinsic rate constant for amide proton exchange to be a more sensitive and reliable indicator of changes in
(29). The experimental rate constant for exchange is given protein dynamics since they are free of lattice effects.
by the equatiork = koki/(ko + ke + ki). For a folded protein Segmental Protein Dynamics and Cataly3ise structural
or substructurek. > k, so that the rate expression for elements most affected by the mutation lie atop the access
exchange simplifies té, = koki/(k. + k). If it is also true channel to the active site as illustrated in Figure 11. The
that k. > ki, then ky = kky/k.. Thus, the experimental influence of protein dynamics on product release where
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Ficure 11: Stereoview of the product bound in the active site of the Y115F mutant of rGSTM1-1. The ribbon diagram of a single subunit
as viewed from the opposing subunit in the dimer is shown. The product, GSDNB, which is shown in stick representation, was placed in
the structure by superposition of the structure of the native enzyme in complex with GSDNB from PDB entry 5GST with the Y115F
mutant. Protein segments that lie atop the active site access channel and exhibit enhaDoexthange are shown in orange. The single
segment that shows a reduced level of amide proton exchange is illustrated in purple. This figure was produced with the program PyMol
(33).

product release is rate-limiting can be treated kinetically in It is important to point out that product dissociation occurs
a manner similar to that described for amide proton exchange.on the millisecond time scalé = 20—70 s, ty, = 10—

That is, release occurs from an open conformation so that35 ms), a time scale that is similar to that expected for the
Keat = kot = (Bp + Kog/kep)kehem Wherekop, and kg, are the upper limit of large-amplitude segmental motions. The rate
rate constants for the transition between the open and closecdtonstants for the segmental fluctuations in the protein
conformations, respectively, is the probability of release  structures are not known in this specific case, but it is likely
from the closed conformation, armghenis the rate constant  that they occur on the microsecond to millisecond time scale

for the chemical step in the ternary compfexhus, (29, 32). In fact, Rule and co-workers have suggested, based
on residual dipolar couplings, that the motions of the mu
kchllsF/k&,ﬂtN = loop in a homologous human enzyme (hGSTM2-2) occur

Y115Y, Y115 N N on the microsecond to nanosecond time scale with large
(ﬂp + k"”/kc") (Ketem F)/(ﬁp + koplkcp) (e ) excursions from the position observed in the crystal structure

(34). In contrast, the motions of the4 helix and the
C-terminal tail were proposed to occur on a time scale much
longer than microseconds. The mutation-induced changes in
(k. YllSF/kc N)(kc N/kC Y115F) _ segmental motions in rQSTMl-l described herein suggest
at at hem ""chem that the segmental motions of all three structural elements
By + kokep) (B, + Kok = 2.9 are coupled even if the time scales for their dynamics are
different. The success of the-HD exchange experiments
This value is quite similar to the rate enhancemekis >/ reported here relies on the kinetic sampling of changes in
k) observed in amide proton exchange and suggests thathe equilibrium position of relatively rapid segmental fluc-
product release and amide exchange are dependent on thgjations. Extension of the HD exchange experiment into
same segmental motions. the millisecond time regime is possible with rapid quench-
The termf + ko/k. expresses the probability of +D flow techniques and should permit a much more detailed
exchange in a folded structure and can be estimated frommapping of changes in protein dynamics and their influence
the k/k; ratio. If ki ~ 10 s'* for an exposed amide proton, on catalysis.
then exchange in the intermediate time regite< 0.01~ Conclusions The results in this report demonstrate that
0.001 s*) reflects an equilibrium constanky(k;) between  amide H-D exchange mass spectrometry is a sensitive
the open and closed conformations of perhaf30001  technique for locating and quantifying changes in segmental
depending on the magnitude ff It is difficult to make a  motions of proteins that are important in diffusion-controlled
similar estimate okop/kep since an intrinsid from the open  catalytic events such as product release from an enzyme
conformation is not known nor i, However, the factthat  active site. The influence of the loss of a single hydrogen
the ratio of the dynamic termg@{ + Kop/kep) "**°Y/(8p + kop/ bond on protein dynamics in the active site access channel
kep" & kH57k suggests that the relative changes in the of 3 glutathione transferase was detected and quantitatively

equilibrium population of conformers responsible for the two rejated to a subtle (0.7 kcal/mol) effect on catalysis.
physical processes are similar.

This equation can be rearranged to provide the ratio of the
dynamic terms so that
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SUPPORTING INFORMATION AVAILABLE
Figures S+S10 describing the fluorescence and CD

properties of the native enzyme and Y115F mutant, the peptic
peptide map of the protein, and representative kinetic profiles
for H—D exchange in peptides covering regions in the protein
not discussed in the text. This material is available free of

charge via the Internet at http://pubs.acs.org.

REFERENCES

1. Board, P. G., Coggan, M., Chelvanayagam, G., Easteal, S., Jermiin,

AwN

e
PO © © ~NO O

=
N

13.

L. S., Schulte, G. K., Danley, D. E., Hoth, L. R., Griffor, M. C.,
Kamath, A. V., Rosner, M. H., Chrunyk, B. A., Perregaux, D. E.,
Gabel, C. A,, Geoghegan, K. F., and Pandit, J. (20D0Biol.
Chem. 27524798-24806.

. Armstrong, R. N. (1997Chem. Res. Toxicol. 1@—18.
. Vuilleumier, S. (1997)). Bacteriol. 179 1431-1441.
. Hayes, J. D., and Pulford, D. J. (199Gjit. Rev. Biochem. Mol.

Biol. 30, 445-600.

. Pickett, C. B., and Lu, A. Y. (1989nnu. Re. Biochem. 58

743-764.

. Armstrong, R. N. (1998Lurr. Opin. Chem. Biol. 2618-623.
. Reinemer, P., Dirr, H. W., Ladenstein, R., Schaffer, J., Gallay,

0., and Huber, R. (19915MBO J. 10 1997-2005.

JJi, X., Zhang, P., Armstrong, R. N., and Gilliland, G. L. (1992)

Biochemistry 3110169-10184.

.Johnson, W. W., Liu, S., Ji, X,, Gillland, G. L., and Armstrong,

R. N. (1993)J. Biol. Chem. 26811508-11511.

. Hammes, G. G. (200Biochemistry 418221-8228.
. Howard, A. J., Gillland, G. L., Finzel, B. C., Poulos, T. L.,

Ohlendorf, D. H., and Salemme, F. R. (1987Appl. Crystallogr.
20, 383-387.

.Ji, X., Johnson, W. W., Sesay, M. A., Dickert, L., Prasad, S. M.,

Ammon, H. L., Armstrong, R. N., and Gilliland, G. L. (1994)
Biochemistry 331043-1052.

McRee, D. E. (1999%ractical Protein Crystallography2nd ed.,
Academic Press, San Diego.

14.

15.

16.

Codreanu et al.

Sheldrick, G. M., and Schneider, T. R. (199%9thods Enzymol.
277, 319-343.

Berman, H. M., Westbrook, J., Feng, Z., Gillland, G., Bhat, T.
N., Weissig, H., Shindyalov, I. N., and Bourne, P. E. (2000)
Nucleic Acids Res. 2835-242.

Wilkins, M. R., Lindskog, I., Gasteiger, E., Bairoch, A., Sanchez,
J. C., Hochstrasser, D. F., and Appel, R. D. (19RIéctrophoresis
18, 403-408.

. Engen, J. R., Gmeiner, W. H., Smithgall, T. E., and Smith, D. L.

(1999) Biochemistry 388926-8935.

18. Mandell, J. G., Falick, A. M., and Komives, E. A. (1998)al.

20.

21.

23.

24.
25.

26.
27.
28.
29.

30.
31.

32.
33.
34.

Chem. 703987-3995.

.Zhang, Z., Post, C. B., and Smith, D. L. (198)chemistry 35
779-791.
Engen, J. R., Smithgall, T. E., Gmeiner, W. H., and Smith, D. L.

(1999)J. Mol. Biol. 287 645-656.
Resing, K. A., and Ahn, N. G. (1998iochemistry 37 463—
475.

. Resing, K. A., Hoofnagle, A. N., and Ahn, N. G. (199R)Am.

Soc. Mass Spectrom. 1685-702.

Zhang, Z., and Marshall, A. G. (1998)Am. Soc. Mass Spectrom.
9, 225-233.

Zhang, Z., and Smith, D. L. (1998¥otein Sci. 2 522-531.
Englander, S. W., and Kallenbach, N. R. (198@3Re. Biophys.
16, 521-655.

Englander, S. W., Sosnick, L., Englander, J. J., and Mayne, L.
(1996) Curr. Opin. Struct. Biol. 218—23.

Engen, J. R., and Smith, D. L. (2004hal. Chem. 73256 A—
265A.

Kim, K.-S., and Woodward, C. (1998jochemistry 329609
9613.

Fersht, A. (1999%ptructure and Mechanism in Protein Science
pp 540-572, Freeman, NewYork.

Li, R., and Woodward, C. (199®rotein Sci. 8 1571-1591.
Hoofnagle, A. N., Resing, K. A., Goldsmith, E. J., and Ahn, N.
G. (2001)Proc. Natl. Acad. Sci. U.S.A. 9856-961.

Thirumalai, D., and Woodson, S. A. (19983c. Chem. Res. 29
433-439.

DelLano, W. L. (2002) The PyMOL Molecular Graphics System
(http://www.pymol.org).

McCallum, S. A., Hitchens, T. K., Torborg, C., and Rule, G. S.
(2000) Biochemistry 397343-7356.

BI026776P



