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ABSTRACT: Product distributions for the reaction of glycolaldehyde labeled with carbon-13 at the carbonyl
carbon ([1-°C]-GA) catalyzed by triosephosphate isomerase (TIM) in D,O at pD 7.0 in the presence of
phosphite dianion and in its absence were determined by 'H NMR spectroscopy. We observe three products
for the relatively fast phosphite-activated reaction (Amyes, T. L., and Richard, J. P. (2007) Biochemistry 46,
5841—5854): [2-"*C]-GA from isomerization with intramolecular transfer of hydrogen (12% of products),
[2-1*C,2-H]-GA from isomerization with incorporation of deuterium from D,O at C-2 (64% of products),
and [1-"*C,2-’H]-GA from incorporation of deuterium from D,O at C-2 (23% of products). The much slower
unactivated reaction in the absence of phosphite results in formation of the same three products along with the
doubly deuterated product [1-'°C,2,2-’H,]-GA. The two isomerization products ([2-'*C-GA and
[2-'3C,2->H]-GA) are formed in the same relative yields in both the unactivated and the phosphite-activated
reactions. However, the additional [1-'*C,2-*H]-GA and the doubly deuterated [1-'*C,2,2-*H,]-GA formed in
the unactivated TIM-catalyzed reaction are proposed to result from nonspecific reaction(s) at the protein
surface. The data provide evidence that phosphite dianion affects the rate, but not the product distribution,
of the TIM-catalyzed reaction of [1-'*C]-GA at the enzyme active site. They are consistent with the conclusion
that both reactions occur at an unstable loop-closed form of TIM and that activation of the isomerization
reaction by phosphite dianion results from utilization of the intrinsic binding energy of phosphite dianion
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to stabilize the active loop-closed enzyme.

Triosephosphate isomerase (TIM)' catalyzes the stereospeci-
fic, reversible 1,2-hydrogen shift at dihydroxyacetone phosphate
(DHAP) to give (R)-glyceraldehyde 3-phosphate (GAP) by a
single-base (Glu-165) proton transfer mechanism through an
enzyme-bound cis-enediol(ate) intermediate (Scheme 1) (1, 2).
The enzyme’s low molecular mass (dimer, 26 kDa/subunit), high
cellular abundance (3), and the centrality of proton transfer at
carbon in metabolic processes (4, 5) have made TIM a prominent
target for studies on the mechanism of enzyme action (6—3§).
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We showed previously that deprotonation of the neutral
substrate (R)-glyceraldehyde by TIM is ca. 10°-fold slower than
the partly diffusion controlled (9) turnover of the physio-
logical phosphorylated substrate GAP (10). More than 80% of
the 4 x 10'’-fold enzymatic rate acceleration for deprotonation
of GAP is due to utilization of the intrinsic binding energy of
the small nonreacting phosphodianion group of the substrate
(10, 11). Part of this “intrinsic phosphate binding energy” is
expressed at the Michaelis complex and serves the obvious
function of anchoring the substrate to TIM. However, these
results suggested that a large fraction of this binding energy is
utilized to activate the bound carbon acid substrate toward
proton transfer.

Our work is now focused on understanding the role of flexible
“phosphate gripper loops”, such as loop 6 of TIM (6, 12—18),
in activating enzyme-bound substrates for a variety of reac-
tions (19, 20). We reported earlier that TIM catalyzes the slow
deprotonation of glycolaldehyde (GA) in D,O, resulting in
deuterium labeling of GA at C-2 that can be monitored by
"H NMR spectroscopy (Scheme 2), with a second-order rate
constant key/ Ky = 0.26 M~ 's7! (19). The addition of exogenous
phosphite dianion results in a very large increase in the observed
second-order rate constant (kc./Kiy)onsa for turnover of GA,
and the plot of (key/Kim)obsa against [HPO5> "] provides evidence
for saturation of the enzyme by phosphite. The data show
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that the separate binding of the phosphite dianion “piece” to TIM
results in a 700-fold acceleration of proton transfer from carbon
(Scheme 2) (19). This demonstration that the interactions be-
tween TIM and phosphite dianion activate a bound carbon acid
substrate toward deprotonation, in the absence of a covalent
connection, shows that the phosphodianion group of GAP
does not simply anchor the substrate to the enzyme. Rather, it
also serves the additional important function of providing
binding energy that is utilized specifically for transition state
stabilization (19, 21). We proposed that the phosphite activation
of TIM can be attributed to utilization of the intrinsic phosphite
binding energy to hold TIM in a catalytically active loop-closed
form (19).

The TIM-catalyzed reactions of the whole substrates GAP and
DHAP in D,O give complex mixtures of products, as shown in
Scheme 3 for the reaction of GAP (22, 23). This mixture results
from partitioning of the enediol(ate) phosphate intermediate at
two different stages of the overall reaction (/, 24). Proton transfer
from GAP to the carboxylate side chain of Glu-165 labels the side
chain with H. In D,0, this labeled side chain partitions between
reprotonation of the enediol(ate) phosphate at C-1 to form
H-labeled DHAP (49% yield) and effectively irreversible ex-
change with deuterium from solvent D,O (k,, Scheme 3). The
D-labeled side chain then partitions between reaction of
the enediol(ate) phosphate at C-2 to form D-labeled GAP
(21% yield) and at C-1 to form D-labeled DHAP (31%
yield) (22).
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It is not known whether TIM catalyzes hydrogen transfer
between the hydroxymethylene and carbonyl carbons of glyco-
laldehyde (GA) because this formal isomerization reaction is
degenerate. Therefore, reaction of the D-labeled side chain of
Glu-165 with the putative enediol(ate) intermediate of the TIM-
catalyzed deprotonation of GA results in formation of only one
product, [2-°H]-GA (19). We have therefore extended our
comparison of TIM-catalyzed isomerization of the whole sub-
strates GAP and DHAP with that of the substrate pieces {GA +
HPO,?"} to an examination of the product distribution for the
TIM-catalyzed reaction of [1-"*CJ-glycolaldehyde ([1-'*CJ-GA)
in D,0, in both the presence and absence of phosphite dianion.

We report here that the phosphite-activated TIM-catalyzed
reaction of [1-"*CJ-GA in D,O gives the three expected products
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of partitioning of the enzyme-bound enediol(ate) intermediate
(see Chart 1), in yields similar to those of the corresponding
products of the TIM-catalyzed reactions of the whole substrates
GAP (22) and DHAP (23). Moreover, similar yields of these
products are observed for the unactivated TIM-catalyzed reac-
tion of [1-"*CJ-GA in D,O in the absence of phosphite. These
results suggest that the active catalyst for the slow isomerization
of [1-"*CJ-GA is an unstable loop-closed form of TIM and that
the intrinsic binding energy of phosphite dianion is utilized to
stabilize the enzyme in the active loop-closed form.

MATERIALS AND METHODS

Rabbit muscle glycerol 3-phosphate dehydrogenase (GPDH)
was purchased from United States Biochemical or MP Biome-
dicals. Bovine serum albumin (BSA) was from Roche. DEAE-
Sepharose Fast Flow was from GE Healthcare. p,L-Glyceralde-
hyde 3-phosphate diethyl acetal (barium salt), dihydroxyacetone
phosphate (lithium salt), Dowex 50WX4-200R and NADH
(disodium salt) were from Sigma. Triethanolamine hydrochloride
and imidazole were from Aldrich. Sodium phosphite (dibasic,
pentahydrate) was from Riedel-de Haen (Fluka). [1-'°C]-Glyco-
laldehyde (9% enriched with '3C at C-1, 0.09 M in water) was
purchased from Omicron Biochemicals. D,O (99.9% D) and
DCl (35% w/w, 99.9% D) were from Cambridge Isotope
Laboratories. Imidazole was recrystallized from benzene. Water
was from a Milli-Q Academic purification system. All other
commercially available chemicals were reagent grade or better
and were used without further purification.

The plasmid pBSX1cTIM containing the wild-type gene for
TIM from chicken muscle (25) and Escherichia coli strain DF502
(strep®, tpi~, and his~) whose DNA lacks the gene for TIM (26)
were generous gifts from Professor Nicole Sampson. E. coli strain
DF502 was transformed with pBSXI1cTIM, and TIM was
expressed and purified according to published procedures with
ion-exchange chromatography performed on DEAE-Sephar-
ose (15). The enzyme obtained from the final column was judged
to be homogeneous by gel electrophoresis. The concentration of
TIM was determined from the absorbance at 280 nm using an
extinction coefficient of 3.2 x 10* M~ em ™" (27). The following
kinetic parameters were determined for turnover of GAP
in 30 mM triethanolamine buffer at pH 7.5 and 25 °C
(I = 0.1, NaCl) using a coupled assay (see below): key =
2300 s~ ' and K,,, = 0.45 mM (22).

Preparation of Solutions. Solution pH or pD was deter-
mined at 25 °C using an Orion model 720A pH meter equipped
with a Radiometer pHC4006-9 combination electrode that was
standardized at pH 4.00 and 7.00 at 25 °C. Values of pD were
obtained by adding 0.40 to the observed reading of the pH
meter (28). Before preparation of solutions in D,O the bulk of the
water of crystallization of sodium phosphite was removed by
drying in vacuo as described previously (19). Buffered solutions of
30 mM imidazole (20% free base, pD 7.0) and 80 mM phosphite
(50% free base, pD 7.0) in D,O were prepared as described
previously (19).
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D,L-Glyceraldehyde 3-phosphate diethyl acetal (barium salt)
was converted to the free aldehyde by treatment with a suspen-
sion of Dowex 50WX4-200R (H" form) in boiling water,
as described previously (22), and the resulting solution of
D,L-glyceraldehyde 3-phosphate (pH ~ 2) was stored at
—20 °C. Before use in routine enzyme assays the solution was
adjusted to the appropriate pH by the addition of 1 M NaOH,
after which it was stored at —20 °C. The concentration of GAP in
the racemic mixture was determined from the amount of NADH
consumed during quantitative TIM-catalyzed isomerization of
GAP to form DHAP that was coupled to the oxidation of
NADH using GPDH.

[1-"*C}-Glycolaldehyde (1 mL of a 90 mM solution in H,0)
was reduced to a volume of ca. 100 uL by rotary evaporation.
Five milliliters of D,O was added, and the volume was again
reduced to ca. 100 uL by rotary evaporation. This procedure was
repeated twice more, and ca. 900 uL of D,0 was added to the
final solution to give a final volume of ca. 1 mL. The stock
solution of [1-"*CJ-GA in DO was stored at room temperature to
minimize the content of glycolaldehyde dimer (/9), and the
concentration of [I-’C]-GA was determined by 'H NMR
spectroscopy as follows. Fifty microliters of the stock solution
of [I-*C]-GA in D,O was diluted with 700 uL of 30 mM
imidazole buffer (20% free base, pD 7.0) in D,O, and the
concentration of [1-"*C]-GA was determined from comparison
of the integrated areas of the signals for the protons of [1-"*C]-
GA hydrate and the C(4,5)-protons of imidazole, with a correc-
tion for the presence of 6.1% of the free carbonyl form of GA that
is present in equilibrium with the hydrate (19, 29).

Enzyme Assays. All enzyme assays were carried out at 25 °C.
Changes in the concentration of NADH were calculated from the
changes in absorbance at 340 nm using an extinction coefficient
of 6220 M~ ¢cm™". One unit is the amount of enzyme that
converts 1 umol of substrate to product in 1 min under the
specified conditions.

GPDH was dialyzed against 20 mM triethanolamine buffer
(pH 7.5) at 4 °C and was assayed by monitoring the oxidation of
NADH by DHAP at 340 nm. The assay mixture contained
100 mM triethanolamine (pH 7.5, 7 = 0.1), 0.01% BSA, 0.2 mM
NADH, and 1 mM DHAP.

The activity of TIM in the stock solutions dialyzed in D,O or
of the diluted reaction mixtures in D,0O was assayed by coupling
the isomerization of GAP to give DHAP to the oxidation of
NADH by DHAP using GPDH, monitored at 340 nm as
described previously (19, 30). Dilute solutions of TIM were
stabilized with 0.01% BSA. The standard assay mixture
(1.0 mL) contained 100 mM triethanolamine (pH 7.5, 7 = 0.1),
0.2mM NADH, 5 mM b,L-glyceraldehyde 3-phosphate (2.5 mM
GAP, ~ 6 K,;,), | unit of GPDH, and 0.01—0.05 nM TIM. Before
the addition of TIM, the low background velocity that is due
mainly to the isomerization of GAP catalyzed by TIM present
as a contaminant in the commercial GPDH was determined
over 2—4 min. This background velocity, v,, generally repre-
sented <2% of the total initial velocity, v;, that was determined
subsequently over 5—10 min after the addition of TIM. Values of
Viax (M s~ were calculated from the values of (v; — v,) using the
initial concentration of GAP and K, = 0.45 mM. The concen-
tration of TIM in the assay mixture was calculated from the
values of Viax (M s™") using the relationship [TIM] = Viax/kcat
with ke, = 230057

TIM-Catalyzed Reactions of [ 1-'°C]-GA Monitored by
"H NMR. Chicken muscle TIM was dialyzed at 4 °C against
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30 mM imidazole buffer (20% free base, pD 7.0) in D,O at
I = 0.024 for reactions in the presence of phosphite dianion or at
I = 0.1 (NaCl) for reactions in its absence.

The TIM-catalyzed reactions of [I-'*C-GA in D,O in the
absence of phosphite were initiated by adding 720 uL of TIM
(ca. 85 units/uL, 16 mg/mL) in 30 mM imidazole buffer (20%
free base, pD 7.0) at / = 0.1 (NaCl) in D,O to 180 uL of a
solution of [1-"*CJ-GA and NaCl in D,O to give final concentra-
tions of 20 mM [1-"*C]-GA and 24 mM imidazole at pD 7.0 and
I = 0.1 (NaCl). This solution (750 uL) was transferred to an
NMR tube, and "H NMR spectra at 25 °C (32 transients) were
recorded hourly over a period of ca. 24 h, during which time
there was ca. 29% reaction of [1-*C]-GA. The remaining
portion of the reaction mixture was incubated at 25 °C, and
the activity of TIM was determined via periodic standard assay
(see above).

The TIM-catalyzed reactions of [I-'*C-GA in D,O in the
presence of phosphite dianion were initiated by adding 5—20 uL.
of TIM (ca. 64 units/uL, 12 mg/mL) in 30 mM imidazole buffer
(20% free base, pD 7.0) at I = 0.024 in D,O to 1.0 mL of a
solution containing 20 mM [1-"*C]-GA, 6 mM imidazole (20%
free base, pD 7.0), and 5—20 mM phosphite dianion at pD 7.0
and / = 0.1 (NaCl). The final reaction mixture contained 20 mM
[1-CJ-GA, 6 mM imidazole, and 5—20 mM phosphite dianion
(10—40 mM total phosphite) at pD 7.0 and 7 = 0.1 (NaCl). This
solution (750 uL) was transferred to an NMR tube, and "H NMR
spectra at 25 °C (32 transients) were recorded hourly over a
period of ca. 12 h, during which time there was ca. 23% reaction
of [1-"*C]-GA. The remaining portion of the reaction mixture was
incubated at 25 °C, and the activity of TIM was determined via
periodic standard assay (see above).

For the reactions in both the absence and presence of
phosphite dianion there was no significant decrease in enzyme
activity (£10%) during the course of the experiment. After
accumulation of the final NMR spectrum the protein was
removed by ultrafiltration, and the pD of the filtrate was
determined and found to be within 0.05 unit of the initial value
of 7.0.

"H NMR Analyses. '"H NMR spectra (500 MHz) were
recorded in D,O at 25 °C using a Varian Unity Inova 500
spectrometer that was shimmed to give a line width of <0.5 Hz
for the most downfield peak of the double triplet due to the C-1
proton of [1-"*C]-GA hydrate. Spectra (32 transients) were
obtained using a sweep width of 6000 Hz, a pulse angle of 90°,
and an acquisition time of 6 s. To ensure accurate integrals for the
protons of interest, a relaxation delay of 120 s (>87)) was
used (19). Baselines were subjected to a first-order drift correction
before determination of integrated peak areas. Chemical shifts
are reported relative to HOD at 4.67 ppm.

Determination of Product Yields by '"H NMR. Figure 1
shows representative partial "H NMR spectra at 500 MHz
obtained during the reaction of [1-'*C]-GA (20 mM) catalyzed
by chicken muscle TIM in D,O in the presence of 5 mM
phosphite dianion (panels A and B) and in its absence (panels
Cand D) at pD 7.0 and 25 °C (I = 0.1, NaCl). These reactions
resulted in formation of the isotopomers of GA hydrate shown in
Chart 2. Under our reaction conditions glycolaldehyde exists
as 94% of the hydrate and only 6% of the free carbonyl form
(19, 29). The integrated peak areas for the C-1 proton and for
a single C-2 proton of the hydrates of the substrate [1-'*CJ-GA
and of each of the product isotopomers were obtained using the
following procedures.
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[1-3C]-GA (Substrate). The signal for the C-1 proton of
[1-°CJ-GA appears as a double triplet at 4.945 ppm (‘Jyyc =
163 Hz, *Jyy = 5 Hz) (tall signals at edges of Figure 1A). The
peak area for this proton was evaluated using eq 1, where a is the
area of the most downfield peak of the double triplet. The signal
for the C-2 protons of [1-'*C]-GA appears as a double doublet at
3.410 ppm (*Juc = 3 Hz, *Jun = 5 Hz) (offscale signal in the
center of Figure 1B). The partly resolved small multiplet on the
upfield edge of this signal (Figure 1B, inset) is the signal for
the C-2 proton of [1-'*C 2-*H]-GA, the product of deuterium ex-
change (see below). The peak area for a single C-2 proton of
[1-*C]-GA was evaluated using eq 2, where A is the total area
of the signals for the C-2 protons of hoth [1-°C]-GA and
[1-13C,2-H]-GA, and 2e is the area of the small multiplet due to
the C-2 proton of [1-"*C,2-*H]-GA (obtained as described below).

AC] = 8a (1)

AC2 = (AT - 26)/2 (2)

[2-3C]-GA (Product of Isomerization). The signal for
the C-1 proton of [2-'*CJ-GA appears as a broad triplet at
4.945 ppm (ZJHC = 0.5Hz, *Jgy = 5 Hz; the HC coupling was
not always observed). However, only the most downfield peak of
this signal is observable (Figure 1A, inset) because the upfield
peaks are obscured by the broad doublet due to the C-1 proton of
[2-13C2-°H]-GA, the product of isomerization with deuterium
exchange (see below). The peak area for the C-1 proton of [2-"°CJ-
GA was evaluated using eq 3, where b is the area of the most
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downfield peak of the broad triplet. The signal for the C-2
protons of [2-"*CJ-GA appears as a double doublet at 3.410 ppm
("Juce = 142 Hz, *Jyy = 5 Hz) (small signals at the edges of
Figure 1B). The very small signals at the base of the peaks of this
signal (Figure 1B, inset) are the '*C satellites of the very large
double doublet for [1-*C}-GA arising from the presence of
natural abundance "°C at C-2 of [1-"°C]-GA. The peak area for
a single C-2 proton of [2-"*C]-GA was evaluated using eq 4, where
c is the area of the most downfield peak of the double doublet
(Figure 1B, inset). The values of Ac; and A, were corrected for
the presence of a small amount (ca. 0.8%) of [2-">C]-GA that was
present at zero time as an impurity in the commercial sample of
[1-3CJ-GA.

Aci = 4b (3)

Ac2 = 2C (4)

[1-3C.2-°H]-GA (Product of Deuterium Exchange).
The signal for the C-1 proton of [I-"*C,2-*H]-GA appears as a
broad double doublet at 4.940 ppm shifted 0.005 ppm upfield of
the double triplet due to the C-1 proton of [1-"*C]-GA as a result
of the -deuterium (/9). However, this signal is not resolved; it
lies under the two most upfield peaks of each half of the double
triplet due to the C-1 proton of [1-'*CJ-GA. Thus, for all intents
and purposes, we will refer to the signal for the C-1 proton of
[1-*CJ-GA as an apparent double triplet (Figure 1A). The peak
area for the C-1 proton of [1-"*C,2-*’H]-GA was evaluated using
eq 5, where At is the area of downfield half of the apparent double

B
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510 500 490  ppm

355 345  3.35 ppm

FIGURE 1: Partial '"H NMR spectra at 500 MHz in the C-1 and C-2 regions of glycolaldehyde hydrate obtained during the reaction of [1-'*C]-GA
catalyzed by chicken muscle TIM in D,O at pD 7.0 and 25 °C (I = 0.1, NaCl). The boxes indicate regions of the spectrum that are expanded in the
insets. (A) Spectrum in the region of the C-1 proton obtained after reaction of 23% of [1-"*CJ-GA (20 mM) in the presence of 7.9 «M TIM and 5
mM HPO;> . (B) Spectrum in the C-2 region for the phosphite-activated reaction. (C) Spectrum in the C-1 region obtained after reaction of 29%
of [1-"*CJ-GA (20 mM) catalyzed by 340 xM TIM in the absence of phosphite dianion. (D) Spectrum in the C-2 region for the reaction in the

absence of phosphite.
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triplet due to the C-1 proton of [1-"*C]-GA, and a is the area of
the most downfield peak of this apparent double triplet. This
analysis is possible because a represents a signal that is due
exclusively to the C-1 proton of [1-'*C}-GA. The signal for the
C-2 proton of [1-*C,2-*H]-GA appears as a multiplet on the
upfield edge of the signal for the C-2 protons of [1-'*C]-GA and is
expected to be a double double triplet as a result of a three-bond
HH coupling (/ = 5 Hz), a two-bond HC coupling (J/ = 3 Hz),
and a two-bond HD coupling (J ~ 2 Hz). The observed multiplet
is composed of eight peaks, and its peak area was evaluated from
the integrated area e of the four most upfield peaks of this signal
using eq 6 (Figure 1B, inset).

AC] = 2AT — 8a (5)

Acz = 2e (6)

[2-3C,2°H]-GA (Product of Isomerization with Deu-
terium Exchange). The signal for the C-1 proton of
[2-'3C,2-?H]-GA appears as a broad doublet at 4.940 ppm
(3JHH = 5 Hz, the three-bond HD and two-bond HC couplings
are not resolved) (Figure 1A, inset). This doublet obscures the
upfield peaks of the broad triplet due to the C-1 proton of [2-'*C]-
GA (see above). The peak area for the C-1 proton of [2-'°C,2-*H]-
GA was evaluated using eq 7, where At is the total area of the
signals for the C-1 protons of borh [2-"*C,2-*H]-GA and [2-*CJ-
GA and b is the area of the most downfield peak of the broad
triplet due to the C-1 proton of [2-'*C]-GA. The signal for the C-2
proton of [2-'*C,2-*H]-GA appears as a double double triplet at
3.389 ppm ("Jyyc = 142 Hz, *Jyy = 5 Hz, *Jyp ~ 2 Hz) shifted
0.021 ppm upfield of the double doublet due to the C-2 protons
of [2-*C]-GA as a result of the o-deuterium (Figure 1B, inset)
(19, 31-33). The peak area for the C-2 proton of [2-'*C,2-*H]-
GA was evaluated using eq 8, where dis the area of the downfield
half of the double double triplet (Figure 1B, inset).

Ac = At —4b (7)
Acy =2d (8)

The observed peak areas Ay for these different protons at
various reaction times were normalized according to eq 9 to give
Ap, where Agq and (Agq)o are the observed peak areas for an
internal standard at time ¢ and at r = 0, respectively. The internal
standard was the upfield peak of the doublet at 6.7 ppm (J =
600 Hz) due to the P—H proton of phosphite or the signal at
7.3 ppm due to the C-(4,5) protons of imidazole.

The disappearance of the substrate [1-'*C]-GA was followed
by monitoring the decrease in the peak area for the C-1 proton of
[1-"*C]-GA that was calculated using eq 1. The fraction of the
substrate [1-"*C]-GA remaining at time 7, fs, was calculated using
eq 10, where Ag and (Ag), are the normalized peak areas for
the C-1 proton of [I-"*C]-GA at time ¢ and ¢ = 0, respectively
(cf. eq 9). Observed first-order rate constants kopsq (s ') for the
disappearance of [1-"*C]-GA were determined from the slopes of
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semilogarithmic plots of reaction progress against time (eq 11)
that covered the first 30% of the reaction.

The normalized yields of the individual products of the TIM-
catalyzed reactions of [1-"*CJ-GA (Chart 2) were calculated using
eq 12, where Ap is the normalized peak area for a single C-1 or
C-2 proton of the individual product calculated using eq 9, and
> Apis the sum of the normalized peak areas for the same proton
at all of the reaction products.

Ay = Ay (%) o)

fs =

Infs = — Kobsat (11)

RESULTS

TIM-Catalyzed Reactions of [1->C]-GA Activated by
Phosphite Dianion. Panels A and B of Figure 1 show partial
"H NMR spectra at 500 MHz in the region of the C-1 and C-2 pro-
tons, respectively, obtained after the reaction of 23% of [1-*CJ-
GA (20 mM) catalyzed by chicken muscle TIM (7.9 uM) in D,O in
the presence of 5 mM phosphite dianion at pD 7.0,25°C,and [ =
0.1 (NaCl). The disappearance of the signals due to the substrate
[1-°C]-GA is accompanied by the appearance of signals due to the
three isotopomeric products of the isomerization and deuterium
exchange reactions shown in Scheme 4. Full details of the assign-
ments of the signals for the C-1 and C-2 protons of the substrate
and these products are given in the Materials and Methods.
Normalized peak areas for the C-1 proton and a single C-2 proton
of the substrate and of the individual products were calculated
using eq 9. There is good agreement between the decrease in the
normalized peak area for a single C-2 proton of the substrate
[1-3C]-GA and the increase in the sum of the normalized peak
areas for a single C-2 proton of the products [2-"*CJ-GA,
[2-°C2-?H}-GA, and [1-*C2-*H]-GA. This shows that these
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are the only significant products of the TIM-catalyzed reaction of
[1-*CJ-GA activated by phosphite dianion.

The TIM-catalyzed incorporation of deuterium into [1-"*CJ-
GA to give [1-"*C,2-°H]-GA and [2-"*C,2-°H]-GA results in a
large upfield shift of 0.021 ppm of the signal for the remai-
ning C-2 proton of these compounds as a result of the
a-deuterium (79, 3/—33). Thus, the signals for the C-2 protons
of these products are well-resolved from those due to the C-2 pro-
tons of the substrate [1-'*C]-GA and the isomerization product
[2-3C]-GA (Figure 1B, peaks d and ¢). By contrast, the signals for
the C-1 protons of [1-'*C,2-*’H]-GA and [2-"*C,2-°H]-GA are not
resolved from those for [1-'*C]-GA and [2-"*C]-GA because there
is only a small upfield shift of 0.005 ppm as a result of the
p-deuterium (Figure 1A) (19). For example, the ratio of the areas
of the three downfield peaks of the apparent double triplet due to
the C-1 proton of [I-*C}-GA in Figure 1A is 1.00:2.18:1.17,
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FI1GURE 2: Dependence of the fraction of remaining substrate and the
normalized fractions of the products during the reaction of [1-'3CJ-
GA (20 mM) catalyzed by chicken muscle TIM (7.9 uM) in the
presence of 5 mM HPOs>~ in D-O at pD 7.0 and 25 °C (I = 0.1,
NaCl). (A) The decrease with time in the fraction of remaining
[1-3C]-GA, calculated using eq 10. (B) The change with time in
the fractional yields of the E)roducts of the phosphite-activated
TIM-catalyzed reaction of [1-'?C]-GA calculated using eq 12. Extra-
polations of these data to zero time gave the initial normalized
product yields fi; that are reported in Table 1. Key: <, [2-°C]-GA;
0O, [1-3C,2-H]-GA; O, [2-13C,2-*H]-GA.

Go et al.

rather than the expected 1.00:2.00:1:00. This is because the two
most upfield peaks lie over those of the double doublet due to the
C-1 proton of the deuterium exchange product [1-'*C,2-*H]-GA.
The Materials and Methods section describes in detail the
procedures that were used to calculate the relative yields of the
three products of isomerization and deuterium exchange using
either the poorly resolved signals for the C-1 protons or the better
resolved signals for the C-2 protons. In all cases there was
acceptable agreement between the yields of the reaction products
determined using both approaches.

The fraction of the [1-°CJ-GA substrate remaining, f;, and the
fractional yields of each of the products, fp, were determined from
the normalized peak areas for the protons of the reactants and
products using eqs 10 and 12, respectively. Figure 2A shows the
decrease with time in the fraction of remaining substrate,
f., during the reaction of [I-*C]-GA (20 mM) catalyzed by
chicken muscle TIM (7.9 uM) in D50 in the presence of 5 mM
phosphite dianion at pD 7.0, 25 °C, and I = 0.1 (NaCl).
Figure 2B shows the fractional yields of the products [2-"*C]-
GA, [2-°C2-*HJ-GA, and [1-°C2-’HJ-GA, fp, determined
during the first ca. 20% of this reaction. The initial normalized
product yields, fg, obtained from short extrapolations of the
observed yields to zero time, are reported in Table 1. The same
procedure was used to determine the product yields for the
TIM-catalyzed reactions of [I-'*CJ-GA activated by 10 and
20 mM phosphite dianion (Table 1).

First-order rate constants, kope (s '), for the TIM-catalyzed
reactions of [1-*C]-GA were determined by monitoring the
disappearance of [1-*C]-GA by "H NMR (eq 11). Table 1 reports
the apparent second-order rate constants (keay/Km)opsa (M~ s 1)
for the TIM-catalyzed reactions of the minor free carbonyl form
of [1-"*CJ-GA that were calculated from the values of kgpsq using
eq 13, where fh,q = 0.94 is the fraction of GA present in the
hydrated form (/9). These apparent second-order rate constants
for the reaction catalyzed by the chicken muscle enzyme are ca.
2-fold smaller than those determined earlier for the enzyme from
rabbit muscle under the same reaction conditions (19).

kobsd
(1= fopa) [TV 13

Unactivated TIM-Catalyzed Reaction of [1-°C]-G A in
the Absence of Phosphite. In the absence of phosphite dianion

(kcat/ Km)obsd =

Table 1: Product Distributions for the Reaction of [1-'*C]-Glycolaldehyde Catalyzed by Chicken Muscle Triosephosphate Isomerase in D,O in the Absence

and Presence of Phosphite Dianion?

initial normalized product yield fi.”

[TIM] (uM) [HPO+>"] (mM) (kea/ Kin)obsas M1 s™h [2-3Cl-GA [2-13C,2->H]-GA [1-13C,2->H]-GA
340 none? 0.19 0.1040.01 0.60 40.01 0.3040.01
79 5 12.6 0.1240.003 0.6540.01 0.2240.01
55 10¢ 21.0 0.13 £0.003 0.64 4 0.004 0.2340.01
25 20¢ 337 0.1240.003 0.64 40.003 0.23 40.005
average’ 0.12 0.64 0.23

kex/(kc))u = 7.3% (kea)/(ke)p = 0.36"

“For reactions at pD 7.0, 25 °C, and I = 0.1 (NaCl). * The normalized product yields at various reaction times were determined by 'H NMR spectroscopy,
as described in the text. The initial normalized product yields /g were determined as the y-intercept of the plots of fp against time shown in Figure 2. The quoted
errors are standard deviations in these intercepts. “ Apparent second-order rate constant for the TIM-catalyzed reaction calculated from the observed first-
order rate constant for the reaction using eq 13. Y Buffered by 24 mM imidazole (20% free base). ¢ Buffered by phosphite (50% free base) and 6 mM imidazole
(20% free base). ¥ Average of the values of fi for the phosphite-activated TIM-catalyzed reactions. € Rate constant ratio for partitioning of the TIM -enediol
(ate) comPlex labeled with hydrogen at Glu-165 between hydron exchange with solvent D,0 and intramolecular transfer of the substrate-derived hydrogen to
form [2-'>C]-GA. "Rate constant ratio for partitioning of the TIM - enediol(ate) complex labeled with deuterium at Glu-165 between deuterium transfer to give
[1-13C,2->H]-GA (exchange) and [2-13C,2-*H]-GA (isomerization with exchange).
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we observe only a very sluggish chicken muscle TIM-catalyzed
reaction of [1-"*CJ-GA in D,0 at pD 7.0 and 25 °C. The value of
(keat/Kin)obsa = 0.19 M™" s~ for this reaction (Table 1) is similar
t0 (kea/Km)opsa = 0.26 M~' s7! that we reported for the
deuterium exchange reaction of unlabeled GA catalyzed by
rabbit muscle TIM under the same reaction conditions (/9).

Panels C and D of Figure 1 show partial "H NMR spectra at
500 MHz in the region of the C-1 and C-2 protons, respectively,
obtained after the reaction of 29% of [1-*C-GA (20 mM)
catalyzed by chicken muscle TIM (340 uM) in D,0O at pD 7.0,
25°C,and I = 0.1 (NaCl). The spectrum in the region of the C-2
protons (Figure 1D) shows that the unactivated TIM-catalyzed
reaction results in formation of the same three isomerization and
deuterium exchange products that are observed for the phos-
phite-activated reaction (Scheme 4). However, the total concen-
tration of these products, calculated from the normalized peak
areas of a single C-2 proton of each, is only ca. 50% of the
calculated decrease in the concentration of the reactant [1-'>CJ-
GA. We reported previously that there are slow nonspecific
protein-catalyzed reactions of unlabeled GA (/9) and of
(R)-glyceraldehyde (/0) that occur outside the active site of
TIM. By analogy, we conclude that the three products that are
observed for the TIM-catalyzed reaction of [I-'*C]-GA in D,O
both in the presence and in the absence of phosphite dianion
result from the specific reaction of GA bound in the active site of
TIM. However, slow nonspecific reaction(s) that occur outside
the active site compete with the specific reaction and result in
formation of other products.

There is good evidence that a major product of the nonspecific
TIM-catalyzed reaction of [1-'*CJ-GA in D,0 is [1-°C,2,2-H,]-
GA, resulting from deuterium exchange of both C-2 protons.
After disappearance of 29% of [1-'"*C]-GA in the unactivated
TIM-catalyzed reaction the ratio of the areas of the three
downfield peaks of the apparent double triplet due to the C-1
proton is 1.00:2.10:1.36 (Figure 1C, inset). By contrast, after
disappearance of 23% of [1-'*CJ-GA in the phosphite-activated
TIM-catalyzed reaction this ratio is 1.00:2.18:1.17 (Figure 1A).
The anomalous peak ratio observed for the unactivated TIM-
catalyzed reaction can be attributed to a large shoulder on the
downfield side of the most upfield peak of each half of the
apparent double triplet (Figure 1C, inset). We assign this shoulder
to the C-1 proton of [1-'*C,2,2-°H,]-GA which lacks a C-2
proton. The signal for [2,2-*H,]-GA formed during the rabbit
muscle TIM-catalyzed reaction of GA in D,O is broad singlet
shifted 0.009 ppm upfield of the triplet due to GA, and it appears
as a larger shoulder on the downfield side of the most upfield peak
of this triplet (19). The presence of this shoulder is reflected in a
higher yield of the deuterium-labeled product(s) of the unactivated
TIM-catalyzed reactions of [1-'*C-GA calculated using the peak
area for the C-1 proton (eq 7) than that calculated using the peak
area of the C-2 proton (eq 8). These 'H NMR spectral data were
used to calculate an absolute yield of 17% [1-*C.2,2-°H,]-GA
which brings the total absolute yield of the products of the
unactivated TIM-catalyzed reaction in the absence of phosphite
dianion ([2-"CJ-GA, [2-°C2-*H-GA, [1-°C2-’H]-GA, and
[1-1*C,2,2-"H,]-GA) to 70%. We have not characterized the other
product(s) that are formed under these reaction conditions.

The fractional yields of the products of the specific reaction of
[1-3CJ-GA in the active site of TIM, [2-*CJ-GA, [2-'°C,2-°H]-
GA, and [1-3C2->H]-GA, fp, were calculated using the normal-
ized peak areas for the better resolved C-2 protons of the
reactants and products using eq 12, which normalizes the yields
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to a total of 100%. Table 1 gives the initial normalized product
yields, fg, that were obtained from short extrapolations of the
observed yields to zero time.

DISCUSSION

We reported earlier that the reaction of unlabeled GA catalyzed
by TIM in D,0 is only partially inhibited by a saturating con-
centration of the competitive inhibitor 2-phosphoglycolate (19).
We concluded that there is a nonspecific protein-catalyzed reaction
of GA that occurs outside the active site of TIM at a rate similar to
that of the specific reaction of GA within the active site. This
“external” reaction does not make a significant contribution to
either the observed rate or the product distribution for the TIM-
catalyzed reaction of [1-'*C]-GA in the presence of >5 mM
phosphite dianion, because the phosphite-activated reaction is
at least 60-fold faster than the unactivated reaction (Table 1) (19).
The observation that the unactivated TIM-catalyzed isomerization
of GA within the enzyme active site occurs at a similar rate to that
of the competing reaction(s) of GA on the protein surface
emphasizes the crippling effect of removal of the substrate
phosphodianion group on enzyme activity. Comparison of the
product distributions for the TIM-catalyzed reaction of [1-*CJ-GA
in the presence and absence of phosphite dianion provides
considerable insight into the reaction mechanism.

Phosphite-Activated ~ TIM-Catalyzed — Reaction of
[1-3C]-GA. Table 1 gives the yields of the products of the
phosphite-activated TIM-catalyzed reaction of [1-°C]-GA in
D,0 in the presence of several concentrations of phosphite
dianion, determined by "H NMR analysis (Figure 1). Figure 3
compares the product distribution for this reaction with those
from our earlier work for the TIM-catalyzed reactions of the
natural phosphorylated substrates GAP (22) and DHAP (23) in
D-O0. These data provide strong evidence that the TIM-catalyzed
reactions of the phosphodianion substrates and the phosphite-
activated reaction of [1-'*CJ-GA each occur within the confines
of the active site of the loop-closed enzyme, where the substrate is
sequestered from bulk solvent (22, 23, 34). However, there are
differences between these product distributions that we cannot
rationalize fully. One problem is that we are unable to rigorously
define the pathways for the phosphite-activated reaction of
[1-CJ-GA because this substrate can bind in the active site in
two different configurations relative to the cobound phosphite
dianion, resembling the binding of the whole substrate GAP or
DHAP (Scheme 5).> There is nothing known about the relative
reactivity of [1-'*C]-GA bound in these different configurations,
but reaction in either configuration can lead to formation of the
same three reaction products shown in Scheme 4 and Figure 3.

The yield of the isomerization product [2-"*CJ-GA from the TIM-
catalyzed reaction of [I-*CFGA with intramolecular transfer of
hydrogen (12%) is much smaller than the yield of the corresponding

>The data in Table 1 show that TIM catalyzes the isomerization of
[1-"3C]-GA in the presence of phosphite dianion to give [2-'*C]-GA, a
reaction that exchanges the positions of the carbonyl and hydroxy-
methylene carbons of the substrate relative to the enzyme-bound
phosphite dianion piece (Scheme 5). The principle of microscopic
reversibility then requires that TIM also catalyze the isomerization of
[1-'3C]-GA cobound with phosphite dianion in either the reactant or the
isomerized product configuration. We have also observed that TIM
catalyzes the exchange of both the pro-R and the pro-S hydrogens of
unlabeled GA for deuterium from solvent D,O (unpublished results).
This reflects the differing stereoselectivities for deprotonation of the
bound GA piece by TIM when it is bound in the GAP (abstraction of the
pro-S hydrogen) and DHAP (abstraction of the pro-R hydrogen)
configurations (Scheme 5).
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FIGURE 3: Product distributions for the turnover of carbon acid substrates by TIM in D,0 at 25 °C. (A) Product distribution for the reaction of
[1-*CJ-GA catalyzed by chicken muscle TIM in the presence of 5 mM phosphite dianion at pD 7.0 (this work). (B) Product distributions for the
reactions of GAP and DHAP catalyzed by rabbit or chicken muscle TIM at pD 7.9 from our earlier work (22, 23).
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product of the TIM-catalyzed reaction of GAP (DHAP, 49%) but
similar to the yield of the isomerization product of the TIM-catalyzed
reaction of DHAP (GAP, 18%). We suggest (a) that [1-°C[-GA
reacts preferentially in the DHAP configuration (Scheme 5) and
(b) that the greater conformational flexibility of the TIM-bound
substrate pieces phosphite and [1-°CJ-GA, compared with TIM-
bound triose phosphates, favors exchange of the H-labeled carbox-
ylate side chain of Glu-165 with deuterium from solvent within the
restricted confines of the active site at the loop-closed enzyme.
Figure 3 shows that the phosphite-activated TIM-catalyzed
reaction of [1-"*C]-GA in D,O gives a ca. 3-fold greater yield of
the product of isomerization with deuterium incorporation
([2-"*C,2-*H]-GA, 64%) than of the product representing deuter-
ium incorporation into the remaining substrate ([1-'*C,2-°H]-
GA, 23%). A similar, but smaller, preference for incorporation of
deuterium into the isomerization product, compared to incor-
poration into the remaining substrate, is observed for the
reactions of both GAP (31% [I1-*H]-DHAP and 21% [2-°H-
GAP)) (22) and DHAP (43% [2-’H]-GAP and 40% [1-°H]-
DHAP) (23). The H95Q mutation at TIM removes the imidazole
side chain that stabilizes the negative charge at O-1 and/or O-2
of the enediol(ate) phosphate intermediate for the wild-type

enzyme (35—37) and results in an even more striking difference
in the partitioning of the intermediates of the reactions of DHAP
and GAP. The reaction of DHAP catalyzed by H95Q mutant
yeast TIM in *H,O results in the incorporation of tritium label
exclusively into the product GAP, while the reaction of GAP
results in the incorporation of tritium label exclusively into the
product DHAP (37). A “criss-cross” pathway for hydron ex-
change between O-1 and O-2 of the enediol(ate) phosphate
intermediate was suggested to explain these results (37—39). If
the imidazole side chain of His-95 at wild-type TIM provides
a second competing pathway for hydron exchange between
O-1 and O-2 (23, 34) that allows for the exchange of deuterium
from solvent into unreacted substrate shown in Figure 3, then the
partial operation of this “criss-cross” pathway could explain the
observed product distributions for the wild-type enzyme-catalyzed
reactions of both whole substrates GAP and DHAP and of the
substrate pieces {[1-°C]-GA + HPOs*} (Figure 3).
Unactivated TIM-Catalyzed Reaction of [1->C]-GA.
We have not attempted to characterize all of the products of the
slow nonspecific reaction of [1-'*CJ-GA catalyzed by TIM in
D,0. Table 1 gives the yields of the unactivated TIM-catalyzed
reaction of [I-*C]-GA in D,O in the absence of phosphite,
determined by 'H NMR analysis, that were normalized to a total
of 100%. There is a somewhat higher yield of [1-'°C,2-*H]-GA,
and correspondingly lower yields of [2-'*CJ-GA and [2-"°C2-*H]-
GA, than for the activated reactions in the presence of phosphite
dianion. These results are consistent with the formation of
additional [1-"°C,2-*H]-GA (ca. 10% of the total of the three
products shown in Scheme 4) from slow competing nonspecific
protein-catalyzed exchange of the C-2 proton of [1-"*C]-GA for
deuterium from solvent. The ratio of the yields of the isomeriza-
tion products [2-"*CJ-GA and [2-°C,2-’H]-GA from the unac-
tivated TIM-catalyzed reaction of [1-'*C]-GA (0.10/0.60) is the
same, within experimental error, as that for the phosphite-
activated reaction (0.12/0.64). The formation of additional
[1-C,2-H]-GA in a nonspecific protein-catalyzed reaction by
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FIGURE 4: Proposed mechanisms for the unactivated and phosphite-
activated deprotonation of glycolaldehyde by TIM to give an enzyme-
bound enediol(ate) intermediate X. The direct unactivated reaction of
glycolaldehyde, (kcai/Kin)E, 18 slow because free TIM exists mainly in
the inactive loop-open form Eg that is in equilibrium with a high-
energy active loop-closed form E¢ (K- < 1). Phosphite dianion binds
selectively to Ec and stabilizes the active loop-closed enzyme relative
to inactive Eg. The observed second-order rate constant for the
reaction catalyzed by the E.- HPO;>~ complex, (kea/Km)g-1pi» 18
much larger than (ke,/Kn)g for the unactivated reaction (79).

an independent pathway should result in the same proportional
decrease in the yields of [2-"*C]-GA and [2-*C,2-*H]-GA but no
change in the ratio of these yields, as is observed.

We also observe the formation of the doubly deuterated
product [1-"*C,2,2-*H,]-GA (17% yield, based on total products
calculated from the disappearance of [I-*C]-GA) which we
propose is a major product of the nonspecific protein-catalyzed
reaction of [1-'*C]-GA. We suggest that this nonspecific reaction
involves the formation of a Schiff’s base(s) between the alkyla-
mino side chain(s) of lysine at TIM and [1-"*C]-GA to give a
reactive iminium ion that undergoes rapid base-catalyzed deuter-
ium exchange of the C-2 proton through an enamine intermediate
(Scheme 6). We observe no lag in the formation of the doubly
deuterated product [1-'*C2,2-’H,-GA, which suggests that
exchange of a second deuterium at the Schiff’'s base adduct is
significantly faster than its hydrolysis to regenerate the free
enzyme and the singly labeled [1-'*C,2-°H]-GA (Scheme 6).
Model studies of the dedeuteration reaction of acetone-dys in
H,O show that diamines act as bifunctional catalysts of hydron
exchange and that formation of the iminium ion adduct results in
multiple intramolecular amine-catalyzed hydron exchange reac-
tions that are much faster than hydrolysis of the iminium ion to
regenerate the ketone and diamine (40, 41).
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Mechanism of Activation of TIM by Phosphite Dianion.
X-ray crystallographic data show that the binding interactions
between the flexible “phosphate gripper” loop (loop 6) at
TIM and the phosphodianion group of bound DHAP (7, 42)
or the intermediate analogues 2-phosphoglycolate (43) or
phosphoglycolohydroxamate (44) draw loop 6 over the bound
ligand to close the active site. Figure 4 shows this conver-
sion of TIM from the major inactive loop-open form (E,) to the
rare active loop-closed form (E.) (K¢ < 1) (19). The observa-
tion of similar relative yields of the isomerization products
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[2-BC]-GA and [2-"°C,2-°H]-GA for the unactivated (0.10/
0.60) and phosphite-activated (0.12/0.64) TIM-catalyzed reac-
tions of [1-"*CJ-GA in D,O shows that the dianion activator affects
the rate, but not the product distribution, of these two TIM-
catalyzed reactions at the enzyme active site. Our data are
consistent with the conclusion that both reactions involve
partitioning of the enzyme-bound enediol(ate) intermediate
(X, Figure 4) at the same loop-closed enzyme. We therefore
suggest that the reaction of [I-*CJ-GA proceeds by the (concep-
tual) binding of the carbon acid substrate to this rare loop-closed
enzyme form. In this model phosphite dianion activation then
results from utilization of its intrinsic binding energy (21) specifi-
cally to stabilize the catalytically active closed enzyme form
(E.-HPO5*")andincreaseits concentration in water (Figure 4) (19).
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