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ABSTRACT. The solution secondary structure of 4-oxalocrotonate tautomerase (4-OT), a 41 kDa
homohexamer with 62 residues per subunit, consists of-halix, two 5-strands, g-hairpin, two loops,

two turns, and a C-terminal coil [Stivers et al. (1988dtein Sci. 5729-741]. The general base, proline-

1, as well as the two loops and tfehairpin have been shown to comprise the active site [Stivers et al.
(1996) Biochemistry 35814-823]. The backbone dynamics of both the free enzyme and its complex
with a substrate analog have been studiedHrgetected®N relaxation rates and NOE determinations at
500 and 600 MHz. Analysis of the data using the model-free formalism showed that the nanosecond to
picosecond motion of 53 of the 60 backbolbl—H vectors was highly restricted with a mean order
parameter$2J= 0.87 + 0.03. The lowest backbone mobilit$s¢ > 0.90) is found in the31-strand,

loop 2, and turn 2. Greater backbone mobility is found in the active site £0%? < 0.83) and at
C-terminal residues 5862 (0.03< S2 < 0.70). Aty, value for the free hexamer of 13.7 ns at42was
determined, consistent with a compact globular molecule of 41 kDa. Saturation of 4-OT with the analog
of the dienolic intermediate and linear competitive inhibiiscismuconate4) (Ko = 0.59 mM)increased

the backboné&? of seven residues arikcreasedhe backboné?2 of another eight residues, both at the
active site and at the antiparalj¢l—/31 interface. TheS?2 values of the other 44 detectable NH vectors
were not altered by the binding df The increases i82, resulting from the “freezing” of the backbone

NH vectors of seven residues upon the bindingloforrespond to an unfavorable entropic contribution

to AGyindging Of 3.2 £ 1.1 kcal/mol. This freezing is partially compensated for by the mobilization of the
other eight residues, since the decreaseS4ifor these residues correspond to an entropic contribution
to binding of —1.9 + 0.1 kcal/mol. These entropy changes, resulting solely from alterations in high-
frequency motion, are significant compared to the oveX@hindsing= —4.6 kcal/mol for4. Other effects

of the binding of4 include (1) changes it?N and NH chemical shifts localized to the active site and (2)
increases in the exchange contributioRs  to 1/T; of backboneé®N resonances at the active site and at
the subunit interface, reflecting microsecond to millisecond motions which may play a role in substrate
binding kon = 4 x 10° M~1 s71) and/or catalysiskia = 10° s71).

The role of internal motions of proteins both in catalysis enzymatic catalysis. It has been suggested that residues in
and in specific ligand binding is a subject of great interest active sites are mobile in the uncomplexed state and that
which has been stimulated by theoretical advances (Lipari their motions, like those of the bound substrate, become more
& Szabo, 1982a,b; Clore et al., 1990a,b; Palmer et al., 1991),highly restricted in the complex in order to constrain the

by the development of isotopic labeling methods, and by g hstrate to a conformation that resembles the transition state
heteronuclear NMR techniques for measurement of relaxat'on[reviewed in Mildvan (1974)]. A recent example is provided
rates of individual nuclei in proteins (Peng & Wagner, 1994, by the catalytic tyrosine residue af-3-ketosteroid isomerase

and references therein). Despite these methodological ™ . . . .
advances, no unified picture has yet emerged as to theWh'Ch’ upon steroid binding, shows a decrease in amplitude

functional role of fast or slow time scale protein motions in ©f the high-frequency motion of its phenolic side chain but
binding specificity or catalysis. no significant change in the motion of its backbong(Zhao
The restriction of conformational freedom in enzyme €t al, 1996). However, there is an entropic penalty for the
substrate complexes is frequently proposed to contribute toimmobilization of a residue upon substrate or ligand binding,
and this unfavorable entropy change must be offset by the
T This work was supported in part by National Institutes of Health intrinsic binding engrgy of the ligand for t_he prOtei,n _(J(,eanS’
Grants DK28616 (to A.S.M.) and GM41239 (to C.P.W.). J.T.S.isan 1987). Therefore, if an enzyme or protein can minimize the

Aﬂl‘if iggﬂ Cancer Sociec}y POSttdotCrtm(')ral Ftﬁllow- o 410.955.2038 entropic penalties associated with complex formation, more
ress correspondence to IS author: phone, - - ) . .. . . . . ..
FAX, 410-955-5759. of the intrinsic binding energy is available for transition state
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Enz-AH, Enz-A, Enz-AH agrees well with the NMR structure of 4-OT and shows that
) ”-.._7 ""-,,,o the enzyme consists of a trimer of dimers (Figure 2A).
o o ; : : ;
. Active site regions of the enzyme have been localized to
co; __ > Coy ___ . ~,-CO: 2 .
TN = 00NN = °=°J\/?f,, ’ Pro-1, loops 1 and 2, and tfehairpin (Stivers et al., 1996a
Cay K H H H O c)
Q . ¥ . \ . . _
{j/m‘ &)/‘m {j/m In this work we report the complete backbordaN
dynamics of free 4-OT and its complex with the competitive
. ) s inhibitor cis,cismuconate 4), which resembles the dienolic
FiGure 1: Minimal catalytic mechanism of 4-oxalocrotonate H ~
tautomerase (Stivers et al., 1996a,b). ProlineH, (g 6.4), the CO2
general base, removes the 3-proton of substtatmncerted with H

electrophilic catalysis at the C-2 oxygen atom by a putative enzymic H

general acid (K, = 9.0). For simplicity, the enolization is shown
as concerted. The dienolic intermedi&tés then reketonized and
protonated stereospecifically at the 5-position to yield phe-S 4
enantiomer of3 (Whitman et al., 1992).

702C H

) ) ) intermediate2 (Figure 1), using'H—1N NMR relaxation
_ The backbone and side chain dynamics of several free andyeasurements. To our knowledge, this represents the first
Ilggnd—bounq proteins including enzymes have been StUd'edreport of the backbone dynamics of a free and complexed
using *C (Nicholson et al., 1992; Zhao et al., 1996} enzyme. A preliminary report of this work has been
(Akke et al., 1993; Cheng et al., 1994; Rischel et al., 1994; , |hiished (Abeygunawardana et al., 1996), and a forthcoming

Farrow etal., 1994; Epstein etal., 1995, Mandel etal., 1995), hapner will treat the side chain dynamics of free 4-OT and
and “H-based (Kay et al., 1996) NMR spin relaxation jig complex withd.

experiments. The results of many of these studies have
provided evidence in support of the proposal that ligand EXPERIMENTAL PROCEDURES
binding induces a localized restriction of side chain and
backbone motion near the ligand binding site. However, in

detailed study of the effects of phosphotyrosine-peptid X y
a 0e alled Sudy of Te Sliec's of Phospholyrosine-peph e(Whltman etal., 1991). Catechol (396) and peracetic acid

binding on the dynamics of the Src homology 2 domai
g ynamics ) 9y an (32 wt %) were from Aldrich. 2H,O (99.996 atom %) and

(SH2), more complicated observations were made. In the 15NH,C (99 atom %) were obtained from Cambridge Isotope
backbone, there was no simple relationship between peptide 4 0 ;
W 'mp I Ip D Ween pepl Uniformly °N-labeled 4-OT was

binding and changes in picosecond time scale motions atLabS_ (Woburn, MA)' . :
the peptide binding site (Farrow et al., 1994). With respect obtained as described previously using the T7-based expres-

to the side chains, some groups involved in peptide binding sion system (Stivers et al., 1996‘?1)' All other. solvent_s and
were immobilized by complex formation, while others were reagents were of the highest quality commercially available.

e ; Il buffers used in the NMR experiments were deionized
mobile in both the presence and absence of peptide. TheA. X : ,
mobile residues were suggested to be important for mini- with Chelex-100 resin and filtered through a 0.2 filter

mization of the entropic penalty associated with complex (Millipore) _before addition to the NMR samples.
formation (Kay et al., 1996). A similar detailed comparison Synthesis ofl. 4 was prepared by the Fe(lll)-catalyzed

of the dynamics of a free and complexed enzyme has notoxidation of catechol with peracetic acid (Pandell, 1976).
previously been reported. To a 50 mL Erlenmeyer flask containing a magnetic stir bar

| o . was added 5.0 mL of glacial acetic acid, 15 mL of 32%
4-Oxalocrotonate tautomerase (4-OEC 5.3.2) is @ poracetic acid (5.52 g, 0.0726 mol), and then 0.140 mL (3.2
homohexameric enzyme (MW= 41000, 62 residues/ " 168 mmol) of a Fegbolution which had been freshly
subunit) that catalyzes the Isomerization .Of uncomugated prepared by dissolving 48 mg of the ferric salt in 2.13 mL
a-keto acids, such as, to the conjugated isome via a ¢ iacial acetic acid. To this solution, over a period of 5 h
dienolic |ntermed|_ate2 (Flgure_l). The small subun_lt SIZ€ " at room temperature, was added a 10 mL solution of catechol
of 4-OT makes it an atiractive model for studying the prepared by dissolving 3.07 g (0.0279 mol) of catechol in

mechanism and structure of a ketenol tautomerase in  giacia| acetic acid. After the addition was complete, the
solution using het.er_onucle_ar NMR spectroscopy. Recent o,ciion was cooled at 4C for 20 min and then filtered
NMR and mechanistic studies of 4-OT have established (1) it syction using a medium frit glass filter. The precipitate

the backbone and side chai, *N, and *C NMR was washed with 20 mL of glacial acetic acid, followed by

assignments and the solution secondary structure of the freep5 mL washings with ice-cold deionized water (50 mL total).
enzyme (Stivers et al., 1996¢), (2) that the enzyme has six-l-he product was dried in an evacuated desiccasd?,Os

actiye site§ per hexamer,_and ®) that. the amino_-terminal and KOH for 14 h at room temperature. The final yield
proline residue (i, = 6.4) is the catalytic base (Stivers et was 1.5 g (38%) of the free acidH NMR (acetoneds,

al., 1996a,b). A 1.9 A resolution crystal structure of a highly 600 MH2)d 6.03 (dd. 2H). 7.89 (dd. 2H). From the NMR
homologous isozyme of 4-OT (Subramanya et al., 1996) spectrum) the puEity of V\)I:’JIS.>98(%., )

Preparation of NMR SamplesThe NMR sample of the

1 Abbreviations: 4-OT, 4-oxalocrotonate tautomerake2-oxo-4- free enzyme contained 2.4 mM 4-OT subunits in 0.62 mL
hexenedioate?, 2-hydroxy-2,4-hexadienedioat8; 2-oxo-3-hexene- of H,OPH,O (90:10) and 26 mM potassium phosphate buffer
dioate; 4, 2,4-hexadienedioate (CCMis,cismuconate); FID, free at pH 6.45. The NMR sample of the 4-OT complex with
induction decay;R;, longitudinal relaxation rateR,, transverse o ) L .
relaxation rate; CSA. chemical shift anisotropy: TSP, 3-(trimethylsilyl)- Was obtained from the final titration sample described below.

propionate?,2,3,3-d,. The final concentration was 3.2 mM in 4-OT subunits and

Materials and General Method2-Hydroxymuconate?)
for isomerase assays was synthesized as previously described
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FIGURE 2: Tertiary structure of the 4-OT dimer unit and the changes in backbone amide chemicalshjiftsr(ler parameters\S?2), and

exchange contributions\Re,) to 15N transverse relaxation upon binding 4f(A) Tertiary structure of 4-OT as seen in the 1.9 A crystal
structure of Subramanya et al. (1996). Major active site residues are indicated, and primed residues are in the adjacent subunit. (B) Changes
in amide nitrogen and proton chemical shifts of 4-OT upon binding. d®esidues that showed combined chemical shift changes greater

than the threshold line shown in Figure 4C are marked in red. (C) Changes in backbone order parameters upon BiriRigsidoks that

showed a significant increase in mobility upon bindingdadre marked in red, and those that showed a decrease in mobility are marked

in blue. (D) Changes in the exchange contribution toheline width upon binding off. Residues that showed a significant increase in

Rex upon binding of4 are marked in red, and those that showed a decreaRg are marked in blue.

20.5 mM4 in H,O”H,0 (90:10) at pH 6.45. Using aka 8000 and 1884 Hz in the proton anfN dimensions,
of 6.5 for the phosphate dianion and the fréadianion respectively. Using StatedPPI, a total of 25@; values
concentration of 17.3 mM, an ionic strength of 52 mM is with two or four scans per FID were acquired. The final
calculated for both the free and complexed 4-OT NMR matrix sizes, after zero filling were 1k 1K real points.
samples. All NMR determinations were carried out at 42.0 For these titrations, &100 mM agueous stock solution of
°C, and the free enzyme retained more than 85% of its initial 4 was prepared gravimetrically and adjusted to pH 6.45 with
activity after 2 weeks at this temperature. 1 M Tris base. This solution was deionized by passage
Determination of I for Binding of4. Since the 4-O+4 through a small column containing Chelex-100 resin, and
complex is in fast exchange on the chemical shift time scale the final exact concentration was determined by absorbance
(see Results), and the amithN and*H assignments of the  at 257 nm é = 15900 M! cm™?, dianion, water). The
free enzyme have already been made (Stivers et al., 1996c)fitration was performed by adding small portions-@5 uL)
the dissociation constankKg) and the amidé>N and H of a stock solution of4 to a solution of 4-OT (62QuL,
assignments for the complex were determined by titration [4-OT]o = 4.0 mM in subunits). The absolute values of the
of the enzyme with4, following the changes in the amide chemical shift changesA@ops = |0 — do|) for three well-
IH and !*N chemical shifts in a series dH—°N HSQC resolved resonances with the larg&st,x values (R11, R39,
spectra at 600 MHz. The water flip-back pulse sequence of G51) were plotted against the total concentratiod @i ;o)
Mori et al. (1995) was used, employing sweep widths of and used to determinép according to eq 1, wherBy is
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were collected for each relaxation deldy before chemical
{Kp T Bt t Lt = [(Kp T Bt T shift labeling in the!>N dimension. The recycle time was
5 2 2.6 s for the!®™N R; and R, experiments. While this was
Liod” — 4Eolid ™} (1) only ~1.6-times theT; of the average NH proton, such rapid
data collection with the pulse sequence used has been shown

AO
A(Sobs= [ ZETTX
(o]

_ [4-0T], to decrease only the sensitivity of th6N relaxation
o (14 dL ) measurements without introducing systematic errors (Sklenar
f—to!
et al., 1987).

The!H—5N steady-state NOE values at 500 and 600 MHz
were obtained by recording spectra with and without a proton
presaturation period (4.0 s) applied before the start of the
IH—1N HSQC experiment and a recycle time of 10 s.
Control experiments demonstrated that the NOE reached
steady state with presaturation periods of 3 s or longer. The
NOE spectra were acquired in an interleaved manner, in
which each individual FID was collected with and without
proton presaturation.

Data Processing and Analysill spectra were processed
identically on a Silicon Graphics Personal IRIS 4D/35
workstation using the FELIX software package (Biosym
Technologies, Inc.). The acquired time domgidata points
were extended by one-third of their original size by the
forward linear prediction routine in FELIX. A 6Gsine bell
and a 90 sine squared bell filter were applied in the first

the normalized enzyme concentration at each titration point
taking into account dilution effectsl{= dilution factorLiy).

Inhibition Kinetics. To determine whethedd was a
competitive inhibitor of the isomerization &f, a kinetic
analysis was performed. Sinddas a strong UV absorption
band at 236 nm, the wavelength at which the rate of
formation of3 is usually monitored (Whitman et al., 1991),
it was necessary to monitor the disappearancg af 310
nm (€ = 19416 M cm™1) where the absorption of is
less significant. Using this method, the inhibition by
increasing concentrations 410, 0.456, 0.912, and 3.64 mM)
was studied at five concentrations2fn the range 0.028
0.228 mM. After correcting for background rates at each
substrate concentration, the data were analyzed using doubl
reciprocal plots of 1/ against 1/[S] at each concentration of

4'| tThfeKK.azgr 4 \_/va? then determined from the slope of a and second dimensions, respectively. To increase the signal-
plot of Kn* against f]. _ to-noise ratio, the NOE experiments at 500 and 600 MHz
NMR Spectroscopy All NMR experiments were per-  for free 4-OT were also processed using exponential
formed on Varian Unit§>500 and 600 NMR spectometers  mytiplication (line broadening= 20 Hz). The final matrix
equipped withz gradient capabilities, using Varian 5 mm  gj;es were 1024 1024 real points after zero filling.
triple resonance, pulsed field gradient probes. The temper- The peak heights in the 2D spectra were measured using
ature calibrations (42C) in different spectrometers were ipe peak-picking subroutine in FELIX. TH& andR, values
obtained by adjusting the set temperature to produce ayere determined by fitting the peak heights as a function of
chemical shift difference of 4.61 ppm between the proton (g|axation intervalt] to a two-parametetdandR; ;) or three-

signal of .HOD and TSP in a stan.dard sample of TSP parameter 1, I, andRy ;) exponential decay (eq 2 and 3,
dissolved irfH,O. The!H chemical shifts are reported with

respect to the kD signal, which is 4.61 ppm downfield from I(t) = 1, expR, ) (2)
external TSP at 42C. The nitrogen chemical shifts are '
reported with respect to exterr@NH,Cl (2.9 mM in 1 M 1) =1, — (I, — |) expCR, ) 3)

HCI) at 20°C, which is 24.93 ppm downfield from liquid

NH; (Levy & Lichter, 1979). _ _  respectively) using a nonlinear least-squares analysis (Leath-
The™™N relaxation data were obtained using the water flip- erbarrow, 1992). Only 4 of the 60 detectable backiiéNel

back, sensitivity-enhanced pulse sequences of Farrow et alyesonances (Q4, 15, H6, L35) were significantly improved

(1994), which employ pulsed field gradients to select for by using the three-parameter equation as judged b¥ an

the coherence transfer pathway, to minimize spectral artifacts,statistical analysis (Stone et al., 1992, 1993). Thealues

and to suppress the solvent resonance. All experimentsfor these residues were within the noise levels of the spectra

utilized a total of 1024 and 256 complex pointsFip (*H) and thus indistinguishable from zero. The uncertainties in
andFy (*N), respectively. For th& andR; experiments,  the R, , values were taken as the standard errors of the fits,
8 scans were collected peroint, and for théH—N NOE  a5s5uming that the standard deviation in the data points is
experiments, 16 scans perpoint were acquired. ThéH approximated by the standard deviation of the points from

and **N carriers were positioned at 4.61 and 118.5 ppm, the fitted curve (Press et al., 1992).

respectively. All experiments used a proton sweep width  The steady-state NOE values at 500 and 600 MHz were
of 8000 Hz and®N sweep widths of 1600 and 1884 Hz for  getermined from the ratios of the peak intensities with and

the experiments at 500 and 600 MHz, respectively. without proton presaturation (eq 4). The standard deviation
The!™N R; andR; values at 600 MHz were obtained using
10 delaysT): 0.20, 0.40, 0.60, 0.80, 1.00, 1.20, 1.40, 1.60, NOE = I fl )

1.80, and 2.00 s for th&; experiment and 0.017, 0.034,

0.051, 0.068, 0.085, 0.101, 0.118, 0.135, 0.152, and 0.169 sof the NOE was determined from the root-mean-square value
for the R, experiment. Thé®N R; and R; values at 500  of the background noise in the spectra as described (Farrow
MHz were obtained using 8 delays: 0.24, 0.49, 0.73, 0.98, et al., 1994).

1.22,1.47,1.71, and 1.95 s for tRgexperiment and 0.017, Relaxation Theory.The theory of'>N—'H NMR relax-
0.033, 0.050, 0.066, 0.083, 0.099, 0.116, and 0.132 s for theation has been discussed in detail elsewhere (Peng & Wagner,
R, experiment. Data for each relaxation experiment were 1994; Clore et al.,, 1990a,b; Palmer et al., 1991), and
acquired in an interleaved manner in which alternate FIDs therefore, only a brief discussion is presented here. The
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NMR relaxation parametefR;, R;, and NOE are functions
of the spectral density functiod(w), which in turn depends
on the overall correlation timerg) for molecular tumbling
as well as the amplitudes and rates of any internal motions
which may be occurring. The measurement of three NMR

Stivers et al.

Simulations Using the Model-Free FormalismModel-
free parameters were determined fr&n R,, andH—1N
NOE measurements at 500 and 600 MM {requencies)
using the program Modelfree 3.1 (Palmer et al., 1991). The
spin relaxation of thé®N nucleus is dominated by the dipolar

relaxation parameters, even at two frequencies as was doneoupling with the attached proton and the chemical shift

here, is insufficient to characterize these motions in detail.
Therefore, an approximation aw) is needed, which is
provided by the so-called “model-free” formalism of Lipari

anisotropy (CSA) of the!™N nucleus (Abragam, 1961).
Therefore, an internuclear-\H distance of 1.02 A was used
in the simulations of the NOE measurements, and an axially

and Szabo (1982a,b). The model-free approach characterizesymmetric chemical shift tensor f6N was assumed with

the internal motions of a giveWN—!H vector in terms of a
generalized order paramet&?2, and an internal correlation
time,7.. S?is a measure of the degree of spatial restriction
of the N—H vector relative to the fixed molecular frame of
reference, and its value ranges from 0, for unrestricted
internal motion, to 1, for complete restriction of internal
motion. The internal correlation time,, is an indicator of
the rate of these motions. The Lipari and Szabo approxima-
tion of the spectral density is expressed as

) =@ — ta-s—| ()
a) p—y —_— —_— | —

1+ wzrmz 1+ o’
wheret = trd(tm + 7o), S? andz. are optimized for each
residue, and, is fixed for the whole molecule. When,
< tm, and whenS? approaches 1, eq 5 simplifies to

2
m

J(w) = (2/5 S—T 5A
@ =@\ (58)

The model-free analysis may also be extended to ap-
proximate internal motions on two time scales (Clore et al.,
1990a,b). The corresponding spectral density function is now
expressed as a function of three motions (eqr).a time
constant for overall rotational tumbling, and two time
constants 1. andt;) with their corresponding order param-
eters §2andS?) to describe internal motions faster than
For such a systeng? = $?S?2. In eq 6 (wherer is defined

(§$mn+§a—$ﬁ+a—s%l

J(w) = (2/5
(@) =(2/) 1+ (a)rm)2 1+ (w1)? 1+ (wrl)z
(6)
. Ul
[

above), the relative contribution t§w) of the middle term
containingze is given by the order paramet&?, and the
relative contribution ta)(w) of the last term containing is
given by S%. The last term in eq 6 containing was not
needed to fit the data because, when- 7: < 10 ps, this
term does not contribute to tHéN relaxation process.

To obtain satisfactory back-calculationsRy(eq 7), it is
sometimes necessary to incorporate an exchange contributio
(Rey to transverse relaxation, in addition to the dipedipole
terms for fast internal motion®Rpp)) and the chemical shift
anisotropy contributionRycsa). Such exchange contribu-

R, = Rypp) T Rycsay T Rex (7)

tions to R, result from conformational exchange occurring
on the microsecond to millisecond time scale.

(oy — og) = —160 ppm (Hiyama et al., 1988). Calculation
of the model-free parameters from the data was performed
by optimizing a target functioryf; see Palmer et al. (1991)]
which minimizes the differences between the experimental
and calculatedR;, R,, and NOE values relative to the
experimental error associated with each measurement. Un-
certainties in each of the parameters were taken to be the
standard deviations of the distributions around the mean
values derived from 500 Monte Carlo simulations (Palmer
et al., 1991).

To determine the correct spectral density function, it is
first necessary to estimate a value for the overall correlation
time, tm. As previously described, th&/R; ratio may be
used to estimate, provided thatr. and chemical exchange
terms are not significant (Kay et al., 1989; Clore et al.,
1990a). Therefore, residues witlRa/R; ratio greater than
or less than one standard deviation from the mean value for
all residues should be excluded when calculating this initial
estimate. Using this method, an initial value tgr= 14.2
+ 0.4 ns for free 4-OT was obtained using a trimmed
weighted mearR,/R; ratio of 14.74 and 19.52 at 500 and
600 MHz, respectively.

The appropriate spectral density function for each residue
was selected by initially fitting the data to the simplest
spectral model (eq 5) and resorting to more complicated
models (.e., eq 6, and/or includingey) only when required
to fit the relaxation data [see Farrow et al. (1994)]. The
experimental data at 500 and 600 MHz were fit simulta-
neously and were considered to be adequately modeled if
the R, and R, data were reproduced to within 5% and the
NOE data to within+=10% of their experimentally deter-
mined values.

RESULTS

IH—-1N Chemical Shift Assignments and Kor the
Complex of4 with 4-OT. Since the completéH, N, and
13C chemical shift assignments have been made for free 4-OT
(Stivers et al., 1996¢), and substrates of 4-OT are expected
to be in fast exchange on the chemical shift time sdale (
~ 10* s1; Stivers et al., 1996b), it is possible to assign the
IH—-1N chemical shifts and determine the dissociation
constant of the complex by making successive additions of
4 to an NMR sample containing®N-labeled 4-OT and
monitoring the changes in amidid and*®*N chemical shifts

h aH—1N HSQC spectrum.

The 'H—-15N HSQC spectra at 500 MHz of free and
4-saturated 4-OT are shown in the two panels of Figure 3,
and the finaf®N and H-N AJ values Edcompiex— Otree) are
plotted according to residue number in Figure-4@. In
this titration it was possible to trace the movements of all
amide resonances except that of Leu-8, which was observed
to disappear at the earliest titration poind](F 0.32 mM)
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Ficure 3: H—15N HSQC spectra of 4-OT (Free Enzyme) and its complex wWifiComplex) at 500 MHz (pH 6.5, 42C). The spectra
were recorded with th&; pulse sequencel (= 0) and acqusition parameters described under Experimental Procedures.

presumably due to exchange broadening. The amide reso-<alculated, consistent with the six active sites per hexamer
nance of Leu-8 reappeared at later points in the titratiép ([ found using the affinity label 3-bromopyruvate (Stivers et
> 6.2 mM) and showed the largeS8(N—H) of any residue al., 1996a). Hence under the conditions of the NMR
(0.75 ppm, Figure 4B). The amide resonance of Leu-8 was experiment 96% of the enzyme is in the binary complex with
unambiguously assigned on the basis of the following cross 4.

peaks seen in a 3tH—5N NOESY-HSQC spectruntx Evidence that4 binds to the active site of 4-OT was
=50 ms): (1) a medium-strength NOE to thg 6f lle-7, obtained by a kinetic analysis of its inhibition of the
(2) a weak cross-strand NOE between theHNof Met-45 isomerization of substrai The kinetic data indicated linear

and the H of Leu-8, and (3) a strong NOE between the competitive inhibition by4 (not shown), with & value of
N—H of Glu-9 and the H of Leu-8. In addition, the 0.9+ 0.2 mM as determined from a plot &§,2°° against
resonance of Leu-35, which is very weak in the free enzyme the concentration of. This K, value overlaps with th&p
due to the combined effects of fast¥ exchange and value obtained by the NMR titrations.
conformational exchange (Stivers et al., 1996c¢), is not seen N Relaxation Measurements®N relaxation data were
in the complex. Since the amide proton and nitrogen collected at 42C at 500 and 600 MHz field strengths, and
chemical shifts of Leu-35 did not change significantly for representativ®,; andR, decay curves (at 600 MHz) for the
the early points in the titration witd and the peak heights free enzyme and its complex withare shown in Figure 5,
diminished, it is likely that the chemical shifts for Leu-35 which exemplifies the high quality of the relaxation data.
in the free enzyme and complex are similar but that the The average standard deviation of the fits for li@andR;
intensity of Leu-35 in the complex is further weakened such decay curves werg-4.3% andt2.4%, respectively, for the
that it is no longer observable above the noise in the free enzyme and-2.3% and+2.4%, respectively, for the
spectrum. Thus th&N—H amide cross peaks of all 60 of complex. For one residue, Ser-24, reliable relaxation data
the non-proline residues of 4-OT were assigned in the free were obtained only at 500 MHz, due to resonance overlap
enzyme (Stivers et al., 1996¢) and 59 of these 60 were with a folded over arginine side chairfi¥f resonance which
assigned in the complex. prevented accurate measurements using the 600 MHz data
As shown in Figures 4AC and 2B, the largest chemical set.
shift changes are clustered in active site regions of the R; Relaxation TheR; values for free 4-OT at 500 and
enzyme f(e., lle-2, loops | and II, and the3-hairpin). 600 MHz (Figure 6A) are remarkably uniform over most of
Interestingly, Arg-11 and Arg-39, which have been impli- the molecule, with mean values of 1.450.12 and 0.93t
cated in substrate binding or catalysis (Subramanya et al.,0.12 s! at 500 and 600 MHz, respectively. However,
1996; Stivers et al., 1996b,c) both show significant chemical significantly lower values oR; are seen in the middle of
shift changes upon binding. Figure 2B summarizes the loop 2 (Ala-33 to Leu-35). Significantly greater than average
regions of the tertiary structure which show change¥h R; values are seen in five regions of the enzyfstrand 1
and NH chemical shifts upon binding df (Ala-3, GIn-4, His-6), the beginning of the-helix (Asp-
Using eq 1 and thé\o values for Arg-11, Arg-39, and 13, Glu-14), the end of loop 2 (Ser-37, Arg-39), turn 2 (Gly-
Gly-51, aKp = 0.59+ 0.14 mM for binding of4 to 4-OT 48), and the C-terminal coil (Ala-57 to Arg-61). Significant
was determined (Figure 4D). No cooperativity in the binding increases inR; upon formation of the enzymenhibitor
of 4 was observed, consistent with the simple hyperbolic complex (Figure 6B) are found ifi-strand 1 (GIn-4, lle-5,
substrate kinetics seen with 4-OT (Whitman et al., 1991). lle-7, Leu-8). Decreases R, occur at the end of the-helix
From the end point of the titration, a binding stoichiometry (Arg-29, Leu-31) and in or near th®hairpin (His-49, Phe-
of 1.04 £ 0.06 molecules o# per subunit of 4-OT is 50, Leu-56, Ala-57). A total of 15 of the 19 residues from
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Ficure 5: Representativé&r; and R decay curves for the free
enzyme (panels A and B, respectively) and its complex with
(panels C and D, respectively) at 600 MHz. The curves indicate
best fits to single exponential decays. Data for residues R11
(squares), G48 (circles), and H6 (triangles) are shown.

96% of the enzyme is in the complexed form (Figure 4D).
Residues that have significantly greaRrvalues than the
mean are in3-strand 1 (GIn-4, lle-5, His-6), loop 2 (Leu-
35), and turn 2 (Gly-48).R; values below the mean occur
over the last seven residues, reflecting greater than average
mobility.
Upon formation of the complex (Figure 6D), significant
[OOM,, (mM) increases iR, are seen in th@l-strand (GIn-4, lle-5, lle-
7), loop Il (Ser-37, Val-38), thg-hairpin (Ala-57), and the
Ficure 4: Changes in the backbone amide chemical shifts of 4-OT |55t five residues of the C-terminal coil, reflecting decreased

upon binding of4 and determination of the dissociation constant L
foF; the comglex. (A) The changes\ = o[complex] — offree motion in the complex. In contrast, Ser-12 of loop 1 and

enzyme]) in the!sN amide (A) and NH chemical shifts (B) are ASP-32 of turn | show decreases R values.
shown as a function of the amino acid sequence and solution H—15N NOE Measurements-or a rotational correlation
secondary structure of 4-OT. (C) Sum of the absolute magnitude time of 14.2 ns, as has been estimated for 4-OT from an

of nitrogen and proton chemical shift changes that were weighte : R : :
according to the backbone amide chemical shift dispersion in the anaIyS|_s of theRy/Ry re}tlos (see Experimental Procedures),
proton and nitrogen dimensions (2.33 and 27.2 ppm, respectively). theoretical NOE maxima of 0.81 and 0.83 at 500 and 600

Dashed lines in each bar chart indicate the uncertainty threshholdsMHz, respectively, are expected. These values are within
for the A0 measurements. (D) Determination of the dissociation error of the mean experiment#i—15N steady-state NOE
constant for the complex. The amide proton chemical shifts of Arg- y,51ues of 0.79- 0.06 and 0.79- 0.06 which are calculated

11 (open squares), Arg-39 (closed circles), and Gly-51 (open circles) . :
were followed in alH—15N HSQC spectrum as the enzyme was from the data at 500 and 600 MHz, respectively, excluding

titrated with4 (CCM, cis,cismuconate). The curve is the best-fit  the C-terminal residues 5%2 which have significantly

ASNH/A8max

line through the data using eq 1, wiky = 0.59 mM. smaller NOEs (Figure 6E), reflecting a greater contribution
of high-frequency motion.
Arg-39 to Ala-57 show decreases i upon binding of4, NOE measurements are fairly insensitive to the internal

indicating increased mobility in this region in the complex. dynamics of macromolecules with long correlation times such
R, Relaxation. The R, values for free 4-OT (Figure 6C) as 4-OT (Habazettl & Wagner, 1996), and the measurements
are uniform over most of the molecule, with mean values of have relatively low precision compared to tRe and R,
17.52 and 18.2273 at 500 and 600 MHz, respectively. The determinations. Hence, the NOE values, except for those
R, values at 600 MHz are consistently greater than the valuesof the most mobile regions of the structure, merely confirm
at 500 MHz. Analysis with the program Modelfree 3.1 the dynamic information provided by th® andR; values.
(Palmer et al., 1991) in accord with eq 7 shows that many Only the C-terminal residues Glu-55 to Arg-62 show NOEs
of the backbone amide resonances are broadened by chemicaignificantly less than the mean values, reflecting greater
exchange (see below). This exchange contributiRg) (s motion in this region. Significant increases in the NOE
not between free enzyme and its complex witthecause  values upon formation of the complex are clustered primarily
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FiIGURE 6: Plots ofR;, R, and NOE for the free enzyme at 500 and 600 MHz (panels A, C, and E) and the changes in these values upon
formation of the complex (panels B, D, and F) as a function of residue number and solution secondary structure. The data acquired at 500
and 600 MHz are shown as open and closed symbols, respectively. For clarity the error bars have been omitted\frdotighinstead,

error thresholds are drawn at the mean error for all the measurements. Since many of the individual measurements have errors less than the

mean error, some of th&R; ; values below these lines are significant.

in the C-terminal region (Figure 6F), indicating decreased ns for the free and complexed enzymes, respectively, which
high-frequency motion of this region in the complex. converged from starting points of-4.8 ns.

Model-Free Analysis.The N R;, R;, and NOE data for The model-free spectral density function of Lipari and
each residue were fit simultaneously to the appropriate form Szabo (eq 5) was sufficient to model the data for all the
of the model-free spectral density function (eq 5 or 6), using residues of the free enzyme except residues Ala-57 to Arg-
the model selection protocol described in detail by Farrow 62, which required the two-time-scale spectral density
et al. (1994). Aterm for chemical exchange line broadening function (eq 6). The relaxation data for the complex were
(Rex, €9 7) was included when necessary to fit the relaxation fit using the same models as the free enzyme except for Leu-
data. Inthe model-free analysis, the overall tumbling of the 56, which required the two-time-scale function only in the
molecule is assumed to be isotropic and the internal motionscomplex. In addition, 36 residues of the free enzyme and
are assumed to be independent of the overall tumbling. For47 residues of the complex required Bg contribution to
4-0OT, this appears to be an excellent assumption since asatisfactorily back-calculate th® relaxation data within their
space-filling model based on the X-ray structure shows that experimental error limits.
the hexamer is an oblate spheroid with the three principal Generalized Order ParametersThe meanS? value for
axes in the ratio of 1.0:0.98:0.71. the entire molecule (excluding Leu-35 and residues &

An initial estimate ofr,, = 14.2 4+ 0.4 ns for both free  which have significantly lower values) is 0.&% 0.03,
4-OT and the complex was determined from the trimmed indicating that the nanosecond to picosecond motion of most
weighted meanR,/R; ratios at 500 and 600 MHz (see of the backbone NH vectors of 4-OT is highly restricted
Experimental Procedures). After assignment of the appropri- (Figure 7A). Residues showing significantly greater mobility
ate spectral density function for each residue, the overall than the mean (0.5 S? < 0.83) are found in the active site
correlation time was then optimized for all residues simul- regions of loop 1 (Glu-9), loop 2 (Leu-35), thzhairpin
taneously using a grid search for the variahlgn addition (Leu-56, Ala-57), ang-strands 1 and 2 (lle-2, Glu-44, Met-
to optimizing the individual parameters for each residue. The 45), as well as in C-terminal residues-5& (0.03< S? <
optimized values of, were 13.66+ 0.08 and 13.7% 0.04 0.70). Residues showing lesser mobility than the m&n (
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FiGure 7: Plots of the order parameteiS?, internal correlation timesr), andRe values for the free enzyme (panels A, C, and E) and

the changes in these parameters upon formation of the complex (panels B, D, and F) as a function of residue number and solution secondary
structure. For residues L56 to R62, the order parantefer S2.S% (see eq 6).

> 0.90) are seen in th&l-strand (lle-5, His-6), loop 2 (Ser-
37), and turn 2 (Gly-48). and/or very lowr. values, and, values between 6 and 55

Many of the changes i5? upon binding of4 (Figures ps were required for 18 residues. The largest increases in
2C and 7B) were localized to residues at or near the activer. on complex formation were in the C-terminal residues
site. Significant increases 82, reflecting more restricted  Ser-58 and Val-60 to Arg-62, suggesting that the complex
motion in the complex, are seen in loop 2 (Val-38) and the has slower motions in this region (Figure 7D).

p-hairpin (Ala-57). Significant decreases &7, reflecting Chemical Exchange ParametergR Thirty-seven of the

less restricted internal motion in the complex, are seen in g gpservable resonances of the free enzyme required an

the f1-strand (Leu-8), loop 1 (Gly-10), the-helix (Asp- R, term (Figure 7E). The large®., contributions to the

13, Glu-14), Ala-46, and thg-hairpin (Leu-56). Increases |ine width were seen in thg1-strand (lle-5, His-6, lle-7),

in S2 outside of the active site, induced by the bindinglof  50p 2 (Leu-35), and turn 2 (Gly-48). Significant increases

are seen in thgl-strand (GIn-4, lle-5), thew-helix (Thr- in R, on binding of4 occurred at the active site in loop 2

18), and the C-terminal coil (residues-581). Decreases (Thr-36 to Val-38), Arg-39, and turn 2 (Lys-47) and in four

in _82 induced by the binding of are seen in thgl-strand residues of thes-hairpin (lle-52, Gly-53, Gly-54, Leu-56)

(His-6) and turn 1 (Leu-31). (Figures 7F and 2D). Overall, 47 residues in the complex
The ze values for internal motions faster than the overall yequired arRe, term with 16 residues requiring a larger value

correlation time were small for most residues of the free than the free enzyme and 3 residues requiring a smaller value.
enzyme and the complex, although largervalues were

required for seven residues in the C-terminal coil (Figure p|ISCUSSION

7C). For free 4-OT, the. term in eq 5 was not required to

model the relaxation data for 32 residues, as a resu?of Chemical Shift Changes upon Bindingdof The residues
values>0.87 and/or, values<10 ps. Values of. between that show the largest changesiN and H-N chemical shifts

10 and 80 ps were required for 19 residues. Residues Leu-when 4 binds are localized in three-dimensional space to
56 to Arg-62 of the C-terminal coil required larggvalues, regions surrounding the active site (Figure 2A,B). In fact,
falling in the range~700—-1400 ps, together with low order most of the changes are clustered around residues that have
parameters as noted above. For the complextarm was been assigned a role in catalysis (Pro-1, Phe-50) or substrate

not required for 34 residues, again due to laBfevalues
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Table 1: Effect of Binding o#4 on Backbone NH Entrogy

immobilized —TAS mobilized —TAS
residue SZcomplex SZree (kcal/mol) residue S 2complex SZree (kcal/mol)
Q4 0.96+ 0.03 0.864+ 0.03 0.72 H6 0.82- 0.03 0.92+ 0.04 —-0.51
15 0.994 0.02 0.82+0.04 1.80 L8 0.8Gt 0.02 0.874+ 0.02 —-0.25
T18 0.89+ 0.01 0.85+ 0.02 0.20 G10 0.8% 0.01 0.85+ 0.02 -0.13
A57 0.82+ 0.01 0.75+ 0.02 0.20 D13 0.86- 0.01 0.904+ 0.02 -0.19
K59 0.63+ 0.02 0.57+0.01 0.10 E14 0.8#4 0.01 0.914+ 0.01 -0.22
V60 0.37+0.01 0.29+ 0.02 0.08 L31 0.8% 0.01 0.914-0.02 -0.22
R61 0.27+ 0.01 0.204+ 0.02 0.06 A46 0.8a@: 0.01 0.85+ 0.02 -0.17
L56 0.724+0.04 0.82+ 0.02 —0.28
sum: 3.2+ 1.1° sum: —1.9+ 0.1

2 —TAS contributions toAG were calculated with the equaticxG = —TAS = —RTIn[(1 — SZompied/(1 — SZred)] (Akke et al., 1993)° This
large standard deviation results from the large errot-f0 kcal/mol for—TAS of I5.

binding (Arg-11, Arg-39) (Stivers et al., 1996a,b; Subra-  With respect to high-frequency motions, assuming that
manya et al., 1996). The clustered changes in chemical shiftschanges inS? result solely from changes in amplitude of
for active site loops 1 and 2, and tifehairpin, show that  such motions, seven residues, including one active site
these regions change chemical environment upon bindingresidue, Ala-57, show increased restriction of backbone
of the substrate analog, due either to conformational changesmotion upon binding o#l (Table 1). Decreased restriction
in the enzyme or to electronic effects 4fon the amide of backbone motion is found in eight residues including six
chemical shifts. active site residues (Figures 7B and 2C, Table 1). Thus no
The chemical shift changes for both Arg-11 and Arg-39 uniform freezing or immobilization of the backbone has
upon binding of4 provide evidence in support of the occurred in the active site whehbinds. The absence of
suggestion, based on the crystal structure of free 4-OT, thatlarge increases in the backbone order parameters for active
Arg-39 and Arg-11, respectively, interact with the 1- and site regions of 4-OT is not unexpected because these regions
6-carboxylate groups df (Subramanya et al., 1996). The (loop 1, loop 2, and th@-hairpin) already have high order
observation that the backbone NH chemical shiftbaoth parameters in the free enzyme, with the exception of Leu-
Arg-11 and Arg-39 change when the dicarboxylic adid 35 (Figure 7A). The only region of the enzyme that shows
binds (while the side chain and backbone resonances of Arg-a uniform increase in the order parameter (andegrupon
29 and Arg-21 do not) is significant because covalent binding binding of4 is the C-terminal coil, the most mobile region
of the monocarboxylic acid substrate analog 3-bromopyru- in the free enzyme.
vate altered the chemical shifts of Arg-39 only (Stivers et  Some of the largest changes3#a upon binding of4 occur
al., 1996c). Taken together, these results indicate that thein the 1-strand, which shows a loose pattern of alternating
1- and 6-carboxylate groups of the substrate interact with increases and decreasessi(Figures 7B and 2C). Interest-
Arg-39 and Arg-11, respectively. From the crystal structure ingly, those amide groups involved iimersubunithydrogen
(Figure 2A) this interaction would be with Arg-39 from one bonds show increased mobility on ligand binding (His-6,
subunit and with Arg-11from an adjacent subunit (Subra- Leu-8), while amide groups involved intrasubunithydro-
manya et al., 1996). The precise orientation of the substrategen bonds show decreased mobility (lle25)Thus the
in the active site is an important question because Arg-11 binding of the substrate analog appears to have loosened
and Arg-39 are also candidates for the putative general acidquaternary (intersubunit) interactions and tightened tertiary
catalyst (AH, Figure 1). These results make Arg-39 a much (intrasubunit) interactions. These quaternary effects are
stronger candidate. Other candidates are His-49 and Lys-consistent with the substrate analog interacting with both
47 (Stivers et al., 1996¢). Arg-39 and Arg-11on adjacent subunits (Figure 2A) and
The amide proton resonance of Leu-8, whick-#A from may also be responsible for the observed negative cooper-
the nitrogen atom of Pro-1, the catalytic base, is profoundly ativity in the covalent inactivation of 4-OT by the substrate-
deshielded upon formation of the complex)= 0.75 ppm based affinity label, 3-bromopyruvate (Stivers et al., 1996a).
downfield). In fact, Leu-8, the last residue of thg-strand, Several studies have examined the effects of ligand binding
has the most downfield-shifted amide proton resonance (9.63on proteinbackbonelynamics, and diverse effects have been
ppm) in the complexed enzyme. This large deshielding reported. In a study of the effects of calcium binding on
effect suggests that this proton is more strongly hydrogen the backbone dynamics of calbindin (Akke et al., 1993), a
bonded in the complex or that the edge of thelectron large increase in the avera@? value for a loop region
cloud of 4 is deshielding this NH proton. involved directly in metal binding was seen. In contrast, a
Solution Dynamics of Free and Complexed 4-Olh study of the effects of phosphotyrosinpeptide binding on
relating the backbone and side chain dynamics of 4-OT to the backbone dynamics of the SH2 domain (Farrow et al.,
its mechanism of action, we note that events important to 1994) found only a single residue in the peptide binding site
catalysis such as substrate binding(4® M~*s™), enzyme  which showed a large increase % upon complex forma-
turnover k.o = 1100 s?), and product release=(L100 s?)
occur at rates in the microsecond to millisecond time scale 2 Alternating patterns of high and lo®?2 values have been reported
of motions which affecR.x. Other events, such as fluctua- in ag-strand of freeE. coli ribonuclease H (Mandel et al., 1995) and
tions in the positions of enzyme groups, or intramolecular in a -strand of the p53 tetramer (Clubb et al., 1995) depending on

; ; whether the NH vector was hydrogen bonded to an adjacent strand or
proton transfers, may occur in the subnanosecond time SCah:"\’/vas exposed to solvent. The 4-©ihhibitor complex provides the first

detected by the order parame&* and correlation time. example of such an alternation at a subunit interface as a result of ligand
for high-frequency motions. binding.
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tion, while other binding site residues showed decreases oron ligand binding by the mobilization of others. If the
no effect. From these phosphopeptide binding results it wascompensating increases in mobility did not occur, the overall
concluded that for the backbone there was no “simple free energy change for binding 4fto the enzyme would be
relationship between peptide binding and large-scale restric-less favorable, by at least 1.9 kcal/mol, on the basis of this
tion of picosecond time scale dynamics in the binding site” analysis of high-frequency backbone motions only. This
(Farrow et al., 1994). unfavorable free energy change associated with the restriction
With respect to side chain dynamics, increaseS3mipon of high-frequency motions of some backbone NH vectors
ligand binding have generally been found. In studies on the upon the binding ofl is significant compared to the overall
effect of nucleotide and Ca binding to staphylococcal free energy of binding o#, which is —4.6 kcal/mol as
nuclease (Nicholson et al., 1992), and steroid binding to the calculated from th&p value of 0.59 mM. Thus, these results
enzymeAS-3-ketosteroid isomerase (Zhao et al., 1996), it suggest that enzymes may diminish the entropic penalty
was concluded that ligand binding induced a localized associated with “freezing” the motions of backbone or side
restriction of motion in side chains around the ligand binding chain groups upon substrate binding by increasing the high-
site. In a study of the effects of phosphotyrosipeptide frequency motions of other regions of the molecule.
binding on the methyl group dynamics of the SH2 domain, Low-Frequency Motions (Millisecond to Microsecond) in
restriction of motion upon peptide binding was found for Free and Bound 4-OT In addition to the order parameter
residues that interacted with the phosphotyrosine subsite,S2 which measures the restriction of picosecond to nano-
while methyl groups that interacted with hydrophobic regions second motions, it is of interest to examine the slower time
of the bound phosphotyrosing@eptide showed the opposite  scale processes which are detected byRhecontribution
effect or no effect (Kay et al., 1996). to the line width and compare these values in the free and
In each of the above studies, when a significant increaseligand-bound enzyme. A rigorous interpretation R is
in the order parameter was observed for a residue in thecomplicated because this parameter is a function of not only
ligand binding site, th&?2 values for the free proteins were the rate constant for exchange but also the chemical shift
in the range~0.6—0.75, values which are much lower than difference and fractional populations at the exchanging sites
the average order parameter for the active site regions of(Epstein et al., 1995, and references therein). Therefore, we
free 4-OT (B = 0.85). Thus, on the basis of the above can only suggest that th, term reflects the existence of a
observations we conclude that ligand binding produces dynamic exchange process in the microsecond to millisecond
diverse effects on backbone and side chain dynamics. Thetime scale.
presence of large-amplitude, high-frequency motions in the A number of residues in th@1-strand show significant
free state, and the “freezing out” of these motions when a R, terms which may reflect a subtle sliding or breathing
ligand binds, while often observed, is not a universal motion of this strand in both the free enzyme and the
principle governing liganetmacromolecule interactions. complex (Figure 7E,F). Whatever the detailed nature of this
It is of interest to ask whether the changes in®evalues motion, it is important to point out that all of the residues in
for the backbone NH vectors of 4-OT upon bindingdadre the1-strand have high order parameters and extremely slow
energetically significant. As described by Akke et al. (1993), NH exchange ratesti > 64 h) and are therefore not
it is possible, using experimentally measured order param-exposed to solvent by any conformational exchange process
eters, to estimate the entropic contributions of fast time scalethat may be occurring. Leu-35 of the free enzyme also shows
motions to the Gibbs free energy of binding with eq 8. In a large exchange contribution to its line width. However,
in contrast to residues in thel-strand, Leu-35 is highly
AG = Ggmpiex ~ Gree = mobile (§2 = 0.5 + 0.15) and is in rapid exchange with
N solvent. Since the residues surrounding Leu-35 have high
—RTZm[(l — Szj,comple)/(l — szj’free)] (8) order parameters and |Cﬁéx values, it appears that the h_igh-
= and low-frequency motions of Leu-35 are highly localized.
A possible explanation for this unique behavior is that Leu-
this equation AG is the difference in free energy between 35 is located in the middle of a loop and is preceded by a
the complexed and free enzyme resulting only from changesproline residue, which may serve to rigidify the backbone
in high-frequency motions of the NH vecto$? compiexand and isolate the local motions of Leu-35.
S? e respectively, are the order parameters for a given NH In contrast to the high-frequency backbone motions
vector in the bound and free enzyme, and the sum is takenmonitored by the order paramet#?, there is a more uniform
over theN vectors. This analysis assumes that the motions correlation between active site regions and an increase in
of the NH vectors are not correlated and that changé&®in  Rex upon binding of the substrate analog (Figures 7F and
result solely from changes in amplitude of their high- 2D). These exchange contributions are not between free
frequency motion. Of the 582 values measured for the enzyme and its complex withbecause 96% of the enzyme
backbone NH vectors in both the free and liganded enzymes,is in the complexed form (Figure 4D). Furthermore, there
seven showed significant increases and another eight showeds no simple correlation between the magnitudes of the
significant decreases i82 on ligand binding (Figures 2C  ligand-induced'>N chemical shift changes and theRe
and 7B, Table 1). Using eq 8, we calculate that the sevenvalues (Figures 4A and 7F). In the active site, three residues
residues which showed increasesityield a total entropic of loop 2 (Thr-36, Ser-37, Val-38) as well as Arg-39, which
(—TAS) contribution toAGpinging Of +3.2 £ 1.1 kcal/mol, interacts with the 1-carboxyl group df show an increase
while the eight residues with decreasesSihyield a total in Rex. In addition, residues lle-52 through Glu-55 of the
AGpingingOf —1.9+£ 0.1 kcal/mol (Table 1). The net positive  S-hairpin show increaseBe, values in the complex, while
AG of +1.3 £ 1.1 kcal/mol suggests a partial entropic Asp-13in loop 1 is the only active site residue which shows
compensation for the freezing of some backbone motionsa decrease ifRex (Figures 2D and 7F). Thus, active site
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residues show backbone motions in the microsecond tolLevy, G. C., & Lichter, R. L. (1979Nitrogen-15 NMR Spectros-
millisecond time scale in both the free enzyme and the  copy John Wiley and Sons Inc., New York.

substrate analog complex which may be required for substrate

binding, product release, and catalysis.

SUPPORTING INFORMATION AVAILABLE
Two tables (S1 and S2) containing the experimeRgal

Lipari, G., & Szabo, A. (1982a). Am. Chem. Soc. 104546—
4559,

Lipari, G., & Szabo, A. (1982bJ. Am. Chem. Soc. 104559-
4570.

Mandel, A. M., Akke, M., & Palmer, A. G., lll (1995). Mol.
Biol. 246, 144-163.

R, and NOE values and two tables (S3 and S4) containing Mildvan, A.'S. (1974)Annu. Re. Biochem. 43357-399.

the calculated values @2, 1., and R, for both free and

Mori, S., Abeygunawardana, C., Johnson, M. O., & van Zijl, P. C.
M. (1995)J. Magn. Reson. 108B84—98.

complexed 4-OT (12 pages). Ordering information is given Njicholson, L. K., Kay, L. E., Baldisseri, D. M., Arango, J., Young,

on any current masthead page.
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