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Proton Transfer in the Mechanism of Triosephosphate Isomerase
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ABSTRACT. Triosephosphate isomerase (TIM) catalyzes the reversible interconversion of dihydroxyacetone
phosphate (DHAP) and glyceraldehyde 3-phosphate (GAP), with Glu-165 removingdHe proton

from C1 of DHAP and neutral His-95 polarizing the carbonyl group of the substrate. During the TIM
reaction,~2% of thepro-Rtritium from C1 of DHAP is conserved and appears at C2 of GAP [Nickbarg,

E. B., and Knowles, J. R. (198®8iochemistry 275939]. In the “classical” mechanism, 98% of the
pro-R tritium exchanges with solvent from Glu-165 at the intermediate state and the remaining 2% is
transferred by Glu-165 to C2 of the same substrate molecule. This intramolecular transfer of tritium is
therefore predicted to be independent of DHAP concentration. On the basis of NMR detection of a strong
hydrogen bond between Glu-165 and the 1-OH of an analogue of the enediol intermediate [Harris, T. K.,
Abeygunawardana, C., and Mildvan, A. S. (198ipchemistry 3614661], we have suggested a “criss-
cross” mechanism for TIM in which Glu-165 transfers a proton from C1 of DHAP to O2 of the enediol,
and subsequently from O1 of the enediol to C2 of the product GAP. SingedkR proton is transferred

to O2 instead of C2 in the criss-cross mechanism, no intramolecular transfer of label from substrate to
product would be expected to occur. However, intermolecular transfer of label could occur if the label
exchanges from O2 into a group on the protein and is transferred to GAP in subsequent turnovers. The
extent of intermolecular tritium transfer in the criss-cross mechanism would be predicted to be dependent
on DHAP concentration. The extent of tritium transfer was studied as a function of initial DHAP
concentration using DHAP highly tritiated at tpeo-R position. At 50% conversion to GAP, triphasic
tritium transfer behavior was found. For phase 1, between 0.03 and 0.3 mM DHAP, a constant extent of
tritium transfer of 1.1 0.03% occurred. For phase 2, between 0.3 and 1.0 mM DHAP, the extent of
transfer progressively increased as a function of DHAP concentration to120.15%. For phase 3,
between 1.0 and 7.0 mM DHAP, the extent of transfer slightly decreased tat1687%. In a direct

test for intermolecular isotope transfer, doubly labele&)JI},*Cs]DHAP and'3C-depleted [1R)-H,*?C3]-

DHAP were synthesized, mixed in equal amounts, and incubated at 1 mM total DHAP with TIM, GAP
dehydrogenase, NAD and arsenate until 50% conversion to 3-phosphoglycerate occurred. Electrospray
ionization mass spectral analysis of the stable 3-phosphoglycerate product detected an extesit of 1.4
0.4% of intramolecular D transfer from3C3]DHAP to the 12C; product, but no intermolecular transfer
(=0.02%) of D from [BC3]DHAP to the'?C; product. Hence, the entire transfer of hydrogen from substrate

to product is intramolecular, providing no direct support for the criss-cross mechanism in wild-type TIM.
The increase in the extent of intramolecular isotopic transfer with increasing initial DHAP concentration
indicates site-site interaction in this dimeric enzyme which either (i) slows proton exchange with solvent
from Glu-165 at the intermediate state in the classical mechanism or (ii) alters the partitioning of the
abstracted proton between transfer to C2 by the classical mechanism or to O2 by the criss-cross mechanism
in which no intermolecular transfer of label occurs.

Triosephosphate isomerase (TfMptalyzes the reversible  His-95 polarizing the carbonyl group of the substrdte 3)
tautomerization of dihydroxyacetone phosphate (DHAP, (Scheme 1). Previous studies have shown that the wild type
to glyceraldehyde 3-phosphate (GAB) with Glu-165 (1, 4) and the E165D mutant of TINB] catalyzed the transfer
removing thepro-R proton from C1 of DHAP and neutral  of ~29 of the tritium label at C1 of DHAP to C2 of the

product, GAP, while the H95Q mutant showed no detectable
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the H95Q mutant to transfer tritium from C1 of DHAP to H
C2 of GAP, an alternative “criss-cross” mechanism was Glu-16 |
proposed for the H95Q mutant in which Glu-165 carries out

all proton transfer steps as depicted in Schemg)2 (

In this mechanism, Glu-165 transfers theo-R proton
from the C1 position of DHAP to the O2 enediolate oxygen,
a solvent exchangeable position, and then from O1, which
is also solvent exchangeable, to C2 so that no transfer of
tritium from labeled substrate to product is detectable in the ~ /=N
H95Q mutant. “H—N \)\ H\N o

Recent one-dimensional and two-dimensional NMR stud- < His-95 ‘
ies of wild-type TIM complexed with phosphoglycolohy-
droxamic acid (PGH), an analogue of the enediolic inter- \ o Y
mediate, revealed a low-barrier hydrogen bond (LBHB) p‘/ ~
between Glu-165 and the 1-NOH proton of PGH 14.9 o\ 7\ _—Lys12
ppm, ¢ = 0.38) and a normal hydrogen bond between His- 0\ M
95 and the 2-carbonyl oxygen of PGH € 13.5 ppmg¢ = "H/O'\

0.71) (Figure 1) §). On the basis of the detection of the H

strong mteractlon. be“"’ee.“ Glu-165 and the 1'O|_.| of an Ficure 1: NMR-modified X-ray structure of the active site of the
analogue of the intermediate, we suggested a criss-Crossyim —pGH complex showing a strong hydrogen bond between Glu-
mechanism for wild-type TIM (Scheme 3) which has been 165 and the 1-NOH of PGH3( 6, 7).

modified from the one proposed for the H95Q mutant

(Scheme 2) by the addition of a LBHB between Glu-165 tritium would be lost to solvent in the first turnover. In the
and O1 of the intermediate. second turnover, tritium proceeds from His-95 to O1 of the

enediol, and then to C2 of the product, again with a 90%
loss to solvent resulting in-1% intermolecular transfer of
tritium from DHAP to GAP.

In principle, intermolecular transfer of tritum from
substrate to product can be distinguished from intramolecular
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The sole operation of the criss-cross mechanism of
Schemes 2 and 3 in the wild-type enzyme would require the
small amount of tritium transfer from DHAP to GAP to occur
in an intermolecular process since all of the label is initially
transferred to O2 of the enediolate. In wild-type TIM, a
fraction of thepro-R tritium label could exchange into the 2 The measured rate of exchange of His-8BMwith solvent in the
neutral His- ition from O2 in the LBHB- iliz ok ;
inetg:n?edi;té)iltmaprgié (()80152 ch1)ich iSt 160% Ofkcjtf?)tr) theed TIM—PGH complex (805" at 30°C) was determined from Arrhenius

- analysis of the temperature dependence of its line widtlHilNMR
conversion of DHAP to GAP1). Hence,~90% of the spectra §).
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transfer because the extent of intermolecular transfer shouldtion with 10 uM chloroacetol phosphate for 10 min and
be dependent on the initial substrate concentration while thatsubsequent purification using a Sephadex G-25 desalting
of intramolecular transfer should not be. In this paper, we column (17 cmx 1.5 cm) equilibrated in 100 mM trieth-
show that while the extent of transfer pfo-R tritium from anolamine-HCI buffer (pH 7.6) and 5 mM EDTA. Yeast
C1 of DHAP to C2 of GAP is indeed dependent on the initial TIM was found to be>=95% pure as determined by 15%
concentration of DHAP, the entire transfer of label from SDS-PAGE @) with Coomassie Blue staining and densi-
substrate to product is intramolecular, providing no direct tometric analysis as well as by its maximum specific activity
support for the criss-cross mechanism. Hence, the DHAP of 3490 units/mg with DHAP as the substrate, using the assay
concentration-dependent intramolecular isotopic transfer described below.

indicates site-site interaction in this dimeric enzyme which Adenosine 5triphosphate (ATP, disodium salt), dihy-
either (_i) slows proton exc_hange with ;olvent from_GIu-165__ droxyacetone phosphate (DHAP, lithium salt), glyceralde-
at the mtermed_lz_ate_state in the classical mechanism or (ii) hyde 3-phosphate (GAP, free acid), oxidized nicotinamide
alters the partitioning of t_he abstractgd proton between 5qenine dinucleotide (NAD), phosphoenolpyruvate (triso-
trgnsfer to C2 by th_e chssmql mech.anlsm or to O2 by the giym salt hydrate), 3-phosphoglycerate (disodium salt),
criss-cross mechanism in which no intermolecular transfer oquced nicotinamide adenine dinucleotide (NADH, diso-
of label occurs. dium salt), sodium arsenate, triethanolamine-HCI, triethyl-
ammonium bicarbonate buffer, Dowex 1 (dbrm, 200
EXPERIMENTAL PROCEDURES 400 mesh, 8% cross-linked), Dowex 50W(fform, 100~
Materials. Aldolase (rabbit muscle), glyceraldehyde-3- 200 mesh, 4% cross-linked), and Sephadex G-25-820
phosphate dehydrogenase (rabbit musdeylycerophos-  um bead size) were from Sigma Chemical Co. DEAE-
phate dehydrogenase (rabbit muscle), hexokinase (yeast)cellulose (DE-52) was from Whatman Inc. (Fairfield, NJ).
L-lactate dehydrogenase (rabbit muscle), fructose-6-phosphatélethanol (GC/GC-MS grade) was from Burdick & Jackson,
kinase Bacillus stearothermophilyisphosphoglucose isomer-  Inc. (Muskegon, Ml). Chloroacetol phosphate diethyl ketal
ase (yeast), 3-phosphoglycerate kinase (rabbit muscle), andiscyclohexylammonium salt was a gift from F. Hartman.
pyruvate kinase (rabbit muscle) were obtained as lyophilized Chloroacetol phosphate, the active form of the inhibitor, was
powders, and triosephosphate isomerase (TIM) (yeast) wasprepared by acid hydrolysis of 5 mL of 50 mM diethyl ketal
obtained as a crystalline suspension in ammonium sulfateby the addition of 0.6 g of Dowex 50W-Hcation exchange
from Sigma Chemical Co. (St. Louis, MO). Residual TIM resin and incubating at 40C for 48 h, filtering, and
contamination was removed from 2 mL preparations of 250 neutralizing to pH 4.5 with solid NaHCO Acetic acid
uM sites of aldolase, glyceraldehyde-3-phosphate dehydro-(double-distilled PPB, Teflon grade) and deuterium oxide
genase, and-glycerophosphate dehydrogenase by incuba- (DO, 99.96 at. % D) were from Aldrich (Milwaukee, WI).
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D-[*3Cg]Glucose (99%) was from Cambridge Isotope (An- phosphate dehydrogenadé®). The solution contained 200
dover, MA). 13C-depleted-[12Cg]glucose (99.9%) was from  mM triethanolamine-HCI buffer (pH 7.6), 0.2 mM NADH,
Isotec, Inc. (Miamisburg, OH)p-[5-*H]Glucose (17 400 Ci/  and a sample containing #A50 nmol of DHAP, in a final
mol) was from Amersham (Arlington Heights, IL).°H]- volume of 1 mL. The reaction was initiated by the addition
Water (TOH, 5 Ci/mL) was from American Radiolabeled of 2 units of the dehydrogenase, and the extent of the
Chemicals, Inc. (St. Louis, MO). [R}-*H]DHAP (15.3 Ci/ decrease in absorbance at 340 nm was monitored. 3-Phos-
mol) was prepared according to Herlihy et &) éxcept that phoglycerate was assayed by phosphorylation by phospho-
the enzymatic labeling reaction mixture was 1 mL of 150 glycerate kinase to 1,3-diphosphoglycerate followed by
mM triethanolamine-HCI buffer (pH 7.4) containing 100 mM reductive dephosphorylation with GAP dehydrogenase to
DHAP and 0.5 mg/mL TIM in $H]H,O (18.2 Ci/mol). GAP (10). The solution contained 200 mM triethanolamine-
Budget-Solve scintillation cocktail was from Research HCI buffer (pH 7.6), 5 mM EDTA, 10 mM MgGl 1.6 mM
Products International (Mount Prospect, IL). All solvents hydrazine-HCIl, 6 mM ATP, 0.2 mM NADH, 16 units of
and reagents were of analytical or reagent grade and wereGAP dehydrogenase, and a sample containing1BD nmol
used without further purification unless otherwise indicated. of 3-phosphoglycerate in a final volume of 1 mL. The
General Methods.Protein was analyzed with bicincho-  reaction was initiated by the addition of 2 units of 3-phos-
ninic acid ©) with a bovine serum albumin standard. The Phoglycerate kinase, and the extent of the decrease in
solution pH was measured with a Beckm@i0 pH meter ~ absorbance at 340 nm was monitored.
and an Aldrich combination electrode, calibrated with Fisher ~ Synthesis of'fC3]DHAP and*3C-Depleted {°C5]DHAP.
standard buffer solutions. Samples (500 or Qg for [*3C3]DHAP was synthesized from[13Cg]glucose, and'fCs)-
radiochemical analysis were dissolved in scintillation cocktail DHAP was synthesized fro*C-depletedb-[*?C¢]glucose
(7 mL) and counted in a Beckman LS 6000SE automatic by the following procedure. Firsh-[**Cg]glucose and3C-
liquid scintillation counter. Ultravioletvisible spectroscopy  depletedp-[*?Cg]glucose were converted td3Cs]-3-phos-
was performed on a Perkin-Elmer Lambda 9 UV/VIS/NIR phoglycerate and3C-depleted °C;]-3-phosphoglycerate,
spectrophotometer. An extinction coefficient at pH 7.6 for respectively, making use of the first six steps of glycolysis
NADH of 6220 Mt cm™t at 340 nm was used. with irreversible arsenolysis in the final step (Scheme 4).

DHAP and 3-Phosphoglycerate Assay®HAP was The overnight conversion occurred at room temperature
assayed by reduction to glycerol phosphate witglycero- in a 10 mL reaction mixture containing 100 mM triethanol-
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The reaction progress was monitored by removing small
aliquots of the reaction mixture and assaying for DHAP as
described above. After the reaction mixture reached equi-
librium, the reaction was quenched by lowering the pH to

units of phosphoglucose isomerase, 125 units of phospho-3.8 and the mixture was stored as2b mL aliquots at-80

fructose kinase, 100 units of aldolase, 250 units of TIM, 250
units of GAP dehydrogenase, 250 units of pyruvate kinase,
and 250 units of lactate dehydrogenase. Phosphoenolpyru

°C until further purification by chromatography. Each 25
mL aliquot was diluted to 250 mL with 0.16 mM HCI (pH

3.8), and the solutions were applied to a Dowex 1-ClI

vate and pyruvate kinase were used to regenerate ATP, andolumn (35 cmx 2.5 cm) equilibrated at 4C with 0.16

subsequent reduction of pyruvate to lactate by lactate
dehydrogenase was used to regenerate NADhe reaction
progress was monitored by removing small aliquots of the

mM HCI (pH 3.8) and washed with 200 mL of this solution.
A nonlinear pH gradient (406 400 mL) of HCI (0.16-
100 mM) was applied to the column, and 5 mL fractions

reaction mixture and assaying for 3-phosphoglycerate aswere collected. Fractions containingQs]DHAP or 13C-

described above. After the reaction mixture reached equi-
librium, the enzymes were removed by ultrafiltration through
Amicon Centricon-10 concentrators at 5g0and the filtrate
was diluted to 800 mL with 5 mM triethanolamine-HCI
buffer (pH 7.1), applied to a DEAE-cellulose column (17
cm x 1.5 cm) equilibrated at 4C with 5 mM triethanol-
amine-HCI buffer (pH 7.1), and washed with 200 mL of this
buffer @). A linear gradient (80+ 80 mL) of triethanol-
amine-HCI (5 to 300 mM) was applied to the column, and
2 mL fractions were collected. Since 1 mol of labeled

depleted J?C;]DHAP were pooled, lyophilized, resuspended
in a volume of 0.16 mM HCI (pH 3.8) to a final concentration
of 40 mM, and stored at80°C. A yield of >300umol of
DHAP from 400umol of 3-phosphoglycerate was obtained.
Synthesis of [1(R)-BC3]DHAP. Since the TIM equi-
librium favors DHAP by 24:1 4), [\°C3]DHAP was enzy-
matically labeled with deuterium at th@o-R position by
incubatirg a 7 mLreaction mixture containing 1Q@mol of
[*3C3]DHAP with 5000 units of TIM in 100 mM triethanol-
amine-DCI buffer in RO (pH* 7) at room temperature for

glucose produces 2 mol of labeled 3-phosphoglycerate, the2 h. The reaction was quenched by lowering the pH to 3.8

overall yield of=400umol of 3-phosphoglycerate from 500
umol of glucose is>40%.

Next, fractions containing labeled 3-phosphoglycerate in
~200 mM triethanolamine-HCI buffer (pH 7.1) were com-
bined (40 mL), and PC3]-3-phosphoglycerate an#fC-
depleted 2C4]-3-phosphoglycerate were converted k]
DHAP and®*C-depleted PC5]DHAP, respectively, in a 100
mL overnight room-temperature incubation mixture contain-
ing 80 mM triethanolamine-HCI buffer (pH 7.1), 20 mM
MgCl,, 50 mM KCI, 10 mM NADH, 0.2 mM ATP, 10 mM
phosphoenolpyruvate, 4 mM3(C;]-3-phosphoglycerate or
13C-depleted PC5]-3-phosphoglycerate, 600 units of 3-phos-

with DCI, and isomerase was removed by ultrafiltration. The
filtrate was diluted to 500 mL with 0.16 mM HCI (pH 3.8),
and [1R)-D,**C;]DHAP was purified on a Dowex 1-Cl
column (34 cmx 2.3 cm) as described above. There was
no detecable GAP in the purified DHAP, and the extent of
deuterium incorporation into DHAP was shown to:b80%

by electrospray ionization mass spectrometry.

Synthesis of [SH]Fructose 1,6-Diphosphate (FDP)-[5-
3H]Glucose (17 400 Ci/mol) and-glucose were enzymati-
cally converted to [B*H]FDP (17.4 Ci/mol) using the first
three steps of glycolysis (Scheme 4). A 2.5 mL reaction
solution contained 100 mM triethanolamine-HCI buffer (pH

phoglycerate kinase, 1600 units of GAP dehydrogenase, 16007.1), 5 mM EDTA, 20 mM MgC4, 20 mM ATP, 5uM b-[5-

units of TIM, and 1600 units of pyruvate kinase (Scheme
5).

SH]glucose (17 400 Ci/mol), 5 m\b-glucose, 25 units of
hexokinase, 25 units of phosphoglucose isomerase, and 25
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units of phosphofructose kinase. The reaction progress wadtransfer from [1R)-*H]DHAP to GAP on initial DHAP

monitored by removing small aliquots of the reaction mixture
containing 16-150 nmol of FDP and assaying for FDP by
cleavage to GAP and DHAP with aldolase, isomerization
of GAP to DHAP with TIM, and reduction to glycerol
phosphate witho-glycerophosphate dehydrogenase. The
reaction & a 1 mL assay solution containing 100 mM
triethanolamine-HCI buffer (pH 7.1), 0.2 mM NADH, 12
units of TIM, and 12 units of glycerophosphate dehydroge-

concentration was determined as described by Herlihy et al.
(4), who made such measurements at only a single concen-
tration of DHAP, with the following additions or modifica-
tions. The final reaction mixtures contained 100 mM
triethanolamine-HCI buffer (pH 7.6), 5 mM EDTA, 5 mM
sodium arsenate, 10 mM NAD 40 units/mL isomerase-
free GAP dehydrogenase, 0.04 unit/mL TIM, and 0:030

mM [1(R)-*H]DHAP. The solutions were mixed and equili-

nase was initiated by the addition of 2 units of aldolase, and brated at 5, 30, or 48C, and the reactions were initiated by
the extent of the decrease in absorbance at 340 nm waghe addition of isomerase. The final volume for the reaction

monitored. After 1.5 h, 85% of the glucose had been

mixtures containing 0.030.3 mM DHAP was 10 mL; the

converted to FDP, and the reaction was stopped by removingspecific radioactivity of [1R)-*H]DHAP was 15.3 Ci/mol,

the enzymes by ultrafiltration through an Amicon Centricon-
10 concentrator at 50Q0 The filtrate was diluted to 100
mL with water, and the pH was lowered to 3.8 with 1 M
HCI. This solution was applied to a Dowex 1-Giolumn
(20 cm x 1.5 cm) equilibrated at 4C with 0.16 mM HCI
(pH 3.8) and washed with 100 mL of this solution. A
nonlinear pH gradient (8¢ 80 mL) of HCI (0.16 to 150
mM) was applied to the column, and 2 mL fractions were
collected. Fractions containingH]FDP (17.4 Ci/mol) were

and the extent of the reactions was monitored directly by
measuring the increase in absorbance at 340 nm due to the
coupled GAP dehydrogenase-catalyzed reduction of NAD
with the arsenate-coupled oxidation of GAP to 3-phospho-
glycerate. The final volume for the reaction mixtures
containing 0.3-7.0 mM DHAP was 1 mL; the specific
radioactivity of [1R)-*H]DHAP in these mixtures ranged
from 2.2 to 15.3 Ci/mol, and the extents of these reactions
were monitored by taking dilutions of identical reaction

pooled, lyophilized, resuspended in a volume of water to a mixtures with unlabeled DHAP and measuring the absor-

final concentration of 10 mM, and stored -aB80 °C.
GAP Dehydrogenase Trapping Efficiencyhe efficiency
by which GAP dehydrogenase convertSEGAP to [2-H]-

bance at 340 nm. Little or no contaminationq.05%) of
the [1(R)-*H]DHAP substrate by GAP could be detected
upon addition of isomerase-free GAP dehydrogenase to the

phosphoglycerate in the coupled enzyme assay for measuringeaction mixture in the absence of isomerase. The reactions

the extent of tritium transfer from [R)-3H]DHAP to GAP
catalyzed by TIM was established as follows. In addition

were quenched after 50% conversion to product by lowering
the pH to 3.8 by the additionfd M HCI and freezing in an

to the standard components used in the coupled enzyme assagthanol/CQ bath.

mixture containing 100 mM triethanolamine-HCI (pH 7.6),
5 mM EDTA, 5 mM sodium arsenate, 10 mM NADO.1—

1.0 mM DHAP, 40 units/mL isomerase-free GAP dehydro-
genase, and 0.04 unit of TIM, labeled JR]GAP was
introduced to the system by the addition of &0 [5-3H]-
FDP (17.4 Ci/mol) and 0.01 unit of aldolase. As a negative
control, aldolase was omitted. Inefficient conversion of
[2-2H]GAP to [2-*H]phosphoglycerate by GAP dehydroge-
nase would result in the TIM-catalyzed exchange of label
from [2-°H]GAP to solvent. The 1 mL reaction solutions
were mixed and equilibrated at either 5, 30, or°4g and
the reactions were initiated by the addition of a mixture of
TIM with aldolase (reaction) or TIM without aldolase
(control). The extent of the reactions was monitored by
taking dilutions of identical reaction mixtures and measuring

the absorbance at 340 nm due to the coupled GAP dehy-immediately after collection.

drogenase-catalyzed reduction of NADAfter 50% conver-

Tritiated water was removed from the quenched reaction
mixtures by twice lyophilizing and then dissolving the
resulting residues in 0.16 mM HCI (2 mL). Isomerase and
GAP dehydrogenase were then removed by ultrafiltration
through Amicon Centricon-10 concentrators at 5§0énd
the filtrates were stored at80 °C until they were ready for
column chromatography. The mixture of radiolabeled GAP
and DHAP in each sample was diluted to 100 mL with 5
mM triethanolamine-HCI buffer (pH 7.1), applied to a
DEAE-cellulose column (17 cnx 1.5 cm) equilibrated at 4
°C with 5 mM triethanolamine-HCI buffer (pH 7.1), and
washed with 100 mL of this buffed]. A linear gradient
(80 + 80 mL) of triethanolamine-HCI (pH 7.1) (5 to 300
mM) was applied to the column; 2 mL fractions were
collected, and 4 drops @ M HCI was added to each fraction
The yield of DHAP and
3-phosphoglycerate was80%.

sion to product, the reactions were quenched by lowering The specific radioactivities of DHAP at 0% conversion

the pH to 3.8 by the additionfd M HCI. The amount of

(%) and of both DHAP §) and 3-phosphoglycerat@)(at

radioactivity that was exchanged into solvent was determined50% conversion were determined by dividing the amount
by applying the quenched reaction and control mixtures to of total radioactivity (after subtraction of background counts)

individual Dowex 1-Ct columns (2.5 cmx 0.7 cm)
equilibrated in 0.16 mM HCI (pH 3.8). The columns were

by the amount of DHAP or 3-phosphoglycerate contained
in a 600uL aliquot of fractions containing either DHAP or

washed with this same solution, and 0.5 mL fractions were 3-phosphoglycerate. A 6Qd aliquot typically gave<10°

collected. The amount of total radioactivity for both the
control and reaction mixtures@000 dpm) was determined
from the sum of the radioactivities in the collected fractions
for each experiment. As a positive control, the amount of

dpm for fractions containing DHAPs 10 dpm for fractions
containing 3-phosphoglycerate, and10® dpm for the
background radioactivity which was determined from the
average radioactivity in 60@L aliquots of fractions at the

radioactivity released into the solvent in the absence of the end of the gradient. DHAP and 3-phosphoglycerate were

GAP dehydrogenase trap was measured.
Extent of Tritium Transfer from [1(R3H]DHAP to GAP.

assayed as described above.
Deuterium Transfer from [1(R)-EPC;]DHAP to GAP.

The dependence of the extent of isomerase-catalyzed tritiumThe extent of isomerase-catalyzed deuterium transfer to GAP
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from a mixture of doubly labeled [R)-D,**C;]DHAP and
unlabeled3C-depleted [1R)-H,*?C5]DHAP was determined

as described above for tritium transfer to GAP with the
following additions or modifications. [R)-D,**C3]DHAP
and3C-depleted [1R)-H,*?C;]DHAP were mixed in equal
amounts, and the final volume for the reaction mixture
containing 1 mM total DHAP was 10 mL. The reaction was
quenched after 50% conversion to product by lowering the
pH to 3.8 with 1 M HCI. Isomerase and GAP dehydrogenase
were removed by ultrafiltration through Amicon Centricon-
10 concentrators at 5080and the sample was stored-&80

°C until it was ready for column chromatography. The
quenched reaction mixture was diluted 10-fold with 5 mM
triethylammonium bicarbonate (pH 8.5), and the pH was
adjusted back to 8.5 wit1 M NaOH. The mixture of
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Per Cent (p/s, p/s,) or Fraction (s/s,)

Phase 2

Phase 3

Phase 1

L1 e r gl Il ol 1 111
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K,=23mM

0 |

0.01 0.1 1

[DHAP] (mi)

10

3-phosphoglycerate and DHAP in each sample was appliedricure 2: Extent of tritium transfer from DHAP to GAP vs initial

to a DEAE-cellulose column (17 cm 1.5 cm) equilibrated
with 5 mM triethylammonium bicarbonate (pH 8.5) at@
and washed with 40 mL of 5 mM triethylammonium
bicarbonate. A linear gradient (80 80 mL) of triethylam-
monium bicarbonate (5 to 300 mM) was then applied to the
column, and 2 mL fractions were collected. The yields of
both DHAP and 3-phosphoglycerate wer€0%. DHAP

DHAP concentration. The specific radioactivity of the 3-phospho-
glycerate product expressed as a percentage of the initial specific
radioactivity of DHAP (1), the specific radioactivity of the
remaining DHAP substrate expressed as the fraction of of the initial
specific radioactivity of DHAP ¥), and the percentage of tritium
transfer to GAP @), in which the specific radioactivity of the
3-phosphoglycerate product is expressed as a percentage of the
specific radioactivity of the remaining DHAP substrate, are plotted
vs initial DHAP concentration for the reaction of DHAP with TIM

and 3-phosphoglycerate were assayed as described abovg; 35o¢.

using 20QuL aliquots from the selected fractions. Fractions

containing the highest amounts of 3-phosphoglycerate werefraction ofs,, §s,), and the percentage of tritium transfer to

combined, lyophilized, redissolved in 1 mL of 20% methanol,

GAP (p/s), each plotted against initial DHAP concentration

and assayed as described above. The samples were thefor the reaction of DHAP with yeast TIM at 3. These
prepared for electrospray ionization mass spectrometry bydata can be divided into three distinct phases. The first phase

diluting with 20% methanol to obtain 100M 3-phospho-
glycerate and lowering the pH to 3.8 with double-distilled
glacial acetic acid.

Mass SpectrometryElectrospray ionization mass spec-
trometry was performed using a Finnigan LCQ atmospheric

showed a constant amount of tritium transfer to GAP
occurring between 0.03 and 0.3 mM DHAP with an average
p/svalue of 1.19+ 0.03%. This constant value results from
the ratio of values op/s, and /s, that slightly decreased
over this range by similar magnitudes. The second phase

pressure ionization quadrupole ion trap mass spectrometeshowed an increase in tritium transfer between 0.3 and 1.0

equipped with an electrospray ionization probe (Thermo-

mM DHAP with a maximump/s of 2.17 + 0.15%. The

Quest Corp., San Jose, CA). Negative ion mass spectra weréncrease inp/s results from increased values pfs,, while

obtained using Navigator software version 1.2 (Finnigan
MAT, San Jose, CA) on samples injected via a syringe pump
at 100uL/min. Spray conditions consisted of a spray voltage
of 3.5 kV, a sheath gas flow rate of 90 (arbitrary) units with
no auxiliary gas flow, and a capillary temperature of 219
°C. All other voltages were set by automatic tuning on a

s/s, continued to decrease over this range. The third phase
showed a slight decrease in tritium transfer between 1.0 and
7.0 mM DHAP with ap/s value of 1.68+ 0.17%. This
decrease results fross, increasing by a slightly greater
magnitude than the increasejifs, over this range. At 30

°C and a single DHAP concentration of 2.0 mM, under

185 atomic mass unit (amu) standard. Data were collectedotherwise identical conditions, Knowles and co-workers

in centroid mode by selected ion monitoring (SIM) of 185,
186, 188, and 189 amu iong{ amu) at three microscans
during a 500 ms maximum injection time using the automatic
gain control for the ion trap and a SIM target number of 2
x 107 ions.

RESULTS

Tritium Transfer from [1(RFH]DHAP to GAP as a
Function of Substrate Concentration and Temperaturae
extent of tritium transfer from [R)-*H]DHAP to GAP after
50% conversion by yeast TIM was studied as a function of
initial DHAP concentration (0.037.0 mM) and temperature
by trapping the [2H]GAP product in a coupled reaction
with GAP dehydrogenase to form f&f]-3-phosphoglycerate.
Figure 2 shows the specific radioactivity of the 3-phospho-
glycerate productp) (expressed as a percentage of the initial
specific radioactivity of DHAPp/s,), the specific radioactiv-
ity of the remaining DHAP substrates)((expressed as the

obtainedp/s values of 1.64 and 2.16% with yeast TINI)(
and chicken muscle TIM4), respectively, in agreement with
the values in phase 3 of our DHAP titration of yeast TIM.
To determine whether this variation in the extent of tritium
transfer with DHAP concentration might have been an
artifact resulting from an increase in the efficiency of trapping
of [2-*H]GAP at higher substrate concentrations, a test of
the trapping efficiency by GAP dehydrogenase was carried
out. Inefficient conversion of [2H]GAP to [2-H]-3-
phosphoglycerate by GAP dehydrogenase would result in
TIM-catalyzed exchange of the label from J2{GAP to
solvent. Although the validity of using GAP dehydrogenase
in the coupled enzyme assay for DHAP has previously been
established by showing that the observed rate of reduction
of NADT™ truly represents the rate of the TIM-catalyzed
isomerization of DHAP to GAP1(1), we further tested the
GAP dehydrogenase trapping efficiency by a more sensitive
method. In addition to the standard components used in the
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FIGURE 3: Test for intermolecular deuterium transfer froA¥JJDHAP to [°C]GAP catalyzed by TIM. (A) Mass spectrum of the
3-phosphoglycerate isotopic products for the control reaction. The peaksH4.9 and 187.9 correspond to [2¥3]-3-phosphoglycerate
and [2-H13C;]-3-phosphoglycerate, respectively. (B) Enlarged scale of the mass spectrum of the 3-phosphoglycerate isotopic products for
the control reaction. (C) Mass spectrum of the 3-phosphoglycerate isotopic products for the double-label reaction. Thenfeb&4.4at
and 187.9 correspond to [2-KC;]-3-phosphoglycerate (772 6.2%) and [2-H3C3]-3-phosphoglycerate (2146 6.5%), respectively, and
the small peak atvz 189.0 corresponds to [2-BCs]-3-phosphoglycerate (1.& 0.3%). (D) Enlarged scale of the mass spectrum of the
3-phosphoglycerate isotopic products for the double-label reaction.
coupled enzyme assay for measuring the extent of tritium of 7.53 + 0.82% whiles/s, at 5°C only slightly increased
transfer from [1R)-*H]DHAP to GAP catalyzed by TIM (see  to 1.93+ 0.06%.
Experimental Procedures), labeled 32JGAP was intro- Deuterium Transfer from [1(R)-BPFC;]DHAP to GAP. To
duced into the system by the addition of Hpm of [5°H]- determine whether the 1-1B.9% transfer of tritium from
FDP and aldolase. A control for each reaction condition substrate to producipfs) under various conditions results
contained the standard components used in the coupledrom either (i) intramolecular transfer from C1 to C2 of the
enzyme assay with £@pm of [5°H]FDP but no aldolase. = same substrate molecule or (ii) intermolecular transfer in
After 50% conversion of DHAP to 3-phosphoglycerate, few which a fraction of thero-R tritium label from substrate is
or no disintegrations per minute<(0.002%) were found in  exchanged into a group on the protein and is then transferred
the solvent compared to that of the control over the range to a different carbon skeleton of the product in subsequent
of conditions used in this study. As a positive control, all turnovers, electrospray ionization mass spectrometry (EIMS)
disintegrations per minute were found in the solvent for the was used to follow the extent of transfer of deuterium from
reaction carried out in the absence of GAP dehydrogenase DHAP to product. Doubly labeled [Rj-D,**C3]DHAP and
Hence, GAP dehydrogenase is effectively 100% efficient in *C-depleted [1R)-H,'?C5]DHAP were synthesized, mixed
trapping [23H]GAP as [23H]-3-phosphoglycerate under all  in equal amounts, and incubated at a total DHAP concentra-
conditions used in this study and is no cause for variation in tion of 1 mM with TIM, GAP dehydrogenase, NAD and
the results. arsenate until 50% conversion to 3-phosphoglycerate oc-
The extent of tritium transfer for the reaction of yeast TIM curred. A control reaction with R)-protonated rather than
with 1.0 mM DHAP increased with decreasing temperature, deuterated'fC;]DHAP was also performed under otherwise
showing values fop/s of 1.08 £ 0.07% at 45°C, 2.07+ identical conditions.
0.23% at 30°C, and 3.8%+ 0.43% at 5°C. The increase in Figure 3A shows a representative mass spectrum of the
p/s between 45 and 3%C results from a decreased value of 3-phosphoglycerate isotopic products for the control reaction
/% (2.90+ 0.15% at 45°C and 1.48+ 0.08% at 30°C) which showed intense peaks with a similar magnitude/at
while p/s, remained constant (3.1 0.19% at 45°C and 184.9 corresponding to [2-HCs3]-3-phosphoglycerate and
3.074 0.29% at 30°C). The further increase io's between m/z 187.9 corresponding to [2-H(C;]-3-phosphoglycerate.
30 and 5°C results from the increased valuepi, at 5°C An enlarged scale of this spectrum is shown in Figure 3B
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which shows background signals that wet8.02% of the
total signal neamvyz 186 and 189. Figure 3C shows a

Harris et al.

100% efficiency in transfer of the label and a second
predominant pathway such as the criss-cross mechanism

representative mass spectrum of the 3-phosphoglycerat§Scheme 3) occurs the remainder of the time with 0%
isotopic products for the double-label reaction which showed efficiency in conserving the isotopic label becausegieR

intense peaks atVz 184.9 corresponding to [2-H(C;]-3-
phosphoglycerate (772 6.2%) andn/z 187.9 correspond-
ing to [2-H}C;]-3-phosphoglycerate (214 6.5%). The
increased relative abundance of [24€5]-3-phosphoglyc-
erate with respect to [2-F#Cs]-3-phosphoglycerate results
from a primary deuterium kinetic isotope effect of 40
0.3 in which the reaction rate of [Bf-D,'*C3]DHAP is
decreased relative to that of R)¢H,*?C3]DHAP.2 Figure
3C, with an enlarged scale in Figure 3D of this mass
spectrum, showed an additional peaknatz 189.0 with a
1.1+ 0.3% relative abundance corresponding to [230,)-
3-phosphoglycerate. No signals above backgrosr@q2%)
were observed near/z 186 which would correspond to
[2-D,*2C4)-3-phosphoglycerate. Hence, the entire transfer of
deuterium (and tritium) from substrate to product is intramo-
lecular.

The extent of deuterium transfep/§) of 1.42 + 0.40%
was calculated by dividing the relative abundance for the
m/z 189.0 peak, which represents the fraction of [230;]-
3-phosphoglyceratep(= 1.1 £+ 0.3%), by the fraction of
[1(R)-D,*C3]DHAP remaining after 50% conversiois &
0.772 + 0.062). The fraction of [K)-D,*C3]DHAP re-
maining after 50% conversiors)(was obtained from the
relative abundance for the/z 185 peak, which represents

proton is transferred to the enediolate oxygen, a solvent
exchangeable position. Although this explanation is more
complex, requiring the participation of two pathways, the
transfer of label to both product and solvent can be explained
by known groups in the active site and by simpl&,p
arguments (see below). Intermediate cases in which the
classical and criss-cross mechanisms contribute more equally
to catalysis may apply. Thus, with chicken muscle TIM,
the classical mechanism must contribute at least 12.1% to
catalysis as judged by the reported amount of deuterium
transfer from substrate to product at 23% reactibd).(

To explain the loss of label from Glu-165 to solvent for
the case in which the classical mechanism (Scheme 1)
operates 100% of the time, solvation requirements for the
catalytic groups in the enzyméntermediate complex must
be described. In the simplest case, Glu-165 exchanges its
label with one or more water molecules. These water
molecules may or may not be readily accessible to bulk
solvent. If rapid exchange with bulk solvent occurred, the
small percentage of transfer reflects the kinetic partitioning
between exchange with solvent and transfer to C2. A
difficulty with a mechanism involving direct proton exchange
with solvent from Glu-165 has been pointed out by Rose et
al. (13), who noted that the loss of such a proton to solvent

[2-H,12C5]-3-phosphoglycerate, since the relative abundancesfrom the intermediate state, in the classical mechanism,

of the [2-H}3C]-3-phosphoglycerate and [2-¥]-3-phos-

imposes limits on the overall catalytic rate depending on the

phoglycerate products are inversely related to the relative PKa Of the catalytic base and the pH of the medium. Rose

abundances of the corresponding [2D]DHAP and
[2-H,?C]DHAP substrates. The extent of deuterium transfer
of 1.4+ 0.4% is comparable to the value of 2.£70.15%
tritium transfer under these conditions.

DISCUSSION

The notion that the small amount of tritium transfer from
DHAP to GAP shown in Figure 2 may have occurred in an
intermolecular process is clearly ruled out by the results of
Figure 3. The observation of 1.4% intramolecular transfer
of deuterium and 1:23.9% transfer of tritium from substrate

et al. proposed an alternative mechanism for TIM in which
the enzyme itself, not the medium, provides a pool of protons
with which the enzymeenediolic 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.

If water molecules were trapped in the active site so that
they fully equilibrated with the labeled Glu-165, the retention
of only 1.1-3.9% of the label in the product would require
dilution of the label among 1345 trapped water molecules,
an unrealistically large number. With the chicken muscle
enzyme, where 12.1% of the deuterium was retairig), (

to product under various conditions provides direct evidence four trapped water molecules would be required if equilibra-
that the classical mechanism occurs with a frequency of attion were complete. The X-ray structure of the THRGH

least 1.13.9% with yeast TIM. However, it is not possible
to distinguish what mechanistic pathway is followed for the
remaining 96.198.9% of the reaction in which thgro-R
label is ultimately transferred to solvent. The following two

complex reveals only two water molecules bound in the
active site (Figure 1)7), although this is clearly a lower

limit since solvent exchangeable water molecules would
likely be undetected by X-ray crystallography. The presence

limiting cases can explain these data. At one extreme, theof nearby solvent molecules, required by the classical
classical mechanism (Scheme 1) occurs 100% of the timemechanism, could also be counterproductive in that desol-

in which Glu-165 transfers the abstracta-R label from
DHAP to GAP with 1.1-3.9% efficiency and exchange of

vation of Glu-165 must occur for the proper approach and
alignment of the carboxylate oxygen syn orbital with the

the label to solvent occurs from Glu-165 at the intermediate pro-R proton of enzyme-bound DHAP. Alternatively, Glu-

state. This is the Simplest mechanism. To permit this facile 165 could exchange thpro_R proton of DHAP with a
exchange with solvent, at least one proton donor and onesplyent-exchangeable residue on the protein. However, the

proton acceptor must be in proximity to Glu-165 in the
enzyme-intermediate complex. At the other extreme, the
classical mechanism occurs only £3.9% of the time with

3 This value is very similar to the reported deuterium kinetic isotope
effect on bothkca and keafKm of the yeast enzyme of 34 0.1 (1).

X-ray structure of the TIM-PGH complex (Figure 1)7)
shows that the only solvent-exchangeable residue within
hydrogen bonding distance of Glu-165 is neutral His-95
which has been proposed to relay protons between O1 and
02 (Scheme 1). Exchange would have to occur from Glu-
165 to the very unstable imidazolate anion. Since neutral
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His-95 containing the abstractgulo-R proton would then is no previous evidence for cooperativity between the two
not be able to deprotonate O1, Glu-165 could transfer the subunits, only the dimer possesses isomerase actiiiy (
O1 proton to C2 as in the criss-cross mechanism (SchemeThe two active centers and the subunit interfaces are in close
3). contact via an interdigitating loop that extends from one
Exchange of thero-R label of DHAP with solvent can  subunit to the other near the active site pockets. Other
be rationalized for the case in which the criss-cross mech- €vidence for interactions between the catalytic centers and
anism (Scheme 3) makes a significant, but not total, the subunit contact sites comes from physical studies both
contribution to catalysis. The first step in the mechanisms in solution (L6) and in the crystalline statd {) which show
of Schemes 1 and 3 is abstraction of five-R proton from a substantial conformational change accompanying the
C1 of DHAP by Glu-165 with neutral His-95 polarizing the binding of substrate. Although the nature of the cross-talk
substrate carbonyl group. Concertedly or subsequently, theoccurring between the two active sites is subtle since the
enediolate O2 oxygen Ka < 14) must be protonated. The overall isomerase activity does not change, it inherently
X-ray structure of the TIM-PGH complex (Figure 1)7) reflects details of the mechanisms occurring at the intermedi-
shows that the only potential acid catalysts within hydrogen ate state. The increase in the extent of tritium transfer from
bonding distance of O2 at the intermediate state are neutralsubstrate to product upon increasing occupancy from a single
His-95 (K, < 14) and Glu-165 (§, < 7). The much lower  site to both sites with DHAP results from sitsite interaction
pKa of Glu-165 and its proximity to O2 make it the which either (i) slows proton exchange with solvent from
thermodynamically more favored donor of a proton to O2. Glu-165 at the intermediate state in the classical mechanism
While the proximity of His-95 to O2 makes it competitive or (ii) alters the partitioning of the abstracted proton between
with Glu-165 as the proton donor, thé&pof the neutral transfer to C2 by the classical mechanism or to O2 by the
form of His-95 closely matches that of the enediolate oxygen criss-cross mechanism in which no intermolecular transfer
so that protonation of O2 is isoenergetic and thermodynami- of label occurs. In principle, this phenomenon can be tested
cally much less favorable for full proton transfer than that further by performing the DHAP concentration-dependent
by Glu-165. More likely, the similarlg,'s between neutral  tritium transfer experiments using a heterodimeric TIM in
His-95 and the enediolate oxygen indicate that a strong which one of the subunits has been irreversibly inactivated
hydrogen bond could be transiently formed in which the with the affinity label 3-chloroacetol phosphatks].
neutral His-95 proton is only partially transferred to O2 in
the transition state for abstraction of tpeo-R proton by CONCLUSIONS
Glu-165, and the free energy of formation of this hydrogen
bond could help facilitate such catalysis. These simple The TIM-catalyzed transfer of 1.4 0.4% of the deute-
considerations are consistent with ab initio quantum me- rium from DHAP to GAP is here found to be entirely
chanical calculations which concluded that deprotonation of intramolecular. Hence, this transfer cannot be due to the
His-95 is energetically unfavorable and that the energetically operation of the criss-cross mechanism (Scheme 3). If itis
most favorable reaction pathway involves transfer of the assumed that intramolecular tritium transfer occurs as well,
abstractedpro-R proton to the carbonyl oxygen of the the classical mechanism (Scheme 1), depending on its
substrate, either directly or after it has exchanged with efficiency in conserving and transferring tritium, contributes
solvent, producing the enediol intermedialel)( at least 3.9% to the reaction catalyzed by yeast TIM and at
If there is partitioning between the classical and criss-cross €25t 12.1% to the reaction catalyzed by chicken muscle TIM.

mechanisms governed by th&pdifference between Glu- I itis inefficient in conserving and transferring tritium, the
165 and His-95, then one could postulate that if the of classical mechanism could contribute up to 100% to catalysis.

His-95 was decreased relative to thé,pf Glu-165 at the ~ However, from the structure of the active site of TIM based

intermediate state, then His-95 could more readily protonate 0N X-ray () and NMR studies3, 6) (Figure 1), itis possible
02 so that more transfer of the abstracped-R label from  that the TIM reaction partitions down two pathways depend-
Glu-165 to C2 of the product would occur. Because INgoncompetition in the protonation of O2 of the enediolate
nitrogen-containing bases such as imidazole have considerintermediate by either His-95 in the classical mechanism
able heats of ionization whereas oxygen-containing bases(Scheme 1) or by Glu-165 in the criss-cross mechanism
such as carboxylates have very small heats of ionization, (Scheme 3). The thermodynamically downhill transfer of
increasing the temperature could provide a method for the abstractegro-R proton from Glu-165 to the enediolate
decreasing the iy, of His-95 relative to that of Glu-165,  0xygen favors a significant contribution from the criss-cross
resulting in an increased extent of tritium transfer to C2. mechanism which does not transfer label to product. When
However, the significant decrease in the extent of tritium His-95 is replaced by GlIn, the classical mechanism becomes
transfer upon increasing the temperature from 5 t°@5 inoperative and the criss-cross mechanism takes over at 0.7%
seems to be more characteristic of the classical mechanisnof the wild-type rate 2).
in which the rate of exchange of the abstragpeo-R label The 2-fold dependence of the extent of intramolecular
from Glu-165 with solvent increases more with increasing tritium transfer on the concentration of DHAP indicates, for
temperature relative to the rate of transfer of the label to C2 the first time, site-site interaction in this dimeric enzyme
of the intermediate. which either (i) slows proton exchange with solvent from
Although the entire transfer gifro-R tritium from C1 of Glu-165 at the intermediate state via the classical mechanism
DHAP to C2 of GAP is intramolecular, the extent of transfer or (i) alters the partitioning of the abstracted proton between
is dependent on the initial concentration of DHAP, indicating transfer to C2 via the classical mechanism or to O2 via the
site—site interaction in this dimeric enzyme. Although there criss-cross mechanism.
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