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ABSTRACT: Triosephosphate isomerase (TIM) catalyzes the reversible interconversion of dihydroxyacetone
phosphate (DHAP) and glyceraldehyde-3-phosphate (GAP), with Glu-165 removing thepro-R proton
from C1 of DHAP and neutral His-95 polarizing the carbonyl group of the substrate. TIM and its complexes
with the reactive intermediate analogs, phosphoglycolic acid (PGA) and phosphoglycolohydroxamic acid
(PGH), were studied by1H NMR at 600 MHz and at low temperature (-4.8 °C). His-95 shows an NεH
resonance at 13.1 ppm which shifts to 13.3 ppm in the TIM-PGA complex and to 13.5 ppm in the
TIM-PGH complex. In the TIM-PGH complex, His-95 NεH shows a slow, pH-independent exchange
rate with water (kex ) 80 s-1 at 30 °C, Eact ) 19 kcal/mol), which is 44-fold slower than that of an
exposed histidine suggesting partial shielding from bulk solvent, and a fractionation factorφ ) 0.71(
0.02 consistent with its donation of a normal hydrogen bond. The formation of the TIM-PGH complex
results in the appearance of several deshielded proton resonances, including one at 14.9 ppm and one at
10.9 ppm which overlaps with another resonance. The resonance at 14.9 ppm is absent and the resonance
at 10.9 ppm is much weaker in the TIM complex of PGA, which lacks the hydroxamic acid (-NHOH)
moiety. 15N-labeled PGH was synthesized and the NH proton of free [15N]PGH shows a single1H-15N
HMQC cross peak withδ(1H) ) 10.3 ppm andδ(15N) ) 168 ppm which shifts toδ(1H) ) 10.9 ppm and
δ(15N) ) 174 ppm in the TIM complex of [15N]PGH. The15N-1H coupling in the complex indicates
covalent N-H bonding, and the deshieldedδ(15N) indicates a significant contribution of the imidate
resonance form of PGH. The 14.9 ppm resonance is assigned to the NOH proton of bound PGH. This
resonance shows a pH-independent exchange rate with water (kex ) 3900 s-1 at 30°C, Eact ) 8.9 kcal/
mol) which may reflect the dissociation of the TIM-PGH complex, and meets the criteria for a low-
barrier hydrogen bond on the basis of the significant downfield shift of 6.2 ppm from the NOH proton of
the model compound acetohydroxamic acid, and a very low fractionation factorφ ) 0.38( 0.06. In the
X-ray structure of the TIM-PGH complex [Davenport, R. C., Bash, P. A., Seaton, B. A., Karplus, M.,
Petsko, G. A., and Ringe, D. (1991)Biochemistry 30, 5821], the NOH proton of bound PGH is hydrogen
bonded to Glu-165. A low-barrier hydrogen bond from PGH NOH to Glu-165 suggests a dual role for
Glu-165 in catalysis of proton transfer not only between the C1 and C2 carbons but also between the O1
and O2 oxygens in the interconversion of DHAP and GAP in wild type TIM. Such a mechanism, together
with the measured exchange rate of the His-95 NεH proton with solvent protons can accommodate the
classical measurements of tritium incorporation from DHAP into GAP.

Triosephosphate isomerase (TIM)1 catalyzes the diffusion-
controlled reversible tautomerization of dihydroxyacetone
phosphate (DHAP,1) to glyceraldehyde-3-phosphate (GAP,
3) with a 109-fold rate enhancement. Scheme 1 depicts the
simplest mechanism as proposed by Knowles and co-workers

(1-3). In this mechanism the reaction is initiated by proton
abstraction by the general-base catalyst, Glu-165, concerted
with protonation of or hydrogen bond donation to the enolate
oxygen by His-95 to form the enediol(ate) intermediate (2).
It is not known whether the imidazolate anion exists as a
stable intermediate. Protonation of the intermediate at C2
by Glu-165, concerted with deprotonation of O1 generates
the product. A proposed modification of this mechanism
involves the formation of an unusually strong low-barrier
hydrogen bond (LBHB) between the acid catalyst, His-95,
and the incipient enediolate intermediate (4, 5). An alterna-
tive mechanism involves the direct transfer of the C1
hydroxyl proton to the enolate oxygen at C2 in a subsequent
step without the direct participation of His-95 (6). To
distinguish among these proposed mechanisms, we have
performed1H NMR experiments at 600 MHz and at low
temperature (-4.8 °C) on TIM and its complexes with
analogs of the enediol(ate) intermediate phosphoglycolohy-
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droxamic acid (PGH,4) (7) and phosphoglycolic acid (PGA,
5) (8).

The general-base catalyzed abstraction of a proton adjacent
to a carbonyl group is a common elementary step among
various enzymes; however, theR-protons of carbon acids
are not very acidic, and the general-base catalysts are not
very basic. This presents a large thermodynamic barrier and
the source of enzymatic rate enhancement for these reactions
has long been a matter of discussion. Albery and Knowles
(2, 3) proposed that enzyme-catalyzed rate enhancement is
achieved in part by reducing the thermodynamic barrier
(∆G°) of those elementary steps the transition states of which
are kinetically significant, and in part by lowering their
kinetic barrier. These effects were assumed to be achieved
by the concerted deprotonation of C1 and protonation of the
C2 carbonyl oxygen (Scheme 1). As a result, the TIM
complexes with1, 2, and 3 in Scheme 1 would have
approximately the same free energy such that the equilibrium
constant among these enzyme-bound forms would beclose
to unity.
Gerlt and Gassman (4) and Cleland and Kreevoy (5)

proposed that the reduction of the kinetic barrier between1
and2 is achieved by the formation of a LBHB between His-
95 and the incipient enediolate intermediate. In contrast to
Albery and Knowles (3), Gerlt and Gassman (4) predict an
equilibrium constant for the formation of2 from either1 or
3 to bemuch less than unitysince the rate acceleration is
due at least in part to the reduction of the intrinsic kinetic
barriers2 to these steps.
Formation of a short, very strong, LBHB in an enzyme-

intermediate complex, or in a transition state, can provide
an important contribution to catalysis (4, 5). LBHB forma-

tion is favored by similar pKa’s of the two heteroatoms in
the hydrogen bond, by a low dielectric constant, and by the
absence of a competing hydrogen-bonding solvent such as
water (9). A LBHB has been proposed to exist in the TIM
reaction (4, 5) on the basis of (i) the short hydrogen bond
distance (2.7 Å) between neutral His-95 Nε and the O1 and
O2 oxygens of the competitive inhibitor PGH in the X-ray
structure of the TIM-PGH complex (10) and (ii) the
possibility of matched pKa’s between neutral His-95 and the
enediolate intermediate (4, 5, 11, 12).
Short hydrogen bond distances involving enzymic carboxyl

groups have been observed in X-ray crystal structures of
citrate synthase with carboxyl or amide analogs of acetyl
CoA (13) and in thermolysin and carboxypeptidase with
intermediate analogs bound in the active site (14, 15).
Experimental evidence for the existence of LBHB’s in
solution was found using NMR to detect downfield chemical
shifts (δ ) 16-20 ppm) and low fractionation factors3 (φ
e 0.4) in serine proteases (17-19) and in the ∆5-3-
ketosteroid isomerase complex with dihydroequilenin, a tight
binding analog of the dienolic intermediate (20-22). In
these examples, the highly deshielded proton resonances with
low fractionation factors, characteristic of LBHB formation,
were found to involve enzymic carboxyl groups.
The present low-temperature, high-field protein NMR

studies show that while His-95 donates a normal hydrogen
bond to PGH, a highly deshielded resonance at 14.9 ppm is
assigned to a LBHB from the NOH proton of bound PGH
to the general-base catalyst Glu-165. The strong interaction
of PGH NOH with Glu-165 in TIM suggests a dual role for
Glu-165 in catalysis, namely proton transfer between the O1
and O2 oxygens as well as between the C1 and C2 carbons
in the interconversion of DHAP and GAP. A preliminary
abstract of this work has been published (23).

EXPERIMENTAL PROCEDURES

Materials. Yeast TIM, rabbit muscleR-glycerophosphate
dehydrogenase (sn-glycerol-3-phosphate:NAD+ 2-oxidoreduc-
tase; EC 1.1.1.8), glyceraldehyde-3-phosphate (GAP), re-
duced nicotinamide adenine dinucleotide (NADH), tri-
(monocyclohexylammonium) salt of phosphoglycolate (PGA),

2 The intrinsic kinetic barrier is the activation barrier for proton
transfer when the thermodynamic barrier for proton transfer is equal
to zero [i.e. when∆pKa (pKa

BH - pKa
CH) ) 0].

3 The fractionation factor,φ, is defined as the equilibrium constant
for replacement of a proton with a deuteron in a given system (16):

φ ) [E-D][H2O]/[E-H][D2O]

Scheme 1
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acetohydroxamic acid, Dowex-1-Cl, Dowex-50W-H+, and
DMSO-d6 were from Sigma Chemical Co. (St. Louis, MO).
Yeast TIM was found to beg95% pure as determined by
15% SDS-PAGE (24) with Coomassie Blue staining and
densitometric analysis as well as by its specific activity which
was 9000 units/mg with GAP as the substrate, using the assay
described below. Deuterium oxide (D2O, 99.96 atom % D)
was from Aldrich (Milwaukee, WI). Tris-d11 and 15NH2-
OH-HCl were from Isotec, Inc. (Miamisburg, OH). The
di(monocyclohexylammonium) salt of unlabeled phospho-
glycolohydroxamic acid (PGH) was a gift from K. Collins.
All solvents and reagents were of analytical or reagent grade
and were used without further purification unless otherwise
indicated. All solutions used in the NMR experiments were
treated with Chelex-100 resin to remove trace paramagnetic
metals and filtered through a 0.22µm filter (Millipore) before
addition to NMR samples.
H95N Mutant Yeast TIM Production. The expression

vector containing the clone for the H95N mutant of yeast
TIM was obtained as a gift from E. Komives and transformed
into Escherichia colistrain DH5R. The bacterial transfor-
mant was grown in a final volume of 6 L of Luria-Bertani
medium containing 200 mg/L ampicillin. Cells (35 mg) were
harvested after 20 h by centrifugation for 15 min at 2000g.
The cells were lysed by resuspension in lysis buffer (350
mL of 50 mM Tris-HCl buffer, pH 8.0, containing 5 mM
EDTA, 10% sucrose, 1 mM DTT, 0.1% Triton X-100, and
0.1 mg/mL lysozyme) and stirring gently for 20 min followed
by sonication; the lysate was centrifuged for 30 min at
20000g to remove cell debris. The ammonium sulfate
fraction from 55% to 90% saturated was collected and
dialyzed against TE buffer (10 mM Tris-HCl, pH 7.8, 1 mM
EDTA). The crude protein was loaded onto a 150 mL
column of Macro-Prep High Q Support (Bio-Rad, Hercules,
CA) equilibrated in TE buffer and eluted with a linear
gradient of 0-0.3 M NaCl in TE buffer (0.5 L to 0.5 L) at
2 mL/min. The H95N mutant TIM enzyme eluted near 0.1
M NaCl and wasg95% pure as judged by densitometric
analysis of Coomassie Blue stained 15% SDS-PAGE gels
(24). The purified enzyme was concentrated by Centriprep
and Centricon methods using the procedures provided by
the supplier, Amicon (Danvers, MA).
The enzymatic activity was assayed by the conversion of

GAP to DHAP coupled to glycerophosphate dehydrogenase
and NADH by following the decrease in absorbance at 340
nm due to the oxidation of NADH to NAD+ upon the
addition of GAP. The coupled assay mixture contained 0.1
M Tris-HCl (pH 7.5), 5 mM EDTA, 1 unit of glycerophos-
phate dehydrogenase, 0.2 mM NADH, 10 mM glyceralde-
hyde-3-phosphate, and 1µg of mutant enzyme. Thekcat of
35 units/mg andKm of 3.5 mM obtained for yeast TIM H95N
agrees with those previously reported (25).
Synthesis of15N-Labeled Phosphoglycolohydroxamic Acid

(PGH). PGH was synthesized as described by Anderson et
al. (26) for phosphonoacetohydroxamic acid with the fol-
lowing additions or modifications. A sample of the tri-
(monocyclohexylammonium) salt of phosphoglycolate (2.2
mmol) was dissolved in 3 mL of H2O and converted to the
free acid by passage through a 1.5× 20 cm column of
Dowex-50W-H+. The fractions with pH valuese4.0 were
pooled and concentrated in a rotary evaporator with the water
bath at 30°C. The resulting clear oil was converted to the
monoethyl ester by refluxing in 25 mL of absolute ethanol

with 50µL of 18 M H2SO4 for 4 h. The mixture was allowed
to cool for 30 min and the ester was converted to the
hydroxamic acid by adding 10 mL of a freshly prepared
solution of 1.5 M15NH2OH-HCl (14.5 mmol) in 3.0 M
NaOH. Water was added to dissolve any precipitate that
formed, and the final pH was 12.4. After 30 min, the
reaction mixture was diluted to 500 mL, titrated to pH 8.0
by dropwise addition of 10 M HCl, applied to a 1.5× 23
cm column of Dowex 1-Cl, and washed with 100 mL of
water. The column was eluted with a 0-0.1 M LiCl gradient
in 20 mM HCl (325 mL to 325 mL) at 2 mL/min, and PGH
eluted at 7-10 mM LiCl. PGH was located by ferric
chloride assay (7). The Li+ salt was recovered by lyo-
philization after titration to pH 8.0 with LiOH, and LiCl was
removed by washing thoroughly with dry methanol-acetone
(1:4). The yield of PGH (0.9 mmol) obtained in this way
was 41% based on the starting quantity of PGA (6% based
on 15NH2OH-HCl) and behaved similarly to the unlabeled
authentic PGH both in polyethyleneimine cellulose thin-layer
chromotography, UV-visible spectroscopy, and NMR spec-
troscopy (7).
General NMR Methods. Unless otherwise stated, solution

conditions for NMR studies were 0.6 mL of 0.3-0.7 mM
(0.6-1.4 mM active sites) yeast wild type or H95N mutant
TIM enzyme in 20 mM Tris-d11-HCl buffer (pH 6.0, 7.5, or
9.0) with 100 mM NaCl and 10% (vol/vol) DMSO-d6 and
in the presence of 0-2.0 mM PGA or 0-2.0 mM PGH at
-4.8 °C. The purified enzyme was exchanged into the
buffer and salts by the Centricon method as described above.
DMSO-d6 was added to the system to permit lowering of
the temperature to below 0°C and for field/frequency
locking. Its presence does not significantly affect the activity
of these enzymes. The NMR data were collected on a Varian
Unity Plus 600 MHz spectrometer using a Varian 5-mm triple
resonance probe. Data were processed on a Silicon Graphics
Personal IRIS 4D/35 Workstation using the FELIX software
package (Biosym Technologies, Inc.). One-dimensional1H
NMR data sets were collected using the 1331 pulse sequence
(27) to avoid water excitation. The delays between the pulses
were adjusted for maximum excitation at 14.9 ppm (i.e. 5800
Hz away from the carrier which is positioned at H2O). The
acquisition parameters included a 1.5-s relaxation delay, 512-
ms acquisition time, and 26-µs 90° pulse width. Spectra
were processed with 10 Hz line broadening and were zero-
filled to 16 K before Fourier transformation. Multidimen-
sional data sets were collected using the States-TPPI method
(28) in all of the indirect dimensions, with relaxation delays
of 0.9 s. The acquired domain data points were extended
by one-third of the original size by the forward linear
prediction routine in FELIX. Shifted (65-90°) sine bell
filters were used in the first and subsequent dimensions,
respectively, prior to zero-filling and Fourier transformation.
The observed1H chemical shifts are determined with respect
to the H2O signal, which is 5.06 ppm downfield from external
TSP at-4.8 °C and reported with respect to TSP. The15N
chemical shifts are determined with respect to external15NH4-
Cl (2.9 mM in 1 M HCl) at 20 °C, which is 24.93 ppm
downfield from liquid ammonia (29) and are reported with
respect to liquid ammonia.

1H-15N HMQC Spectra of15N-Labeled PGH and TIM-
PGH. 1H-15N HMQC spectra were recorded using a pulse
sequence in which the HMQC detection scheme was
optimized to avoid water saturation (30). The data were
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obtained at 600 MHz with spectral widths of 1600 and 8000
Hz in f1 (15N) and f2 (1H), respectively, and with 192 and
1024 complex points, respectively, in thet1 and t2 dimen-
sions. A total of four transients were acquired for each
hypercomplext1 point with 1H and15N carriers positioned
at 5.06 and 175 ppm, respectively. The final data matrix
was 1024× 1024 real points for thef1 (15N) and f2 (1H)
dimensions, respectively.

15N NMR Spectroscopy. 1D 15N NMR was used to
determine the limiting15N chemical shift value for anionic
free [15N]PGH by monitoring the pH dependence of the15N
chemical shift of the hydroxylamine nitrogen resonance. The
15N chemical shifts were referenced to external liquid
ammonia as described (31). A Varian Unity-Plus 600 NMR
spectrometer operating at 50.659 MHz for15N was used.
Spectra were acquired without proton decoupling using a
5-mm broadband probe. The titrations were performed using
samples which were 30 mM in free [15N]PGH in H2O at
-4.8 and 20°C by adding small amounts of 1 M NaOH to
the sample. The acquisition parameters for the sample
titration were as follows: spectral width, 12 001.2 Hz;
acquisition time, 0.683 s; relaxation delay, 0.1 s; total number
of transients, 512.
SS-NOESY Spectra of the TIM-PGH Complex. 2D

NOESY spectra of the TIM-PGH complex were acquired
with 50 ms mixing times using the SS-NOESY pulse
sequence (32) to avoid excitation of the water resonance by
the detection pulse. The maximum excitation of the SS pulse
(140µs) was adjusted to be 7143 Hz (11.9 ppm) from water.
The sweep width was 16 000 Hz with 512 scans per FID
and a recycle time of 1.5 s.

1H NMR Titration of TIM with PGH. 1H NMR titrations
of yeast wild type TIM with PGH, were performed by adding
small portions (6-66µL) of a 20 mM stock solution of PGH
(pH 7.5), prepared gravimetrically, to a 600µL solution of
0.39 mM TIM (0.78 mM active sites). Since the complex
of the reaction intermediate analog, PGH, with TIM is in
slow exchange on the chemical shift time scale (see Results),
the dissociation constant (Kd) for the complex could not be
determined by following the changes in the1H chemical
shifts. Therefore, the relative peak intensities (Iobs) for three
well-resolved downfield resonances (δ ) 14.9, 13.5, and 13.1
ppm) were determined by integrating the corresponding1H
NMR peaks and plotted against the total concentration of
PGH (Ltot) to determineKd according to eq 1.

Determination of Proton Exchange Rates. Proton ex-
change rates with solvent for the His-95 NεH proton in free
(δ ) 13.1 ppm) and PGH-bound yeast wild type TIM (δ )
13.5 ppm) and the PGH NOH proton (δ ) 14.9 ppm) in
PGH-bound yeast wild type TIM were determined from
linewidth (∆ν1/2) measurements in1H NMR spectra over the
temperature range-4.8 to 43 °C and were analyzed as
Arrhenius plots according to eqs 2 and 3 (33)

whereEd is the activation energy for the dipolar (1/T2d) and
Eex is the activation energy for the exchange (kex) contribution
to the transverse relaxation rate. The two terms on the right
side of eq 2 have unequal and opposite temperature depend-
ences; 1/T2d decreases with increasing temperature giving a
positive slope because the dipolar correlation time is in the
numerator of the relaxation equation, whilekex increases with
increasing temperature giving a negative slope equal to-Eex,
the activation barrier. The termsCd andCex are the intercepts
of the two lines at infinite temperature given byEd andEex.

Mechanism-Based Prediction of Proton Exchange Rates.
The rate constants for proton exchange with solvent (kex)
needed to satisfy the observed extent of tritium transfer from
substrate (DHAP) to product (GAP) and to solvent were
computed for both intramolecular and intermolecular proton
transfer mechanisms catalyzed by wild type and mutant TIM.
Computer simulations of enzyme-catalyzed reactions were
performed using a modification (34) of the program KINSIM
(35). For intramolecular proton transfer, the mechanism of
Scheme 1 was used with the addition of the kinetic steps
for binding of DHAP (k1, k-1) and GAP (k4, k-4) and for
exchange of tritium with solvent from Glu-165 in the
enzyme-intermediate complex (kex). Values for the indi-
vidual rate constants for the reaction of unlabeled DHAP
were calculated as described by Raines et al. (36) from the
parameters determined by tritium exchange-conversion
experiments with wild type chicken TIM (37), yeast TIM
(1), and E165D chicken TIM (36). Values for the individual
rate constants for the reaction of trace concentrations of
DHAP labeled with tritium were obtained from either the
observed discrimination against solvent tritium incorporated
into the products GAP (k3) and DHAP (k-2) or according to
Swain et al. (38) from the experimental value for the primary
deuterium kinetic isotope effect for the substrates DHAP (k2)
and GAP (k-3). The specific radioactivity of the substrate
at the start of the reaction (so) was taken as the ratio of the
initial concentration of labeled DHAP to total DHAP. The
specific radioactivity of the remaining substrate (s/so) during
the progress of the reaction was expressed as a fraction of
so. The specific radioactivity of the product (p) was taken
as the ratio of the concentration of labeled GAP to total GAP,
and the amount of tritium transferred from labeled DHAP
to GAP during the progress of the reaction was expressed
as the ratiop/so. Values ofkex were systematically varied
to obtain simultaneous correct values ofs/so andp/so at the
designated extent of reaction reported for each enzyme. The
intermolecular transfer mechanism was modeled using the
same values for the individual rate constants as described
for the intramolecular mechanism with the following modi-
fications.

The kinetic step for exchange of tritium with solvent from
Glu-165 in the enzyme-intermediate complex (kex) was
replaced with three kinetic steps describing the internal
exchange of tritium from the enzyme-bound intermediate into
an enzyme carrier group, from the enzyme carrier group into
the intermediate, and for external exchange of tritium from
the enzyme carrier group into solvent. The rate constant
for external exchange was fixed to that observed in the
present work, and the values for the internal exchange steps
were computed, assuming them to be equal.

Determination of Fractionation Factor. Fractionation
factors for His-95 NεH and PGH NOH in PGH-bound yeast

Iobs) Imax[(Kd + Etot + Ltot) - ((Kd + Etot + Ltot)
2 -

4EtotLtot)
1/2]/[2Etot] (1)

ln(1/T2obs) ) ln[exp(-Ed/RT+ Cd) +
exp(-Eex/RT+ Cex)] (2)

1/T2obs) π∆ν1/2 (3)
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wild type TIM were determined by integrating the corre-
sponding1H NMR peaks at equilibrium in mixed H2O-D2O
solutions (12, 27, 43, 58, 74, and 90% mole fraction H2O)
at-4.8 °C in the presence of 10% (vol/vol) DMSO-d6 (20,
39). Samples containing 0.34 mM TIM and 1.8 mM PGH
in 20 mM Tris-d11-HCl, pH(D) 7.5, with 100 mM NaCl were
prepared by the addition of 60µL of 3.8 mM yeast wild
type TIM and 12µL of 100 mM PGH, each in 22 mM Tris-
d11 (pH 7.5) and 111 mM NaCl, to 528µL of weighed
fractions of H2O- and D2O-containing buffers of the same
composition and pH(D) and 65µL of DMSO-d6 as described
by Schowen and Schowen (16). The NMR tubes were
incubated at 4°C for 1 h before NMR experiments which is
>6000 half-times for exchange of the slowest exchanging
downfield resonance. Accordingly, no changes in the
intensities of His-95 NεH (δ ) 13.5 ppm) and PGH NOH
(δ ) 14.9 ppm) proton resonances were seen after 24 h at 4
°C. The fractionation factors from the NMR-derived data
were determined with nonlinear least squares fits to eq 4:

whereI is the peak integral,X is the mole fraction H2O, and
Imax is the peak integral at 100% H2O. Relative peak intensity
was determined by normalizing peak integrals,I, to Imax.

RESULTS

Assignment of Deshielded Proton Resonances of TIM. The
low-field region of the1H NMR spectra for free yeast wild
type TIM and its complexes with the intermediate analogs
PGH and PGA are shown in Figure 1. Free TIM showed a
well-resolved resonance at 13.1 ppm and less well-resolved
resonances near 11.3 and 11.2 ppm (Figure 1A). The fully
saturated TIM-PGH complex showed well-resolved signals
at 14.9 and 13.5 ppm and less well-resolved signals at 12.3,
11.9, 11.8, 11.4, 11.3, and 10.9 (Figure 1B). These low-
field signals in the spectrum of the TIM-PGH complex did
not change in chemical shift or line width over the pH range
6-9 (data not shown). The TIM-PGA complex showed a
well-resolved signal at 13.3 ppm and less well-resolved
signals near 12.0, 11.9, 11.6, 11.3, 11.2, and 10.9 ppm
(Figure 1C). Notably, in the TIM-PGA complex (Figure
1C), the resonance at 14.9 and 12.3 ppm are absent and the
resonance to 10.9 ppm is much weaker in comparison with
the TIM-PGA complex (Figure 1B), suggesting the NOH
and NH protons of PGH to be two of these signals (see
below).

Figure 1 also shows the low-field region of the1H NMR
spectrum for the free H95N mutant of yeast TIM and its
complex with PGH. Free H95N TIM showed no signal at
13.1 ppm but a well-resolved signal at 12.2 ppm and less
well-resolved signals near 11.6, 11.4, 11.3, and 11.1 ppm
(Figure 1D). The H95N TIM-PGH complex showed no
signal at 13.5 ppm but well-resolved signals at 14.1 and 12.4
ppm and less well-resolved signals near 11.6, 11.3, 11.2, and
11.1 ppm (Figure 1E).

The resonance at 13.5 ppm in the TIM-PGH complex
(Figure 1B) has been rigorously assigned to the NεH of His-
95 on the basis of its presence in the “His-95-only” (H103Q
+ H185Q) mutant and by its 98 Hz coupling to specifically
labeled15Nε of His-95 (40). It has been shown that His-95

exists as the neutral Nε-protonated form in both the free and
PGH-bound enzyme (11). The disappearance of the signal
at 13.1 ppm in the H95N mutant (Figure 1D) and at 13.5
ppm in the H95N TIM-PGH complex (Figure 1E) confirms
the loss of His-95.

The presence of a resonance at 12.2 ppm in the free H95N
mutant which shifts to 12.3 ppm in the PGH complex
(Figures 1D and 1E) suggests that this resonance comes from
the protein both in the mutant and wild type enzymes. Such
an assignment to an NH resonance of the protein is consistent
with its slow exchange with solvent (see below). The broad
resonance at 14.1 ppm in the H95N-PGH complex (Figure
1E) likely corresponds to the broad 14.9 ppm signal in the
PGH complex of the wild type enzyme (Figure 1B).

The absence of the most downfield resonance near 14.9
ppm in the TIM-PGA complex (Figure 1C), which does
not contain the NH or NOH group, is consistent with the
assignment of the resonance at 14.9 ppm in the TIM-PGH
complex (Figure 1B) to either the 1-NH or 1-NOH proton
of enzyme-bound PGH. The decreased intensity of the
resonance at 10.9 ppm in the TIM-PGA complex is
consistent with assignment of the other hydroxamic acid

I ) Imax(X)/(φ(1- X) + X) (4)

FIGURE 1: Low-field region of 600 MHz1H NMR spectra of yeast
TIM. (A) Free wild type enzyme (1.0 mM). (B) Complex of wild
type enzyme (1.0 mM) with 2.0 mM PGH. (C) Complex of wild
type enzyme (1.2 mM) with 2.0 mM PGA. (D) Free H95N mutant
TIM (0.6 mM). (E) Complex of H95N mutant TIM (0.6 mM) with
2.0 mM PGH. All concentrations of TIM are given in subunits.
Other components present were 20 mM Tris-d11-HCl, pH 7.5, 100
mM NaCl, and 10% (vol/vol) DMSO-d6. T ) -4.8 °C. Spectra
were obtained as described in Experimental Procedures.
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proton toδ ) 10.9 ppm. In the X-ray structure of the TIM-
PGH complex (10), the two carboxyl oxygens of Glu-165
are within close hydrogen bonding distance to the PGH N1
nitrogen (2.51 and 2.66 Å in the two subunits) and the O1
oxygen (2.68 and 3.08 Å in the two subunits), suggesting
that both of these proton resonances should be deshielded.

To clarify the assignments of the PGH NH and NOH
proton resonances, 2D1H-15N HMQC spectroscopy was
used to determine the ionization state and tautomeric form
of free and enzyme-bound PGH. For these experiments,15N-
enriched PGH was synthesized. The 2D NMR method
correlates the1H and15N chemical shifts of directly bonded
1H-15N pairs by selecting for the large1H-15N scalar
coupling (1JN-H ∼ 90 Hz) (41, 42). A 1H-15N HMQC
spectrum will yield a single cross peak for the 1-15NH proton
of specifically labeled [15N]PGH which will be split to a
doublet according to its1JN-H value. In addition to providing
the1H and15N chemical shifts, the HMQC experiments also,
under favorable conditions, provide the1JN-H value for PGH.

Figure 2A shows1H-15N HMQC spectra of free [15N]-
PGH at pH 4.9 with15N decoupling. A single1H-15N cross
peak was observed with1H and 15N chemical shft values
δ(1H) ) 10.3 ppm andδ(15N) ) 168 ppm. Without15N
decoupling (Figure 2B) a doublet is seen with1JN-H ) 102
Hz in free [15N]PGH. Scheme 2 shows the tautomeric and
resonance forms of neutral and anionic PGH (pKa ) 9.5)
(7) in which a proton either is or is not directly bonded to
the nitrogen. The observation of a1H-15N cross peak
indicates that the nitrogen in the neutral form of free PGH
is predominantly in the protonated form (4a,b) at pH 4.9.
The 1H-15N hydroxamate cross peak was not detectable at
pH valuesg6.0 presumably due to hydroxide-catalyzed
exchange broadening. A limiting15N chemical shift value
of δ(15N) ) 183 ppm for anionic free [15N]PGH was
determined by monitoring the pH dependence of the15N
chemical shift using direct15N NMR spectroscopy, indicating
an overall∆δ(15N) of 15 ppm from the neutral to anionic
form (data not shown). It has been reported that the anionic

FIGURE 2: Two-dimensional1H-15N HMQC spectra of free [15N]PGH and the [15N]PGH-TIM complex. The1H-15N HMQC spectrum
of 30 mM free [15N]PGH in H2O and 10% (vol/vol) DMSO-d6 at pH 4.9 with (A) and without (B)15N decoupling. (C)1H-15N HMQC
spectrum with15N decoupling of enzyme-bound [15N]PGH. In spectrum C, the sample contained 0.7 mM yeast TIM subunits, 2.0 mM
[15N]PGH, and the other components and conditions are given in Figure 1. One-dimensional slices through the cross peaks in the proton
dimension of the1H-15N HMQC spectra are also shown. Spectra were obtained as described in Experimental Procedures.
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form of PGH in solution is a mixture of forms4d,eand4f
but not4g (Scheme 2) (43).
The 1H-15N cross peak in the 2D HMQC spectrum of

the TIM-[15N]PGH complex with15N decoupling (Figure
2C) gives1H and15N chemical shift values ofδ(1H) ) 10.9
ppm andδ(15N) ) 174 ppm. The1H chemical shift value
for the1H-15N cross peak in the TIM-[15N]PGH complex
is independent of pH in the range 6-9. At 13°C and above,
the1H-15N cross peak was not detected presumably due to
exchange broadening. The observation of1H-15N coupling
as indicated by the cross peak in the TIM-[15N]PGH
complex provides evidence that enzyme-bound PGH is in
the NH neutral (4a,b) or anionic (4d,e) form on the enzyme
(Scheme 2). The relatively small change in the1H chemical
shift (∆δ ) 0.7 ppm) for the NH of PGH upon binding TIM
suggests that this proton is involved in a normal hydrogen
bond. The large increase in the15N chemical shift value
from 168 to 174 ppm, which is halfway toward complete
ionization, indicates a resonance form of enzyme-bound PGH
with a significant amount of N1dC2 double bond character
(4a or 4d, Scheme 2).
While the H-N1 bond of enzyme-bound PGH is intact,

the NO-H bond may be weakened or partially broken. The
chemical shift assignment of the NH proton of enzyme-bound
PGH of 10.9 ppm indicates that the resonance at 14.9 ppm
in the TIM-PGH complex (Figure 1B), which is absent in
the TIM-PGA complex (Figure 1C), comes from the 1-NOH
proton. Consistent with this assignment, SS-NOESY spectra
reveal proximity of the 14.9 ppm resonance to His-95 (Figure
3). Figure 3A shows equally strong NOE’s (S/N) 5.6) from
the NεH of His-95 (at 13.51 ppm) to both its CεH (at 7.54
ppm) and its CδH (at 6.76 ppm) as expected for the neutral
Nε-protonated form. Figure 3B shows weak and ap-
proximately equal NOE’s (S/N) 2.7) from His-95 CεH (at
7.54 ppm) and His-95 CδH (at 6.76 ppm) to the 14.9 ppm
resonance. The appearance of the highly deshielded proton
resonance at 14.9 ppm in1H NMR spectra of the TIM-
PGH complex is consistent with partial transfer of the 1-NOH
proton of enzyme-bound PGH to the carboxylate group of
Glu-165; proton chemical shift values for-COOH groups
in organic solvents are∼12 ppm (44).
An estimate of the1H chemical shift value for the 1-NOH

of unbound PGH was obtained from1H NMR spectra of

500 mM acetohydroxamic acid (6) in dry DMSO-d6 at 26.8

°C (data not shown). The absence of solvent exchange with
protons allowed the observation of downfield resonances at

Scheme 2

FIGURE3: Two-dimensional SS-NOESY studies of the TIM-PGH
complex. One-dimensional slices through the diagonal cross peaks
in thet1 dimension of the NεH proton resonance of His-95 at 13.51
ppm (A) and the proton resonance at 14.86 ppm (PGH NOH) (B).
The sample contained 0.7 mM yeast TIM subunits, 2.0 mM
[15N]PGH, and the other components and conditions are given in
Figure 1. Spectra were obtained as described in Experimental
Procedures.
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10.4 and 8.7 ppm for the 1-NH and the 1-NOH protons,
respectively. The resonance at 10.4 ppm is assigned to the
1-NH proton of acetohydroxamic acid on the basis of the
observation of a doublet (J ) 98 Hz) due to the presence of
15N at natural abundance and is similar to theδ(1H) ) 10.2
ppm for the 1-NH of PGH. The resonance at 8.7 ppm is
assigned to the 1-NOH proton of acetohydroxamic acid and
broadens upon the addition of water due to rapid exchange.
Thus, the interaction of the 1-NOH proton of PGH with the
carboxyl group of Glu-165 deshields the 1-NOH proton by
∼6.2 ppm (∆δ ≈ 14.9-8.7 ppm) upon binding to TIM.
Table 1 summarizes the assignments and properties of the
deshielded proton resonances in the yeast TIM-PGH
complex.

1H NMR Titration of TIM with PGH. In a titration of yeast
wild type TIM with PGH, resonances of both free TIM and
TIM-PGH are seen, indicating slow exchange of these two
forms on the1H chemical shift time scale at-4.8 °C (data
not shown). A titration monitoring the relative peak intensity
(I) values for the disappearance of the 13.1 ppm resonance
and appearance of the 13.5 and 14.9 ppm resonances upon
addition of PGH to TIM was fit to eq 1 yielding a
stoichiometry of 1.0 PGH molecule bound per enzyme
subunit with aKd ) 6.3( 1.7 µM at -4.8 °C (Figure 4).
This value is slightly tighter than the kinetically determined
Ki value of 15( 3 µM for PGH as a competitive inhibitor
of yeast wild type TIM at 30°C (1) suggesting a negative
∆H° for the binding of PGH.
Exchange Properties of the Deshielded Protons of TIM.

The temperature dependences of the line widths of the
downfield resonances were monitored by1H NMR spectra
for yeast wild type TIM in the absence and presence of
saturating PGH. Arrhenius plots are shown for the His-95
NεH proton in free (δ ) 13.1 ppm) (Figure 5A) and PGH-
bound yeast wild type TIM (δ ) 13.5 ppm) (Figure 5B)
and for the PGH NOH proton (δ ) 14.9 ppm) in PGH-bound
yeast wild type TIM (Figure 5C). The resonance width of
the His-95 NεH proton at 13.1 ppm in free TIM decreases
with increasing temperature over the range-4.8 to 19°C,
indicating a predominant dipolar (1/T2d) contribution to line
width, and increases with increasing temperature above 19
°C, indicating a predominant exchange (kex) contribution to
line width (Figure 5A). Analysis of the temperature depen-
dence of the resonance width of the 13.1 ppm signal in free
TIM according to eqs 2 and 3 yields activation energies for
1/T2d andkex of -4.3( 0.8 kcal/mol and 14.7( 0.9 kcal/
mol, respectively. The temperature dependence ofkex (Figure
5A) yields a value for the first-order exchange rate with
solvent at 30°C of 79 s-1 for the His-95 NεH proton in free
TIM. This rate is 44-fold slower than the exchange rate of
an exposed histidine (Table 1), consistent with its participa-
tion in a hydrogen bond. The X-ray structure of free TIM
shows His-95 to be hydrogen bonded to Glu-165 at a distance
of 3.3 Å (46).

Figure 5B shows that the resonance width of the His-95
NεH signal (δ ) 13.5 ppm) in the TIM-PGH complex also
decreases with increasing temperature over the range-4.8
to 19°C and then begins to increase at higher temperatures.
Analysis of the temperature dependence of the His-95 NεH
resonance in the TIM-PGH complex yields values ofEd )
-4.3( 0.6 kcal/mol for the dipolar contribution andEex )
19.1( 1.9 kcal/mol for the exchange contribution to 1/T2obs.
Thus the energy of activation for proton exchange of His-
95 NεH has increased by 4.4 kcal/mol in the PGH complex.
The temperature dependence ofkex yields a value of 80 s-1

at 30 °C for the His-95 NεH proton in PGH-bound TIM
which is 44-fold slower than the exchange rate of an exposed
histidine (Table 1) consistent with hydrogen bonding. The
X-ray structure of the TIM-PGH complex (10) shows His-
95 to donate a hydrogen bond to O1 and O2 of PGH at

Table 1: Deshielded Proton Resonances in the Yeast Triosephosphate Isomerase-PGH Complexa

δ (ppm) assignment interaction ∆δ (ppm) φ (kexobsd)b (s-1) (kexintrinsic)b,c (s-1) protection factorb

14.9 PGH NOH Glu-165 6.2 0.38 3900 3500 ∼1
13.5 His-95 NεH PGH O2 0.4 0.71 80 3500 44
10.9 PGH NH Glu-165 0.7 nd nd 3500 nd

aConditions are 20 mM Tris-d11-HCl, pH 7.5, 100 mM NaCl, 10% (vol/vol) DMSO-d6, andT ) -4.8 °C. b T ) 30 °C. cCalculated according
to Eigen (45) for the acid- or base-catalyzed exchange of labile protons at pH 7.5 using pKa values ofg11 for neutral His-95 NεH (11) and 9.5 for
PGH NOH and NH (7).

FIGURE 4: 1H NMR titration of yeast TIM (0.78 mM) with PGH.
The decrease in the relative peak intensity of the His-95 NεH proton
in free TIM (δ ) 13.1 ppm) (O) and increase in the relative peak
intensities of the His-95 NεH proton in PGH-bound TIM (δ ) 13.5
ppm) (b) and the PGH NOH proton in enzyme-bound PGH (δ )
14.9 ppm (9) were followed in1H NMR spectra as the enzyme
was titrated with PGH. The curves were generated by eq 1 using
dissociation constantsKd ) 5.0( 0.9µM (O), Kd ) 6.5( 0.5µM
(b), andKd ) 7.5( 1.7µM (9), which yield a mean value ofKd
) 6.3 ( 1.7 µM for the binding of PGH to the enzyme. The
vertical dotted line represents the concentration of enzyme active
sites (0.78 mM). For all curves, the binding stoichiometry is 1.0
per subunit.
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average distances of 3.12 and 2.66 Å, respectively. The
activation barrier for the dipolar contribution to 1/T2 of -4.3
kcal/mol was found for the 13.5 ppm signal (Figure 5B), in
good agreement with that of the 13.1 ppm signal (Figure
5A).
Figure 5C shows that the resonance width of the 1-NOH

proton of enzyme-bound PGH (δ ) 14.9 ppm) increases with
increasing temperature and becomes undetectably broad
above 15°C so that exchange is the predominant contribution
to line width. Because the line width could not be measured
at lower temperatures where dipolar contributions to the line
width contribute more, values ofEex andCex were obtained
from a fit of the data to eqs 2 and 3 using the fixed value of
Ed ) -4.3 kcal/mol and differing fixed values ofCd. The
data were best fit with anEex ) 8.9( 0.3 kcal/mol forkex.
The temperature dependence ofkex of the 1-NOH proton
yields a value of 3900 s-1 at 30°C which yields a protection
factor of∼1.0 when compared to that of free PGH (Table
1). The reason for this small protection factor is that this
rate may reflect the rate of dissociation of the TIM-PGH
complex4 (see Discussion).

The resonance widths of the downfield protein signals at
12.3, 11.9, 11.8, 11.4, 11.3, and 10.9 ppm in1H NMR spectra
of the TIM-PGH complex all decreased with increasing
temperature over the entire range that could be studied from
-4.8 to 30°C, showing no exchange contribution to 1/T2obs.
Hence, the exchange rates of these resonances are much
slower than∼200 s-1 on the basis of their line widths at 30
°C, consistent with the behavior of slowly exchanging NH
protons of the protein. Indeed the resonance at 12.3 ppm
showed little exchange with D2O after 8 h of incubation at
4 °C. The largekex of 3900 s-1 for the 1-NOH resonance at
30°C compared to 80 s-1 for the His-95 NεH proton in PGH-
bound TIM and to,200 s-1 for the other downfield
resonances provides further evidence for the assignment of
the 14.9 ppm signal to the 1-NOH proton of enzyme-bound
PGH.

The temperature dependence of the line width of the 1-NH
resonance of enzyme-bound PGH of the TIM-PGH complex
(δ ) 10.9 ppm) could not be analyzed because of an
overlapping protein resonance with a slowly-exchanging
proton at the same chemical shift. However,1H-15N HMQC
spectra show that the1H-15N cross peak from the 1-15NH
proton of enzyme-bound [15N]PGH (δ ) 10.9 ppm), like
the 14.9 ppm signal, broadens and becomes undetectable
above 15°C. The disappearance of both the 1-NH and
1-NOH resonances above 15°C indicates similar exchange

4 The rate of 3900 s-1 at 30°C does not violate the slow exchange
of the TIM-PGH complex on the chemical shift time scale of<1500
s-1 at-4.8 °C, as calculated from the∆δ of 0.4 ppm for His-95 NεH.
From the activation energy of 8.9 kcal/mol, this upper limit increases
to <104 s-1 at 30°C.

FIGURE 5: Arrhenius plots of the effect of temperature on the observed transverse relaxation rate (1/T2obsd) of downfield proton resonances
in free and complexed TIM. (A) His-95 NεH proton signal (δ ) 13.1 ppm) in free TIM. (B) His-95 NεH proton signal (δ ) 13.5 ppm)
in PGH-bound TIM. (C) PGH NOH proton signal (δ ) 14.9 ppm) in enzyme-bound PGH. Concentrations of components and conditions
are as in Figure 1. The dotted line in each panel represents the exchange contribution (kex) to 1/T2obs, and its slope andy-intercept are given
by the activation energy (Eex) and Arrhenius coefficient (Cex), respectively. The dashed line in each panel represents the dipolar contribution
(1/T2d) to 1/T2obs, and its slope andy-intercept are given byEd andCd, respectively. The curve through the data in each panel represents
the composite results for both thekex and 1/T2d contributions to 1/T2obsand is described by eqs 2 and 3 usingEex ) 14.7( 0.9 kcal/mol,
Cex ) 28.8( 1.5,Ed ) -4.3( 0.8 kcal/mol, andCd ) -2.36( 0.30 (O); Eex ) 19.1( 1.9 kcal/mol,Cex ) 36.2( 1.5,Ed ) -4.3(
0.6 kcal/mol, andCd ) -1.74( 0.20 (b); andEex ) 8.9( 0.3 kcal/mol,Cex ) 22.7( 0.5,Ed ) -4.3 kcal/mol, andCd ) -1.89 (9).
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rates which would be expected for the two hydroxamic acid
protons (Scheme 2).
Fractionation Factors of the Deshielded Protons of TIM.

Strong hydrogen bonds characteristically have low fraction-
ation factors3 (47). Fractionation factors (φ) for His-95 NεH
and PGH NOH in PGH-bound yeast wild type TIM at
equilibrium were determined by the intensities of the1H
NMR signals in titrations in which the mole fractions of H2O
and D2O in the system were systematically varied. A fit to
eq 4 of the titration data of plots of the His-95 NεH (Figure
6A) and PGH NOH (Figure 6B) signal intensity as a function
of the mole fraction H2O yielded a fractionation factor ofφ
) 0.71( 0.02 for His-95 NεH andφ ) 0.38( 0.06 for
PGH NOH (Table 1). These results are consistent with a
normal hydrogen bond involving His-95 and an unusually
strong hydrogen bond involving the 1-NOH proton of PGH.
Because of spectral overlap or slow exchange, reliable
fractionation factors for the other deshielded resonances could
not be obtained.

DISCUSSION

X-ray Structure of the TIM-PGH Complex. The X-ray
structure of the complex of TIM with PGH (Figure 7A) (10)
approximates the structure of the enzyme-intermediate
complex which results from the deprotonation of DHAP or
GAP, with the hydroxylamine nitrogen replacing C1.
Like the cis-enediol(ate) intermediate in which the
O1sC1dC2sO2 atoms are coplanar (2, Scheme 1), PGH
is bound in acisconformation in which the hydroxamic acid
hydroxyl group, the imidate group, and the phosphate ester

oxygen are coplanar. From this structure it is apparent that
Glu-165, with its carboxyl group positioned above the plane
of the O1-N1-C2 atoms in PGH with carboxyl O to N
distances of 2.51 and 2.66 Å in the two subunits, and
carboxyl O to C2 distances of 3.30 and 3.37 Å, is well
positioned for proton transfer between the C1 and C2 carbons
of the enediol(ate) intermediate. The other carboxyl oxygen
of Glu-165 approaches O1 of PGH at distances of 2.68 and
3.08 Å in the two subunits. His-95 is positioned between
the O1 and O2 oxygens of PGH with average distances of
3.12 and 2.66 Å, respectively, suggesting that this residue
is responsible for polarizing the substrate carbonyl groups
and possibly shuttling protons between the two oxygens of
the enediol(ate) during the isomerization reaction. Lys-12
creates a positive environment in the active site so that the
phosphodianion substrate can bind (48). Although the X-ray
structure of the TIM-PGH complex provides a clear picture
of the functional groups available for catalysis, it does not
provide information regarding the mechanistic sequence of
events.

NMR-Modified Structure of the TIM-PGH Complex.
NMR studies of the TIM-PGH complex provide information
on the chemical properties of specific atoms (i.e. chemical
shift values, proton exchange rates with solvent, and
fractionation factors). Figure 7A shows the structure of the
TIM active site with bound PGH as inferred from X-ray
studies (10), and Figure 7B shows a modified structure of
this complex on the basis of the NMR studies. Specific
changes include the following:

FIGURE 6: Determination of the fractionation factors of downfield proton resonances in the TIM-PGH complex. Plot of the relative peak
intensity of the (A) His-95 NεH proton signal (δ ) 13.5 ppm) in PGH-bound TIM and of the (B) PGH NOH proton signal (δ ) 14.9 ppm)
in enzyme-bound PGH as a function of the mole fraction H2O in the aqueous solution. Components and conditions are otherwise as given
in Figure 1. The curve in each panel is described by eq 4 using (A)φ ) 0.71( 0.02 and (B)φ ) 0.38( 0.06; the dashed line in each
panel is drawn forφ ) 1.
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(i) An LBHB occurs between the 1-NOH proton of PGH
and a carboxyl oxygen of the general base-catalyst, Glu-
165, on the basis of the∼6.2 ppm downfield shift of the
1-NOH proton resonance (Figure 1) and its low fractionation
factor,φ ) 0.38 (Figure 6). Although the strength of this
hydrogen bond is difficult to measure, its length is short. In
crystals of small molecules studied by both high resolution
X-ray diffraction and solid-state NMR, McDermott and
Ridenour (49) have found a strong correlation of OH‚‚‚O
hydrogen bond distances (D) with chemical shifts (δ) of the
protons in 59 hydrogen bonds. These data were found by
empirical least squares methods to be well fit by eq 5 (21):

where D is expressed in Å andδ is ppm. From this
correlation, using eq 5, the chemical shift of 14.86 ppm for
the PGH NOH‚‚‚Glu-165 hydrogen bond corresponds to a
distance of 2.57( 0.05 Å. This distance overlaps with the
shorter of the two PGH NOH‚‚‚Glu-165 hydrogen bond
distances in the two subunits of the crystalline yeast TIM-
PGH complex, which were 2.68( 0.2 and 3.08( 0.2 Å.
Hence,in solution, the detection of only a single downfield
chemical shift for the PGH NOH‚‚‚Glu-165 hydrogen bond
suggests equal and short hydrogen bond distances on both
subunits.
(ii) The H-N1 bond of enzyme-bound PGH is intact on

the basis of the observation of1H-15N coupling, and this
proton is involved in a normal hydrogen bond to Glu-165
as indicated by the relatively small downfield shift of 0.6
ppm for the NH proton of PGH upon binding TIM (Figure
2). The bond structure and protonation state of the carboxyl
group of Glu-165 is modified to accommodate the LBHB
from the 1-NOH proton and the normal hydrogen bond from
the 1-NH proton (Figure 7B).
(iii) A resonance hybrid form of PGH is shown with partial

N1dC2 and C2dO2 double bond character (Figure 7B) on
the basis of the downfield15N shift of PGH,∆δ(15N) ) 6
ppm (Figure 2).
(iv) His-95 Nδ is probably not the recipient of a hydrogen

bond from the main chain NH group of Glu-97 as evidenced
by the upfield chemical shift value ofδ(15N) ) 121 ppm

(11) compared to typical chemical shift values expected for
a â-type (sNd) nitrogen not involved in a hydrogen bond
(128 ppm) and a hydrogen-bondedâ-type nitrogen (138 ppm)
(50). The probable reason is that the side chain of His-95
is free to rotate between the two orientations shown in Figure
7A and 7B on the basis of NOE’s comparable in intensity
to the 1-NOH proton resonance of enzyme-bound PGH from
both the His-95 CεH (δ ) 7.54 ppm) and the His-95 CδH
(δ ) 6.76 ppm) in the SS-NOESY experiment (Figure 3).

AlternatiVe Mechanism for the Reaction Catalyzed by TIM.
The subtle but important NMR modifications of the X-ray
structure of the TIM-PGH complex (Figure 7) suggest an
unusually strong hydrogen bond between the carboxyl group
of Glu-165 and the O1 oxygen of the enzyme-bound
intermediate and a normal hydrogen bond between His-95
NεH and the C2 oxygen of the intermediate. These
observations suggest that the general base, Glu-165, may be
involved in proton transfer not only between the C1 and C2
carbons, but also between the O1 and O2 oxygens as in
Scheme 3. This mechanism, which has been modified from
one proposed for the H95Q mutant of TIM (51) by the
addition of a LBHB between Glu-165 and O1 of the
intermediate, may apply to both wild type and mutant TIM.
The NMR relaxation data also provide the exchange rates
of the protons in the hydrogen bonds (Figure 5, Table 1).

The first step in the mechanism of Scheme 3 is abstraction
of the pro-R proton from C1 of DHAP by Glu-165. The
proton abstracted from C1 of DHAP is transferred to the
O2 oxygen. Subsequently, the proton from O1 of the enediol
intermediate is transferred by the second carboxyl oxygen
of Glu-165 to C2 to form GAP. This “criss-cross” pattern
of proton transfers would be accomodated by (i) the bidentate
nature of the carboxyl group and (ii) the presence of two
methylene groups in the glutamate side chain enabling
rotations about the side chain torsion anglesø1 andø3. The
putative role of His-95 in stabilizing the enediol(ate)
intermediate(s) and in facilitating proton transfer between
the O1 and O2 oxygens has been the subject of considerable
study and discussion (1, 4, 6, 11, 25). By donating a normal
hydrogen bond, His-95 is responsible for polarizing the
substrate carbonyl groups. The carbonyl group of DHAP,

FIGURE 7: Comparison of the (A) X-ray structure of the TIM-PGH complex (10) with (B) the NMR-modified structure of the TIM-PGH
complex.

D ) 5.04- 1.16 lnδ + 0.0447δ (5)
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which has an infrared absorbance of 1730 cm-1 in solution,
is shifted to lower wavenumbers when DHAP is bound at
the active site (52), and no such shift in the DHAP carbonyl
stretching frequency was observed on the H95N mutant (25).
These observations and the relatively modest 140-fold
decrease inkcat of the H95Q mutant suggest an essential but
limited role for His-95 in catalysis. The stabilization of the
enediol intermediate provided by the formation of a LBHB
to Glu-165 would further lower the activation free energy
of the catalytic steps by a “differential binding” effect (3).
In contrast, rate enhancement is not attributed to LBHB
formation or to full protonation of the substrate carbonyl
group by His-95 and thereby lowering of the intrinsic kinetic
barrier (4, 5).
Mechanism of Proton Exchange. The fact that the

pathway of the reaction catalyzed by TIM involves an
intermediate that can exchange protons with solvent has
permitted two important kinds of tritium “exchange-
conversion” experiments (53). First, the fate of thepro-R
proton in DHAP can be followed by running the reaction of
DHAP, specifically labeled with tritium at thepro-Rposition,
in unlabeled water. Second, the appearance of tritium in
the product and in the remaining substrate can be followed
by running the reaction of either unlabeled DHAP or GAP
in tritiated water. Kinetic analysis of these reactions has

provided details about the rate constants for the individual
steps and thereby the Gibbs free energies of the intermediates
and transition states for the reaction catalyzed by wild type
chicken muscle TIM (37), the E165D mutant chicken muscle
TIM (36), wild type yeast TIM (1), and the H95Q mutant
of yeast TIM (51).
Exchange-conversion experiments showed that wild type

and the E165D mutant of TIM catalyzed the transfer of a
small amount of tritium label at C1 of DHAP to C2 of the
product, GAP (Table 2), and catalyzed progressively increas-
ing amounts of tritium from solvent back into substrate in
both the DHAP and GAP directions (1, 36, 37). In contrast,
the H95Q mutant, with only a 140-fold loss in catalytic
activity, showed little transfer of tritium either from C1 of
DHAP to C2 of GAP or from solvent back into either
substrate (51). These observations were rationalized by a
mechanism for the wild type and E165D enzymes in which
Glu-165 catalyzesintramolecularproton transfer between
the C1 and C2 carbons and His-95 catalyzes proton transfer
between the O1 and O2 oxygens (Scheme 1). Exchange with
solvent is presumed to occur by reversible proton dissociation
from Glu-165 at the intermediate state prior to proton transfer
to carbon to form product.
Using Scheme 1, together with all of the reported binding

and catalytic rate constants for both protium and tritium

Scheme 3

Table 2: Calculation of Proton Exchange Rates (kex) for an Intramolecular (Scheme 1) or Intermolecular (Scheme 3) Mechanism of Tritium
Transfer from DHAP (s/so) to GAP (p/so) on Triosephosphate Isomerase at 30°C

intramolecular (s-1) intermolecular (s-1)

enzyme kcat (s-1) s/so fraction p/so (%)obsd kexcalc kexobsd kexcalc kexobsd

yeast TIM (WT)a 750 2.0 3.2 1.3× 105 3.9× 103 7.5× 102 80
yeast TIM (H95Q)b 5.8 1.2-2.4 <1.0
chicken TIM (WT)c 430 1.3-2.7 2.9-4.4 3.4× 104 (3.9× 103)e 103 (80)e

chicken TIM (E165D)d 1.8 1.4 2.1 4.6× 102 (3.9× 103)e 80 (80)e

a From ref (1). b From ref (51). c From ref (37). d From ref (36). eThis value was assumed on the basis of the measured rate on yeast wild type
TIM.
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transfer involved in the interconversion of DHAP and GAP,
we have used the program KINSIM (35) to calculate the
required exchange rate constant (kex) of Glu-165 with solvent
in the enzyme-intermediate complex that yields the observed
extent of tritium transfer from DHAP to GAP in wild type
and mutant TIM (Table 2). Marked variation of the required
kex is seen, most notably, a 74-fold decrease in the E165D
mutant, although the chemical basis for such variation is not
clear. Moreover, the required exchange rate for wild type
yeast TIM (1.3× 105 s-1) differs by a factor of 33 from the
measured exchange rate of the proton between Glu-165 and
the 1-OH in the corresponding TIM-PGH complex (3.9×
103 s-1). The conclusions from this kinetic analysis also
apply to the alternative mechanism involving direct proton
transfer from O1 to O2 (6).
Another difficulty with a mechanism involving direct

proton exchange with solvent from Glu-165 has been pointed
out by Rose et al. (54) who noted that the loss of such a
proton to solvent from the intermediate state, in an intramo-
lecular process, imposes limits on the overall catalytic rate
depending on the pKa of the catalytic base and the pH of
the medium. Rose et al. proposed an alternative mechanism
for wild type TIM in which the enzyme itself, not the
medium, provides a pool of protons with which the enzyme-
enediol(ate) intermediate can exchange (internal exchange).
Exchange of this enzymic pool with the medium (external
exchange) was proposed to occur after the substrate or
product had dissociated. The evidence supporting internal
exchange is that tritium, which is exchanged into TIM by
incubating in [3H]H2O, is found in the GAP product after
the enzyme is diluted into a large volume of unlabeled water
containing substrate, DHAP. The observation that exchange-
able protons on the enzyme can be fixed into C2 of the
product GAP (54) together with the finding that the H95Q
mutant shows negligible back-exchange of tritium from
solvent to substrate or from substrate DHAP to product GAP
(51) makes it likely that His-95 is a necessary component
of the internal exchange process in the wild type enzyme.
The assumption by Rose et al. (54) that external exchange
with the medium occurs only from the free enzyme, however,
is inconsistent with the sizable solvent exchange rate which
we observe for His-95 NεH (80 s-1) in the TIM-PGH
complex (Figure 5, Tables 1 and 2). Hence, an alternative
mechanism to that of Scheme 1 is necessary to explain how
the enzyme-intermediate complex avoids the inefficient loss
of the abstracted proton at moderate to high pH yet readily
exchanges protons with bulk solvent.
Such an alternative mechanism was originally proposed

for the H95Q mutant in which Glu-165 carries out all proton
transfer steps as in Scheme 3 (51). In this mechanism, Glu-
165 transfers thepro-Rproton from the C1 position of DHAP
to the O2 enediolate oxygen, a solvent-exchangeable position,
so that no transfer of tritium from labeled substrate to product

is detectable in the H95Q mutant (Table 2). This mechanism
also requires that the carboxyl group of Glu-165 which is
transiently protonated with the abstractedpro-Rprotondoes
not exchange its proton with solvent en route to the O2
oxygen to account for the negligible transfer of tritium from
solvent back into substrate. The extension of the mechanism
of Scheme 3 to the wild type enzyme requiresintermolecular
transfer of tritium label from substrate (DHAP) to product
(GAP). The proton exchange mechanism in the LBHB-
stabilized intermediate, based on Scheme 3, is shown in
Figure 8. In wild type TIM, a fraction of thepro-R tritium
label is exchanged into the His-95 Nε position from O2 in
the LBHB-stabilized intermediate (internal exchange). The
label may then exchange from His-95 into O1 (internal
exchange) and be transferred to GAP in subsequent turnovers.
The label may also wash out into solvent from free enzyme
or from the enzyme-intermediate complex (external ex-
change).
Using the binding and catalytic rate constants for both

protium and tritium transfer involved in the interconversion
of DHAP and GAP as for Scheme 1, we have used KINSIM
(35) to calculate the required internal exchange rate constants
of the proton transferring group in wild type and mutant TIM
for the mechanisms of Scheme 3 and Figure 8.5 These
calculated rate constants (Table 2) show reasonable agree-
ment with the measured exchange rate of His-95 NεH with
solvent in the TIM-PGH complex (80 s-1), with the
exception of wild type yeast TIM which requires a 9.4 fold
faster internal exchange rate due to its higherkcat. Thus,
Scheme 3 and Figure 8 provide a better fit to the exchange

5 The steps described byk2a andk2b in Scheme 3 were described by
the single reported rate constant for the chemical step described byk2
in Scheme 1. The same simplification was made for the pairs of steps
described byk-2a andk-2b, k3a andk3b, andk-3a andk-3b.

Table 3: Properties of Low-Barrier Hydrogen Bonds on Enzymes As Studied by NMR

enzyme complex δ (ppm) assignment interaction ∆δ (ppm) φ H-bond strength (kcal/mol) protection factor

TIM-PGH 14.9 PGH-NOH E165‚‚‚HON 6.5 0.38 - 1.0
KSI-DHEa 18.2 D99-COOH D99‚‚‚Y14 6.2 0.34 g7.1 (diad) g25.5
chymotrypsinogenb 18.1 H57-NδH H57‚‚‚D102 4.7 0.4 - 9.2
chymotrypsinc 18.9 H57-NδH H57‚‚‚D102 5.5 - g7 -
Asp-amino transferased 17.4 Pyr-NH+ Pyr-NH+‚‚‚D222 - - g7.6 -
AKB-CoA-ligasee 19.1 Pyr-NH+ Pyr-NH+‚‚‚COO- - - g3.5 -
a From ref (20). b From ref (19). c From ref (18). d From ref (55). eFrom ref (56).

FIGURE8: Proposed mechanism of exchange of protons at the active
site with solvent in the LBHB-stabilized enediol intermediate.
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data than does Scheme 1. The much faster exchange
measured for the proton involved in the LBHB between Glu-
165 and the NOH proton of bound PGH (3900 s-1) likely
reflects the rate of dissociation of PGH from the enzyme, as
indicated by its lower activation energy of 8.9 kcal/mol and
by the similar exchange behavior of the PGH NH proton
resonance, and is therefore irrelevant to the internal exchange
process.4 The 50-fold slower exchange of the His-95 NεH
would permit this residue to function as the carrier for
intermoleculartritium transfer from substrate to product.
In principle, the ultimate choice between Scheme 1 and

Scheme 3 for wild type TIM can be made by further
experiments. Intermolecular tritium transfer from DHAP to
GAP should show a substrate concentration dependence,
while intramolecular transfer should be independent of
substrate concentration. A more direct test would be
provided by transient-state kinetic studies of tritium transfer
in both single and multiple turnovers.
LBHBs on Enzymes. Finally, we note that the strong

hydrogen bond between Glu-165 and PGH on TIM is typical
of LBHB’s found on other enzymes, all of which appear to
involve carboxyl groups (Table 3). Thus, deshielded proton
resonances at 15-20 ppm, assigned to strong hydrogen bonds
have been found at the active sites of∆5-3-ketosteroid
isomerase between Asp-99 and Tyr-14 (21); on chymotrypsin
(18) and chymotrypsinogen (19) between Asp-102 and His-
57; on aspartate amino transferase between Asp-222 and the
pyridoxal NH+ (55); and on 2-amino-3-ketobutyrate-CoA
ligase between a carboxyl group and the pyridoxal NH+ (56).
We conclude that Asp and Glu residues on enzymes can play
a unique role in catalysis by forming unusually strong
hydrogen bonds.
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