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ABSTRACT: Tritiated sodium borohydride was used to re-
duce the substrates of triosephosphate isomerase in the
presence of the enzyme, and the mixture of the four possible
products (D-[1(R)-*H]-; D-[1(S)-*H]-; D-[2-*H]-, and L-
[2-3H]glycerol 3-phosphate) was analyzed. While enzyme-

The mechanism by which triosephosphate isomerase (EC
5.3.1.1) catalyzes the rapid interconversion of dihydroxy-
acetone phosphate and D-glyceraldehyde 3-phosphate is
well defined (Rose, 1962) and the energetics of the cata-
lyzed reaction have been studied in detail (Knowles et al.,
1971; S. J. Fletcher, J. M. Herlihy, P. F. Leadlay, S. G.
Maister, C. Pett, W. J. Albery and J. R. Knowles, unpub-
lished work). Proton transfer between C-1 and C-2 of the
triosephosphate occurs on the re-re face of the proposed
cis-enediol intermediate (Rose, 1958) and the transfer is
apparently mediated by a single base in the active site (de la
Mare et al., 1972; J. M. Herlihy, unpublished work). The
unhydrated forms of each of the triose phosphates have
been shown to be the forms handled by the enzyme (Reyn-
olds et al., 1971; Trentham et al., 1969), the hydrates (of
dihydroxyacetone phosphate, at least) binding very weakly
if at all (H. B. Coates and K. A. McLauchlan, private com-
munication).

Sodium borohydride has been used previously as a probe
to investigate the orientation of substrate carbonyl groups
in the active sites of oxaloacetate decarboxylase (Kosicki
and Westheimer, 1968) and of pyruvate kinase (Phillips et
al., 1973). The substrate, pyruvate in each case, was re-
duced stereoselectively to lactate at rates which showed that
the enzyme was catalyzing the reduction. Because each of
the substrates of triosephosphate isomerase has a carbonyl
group that may be reduced, and because very detailed infor-
mation about the enzyme-catalyzed reaction is available,
the use of borohydride reduction is an attractive method of
obtaining information about the orientation of bound sub-
strate and the accessibility of each of the two substrate car-
bonyl groups. We report here on the analysis of the prod-
ucts of reduction of the enzyme-bound substrates by sodium
boro[*H]hydride. In a previous communication (Webb and
Knowles, 1974) we described the analysis of the [*H]gly-
cerol 3-phosphate labeled at C-2 that derives from the re-
duction of bound dihydroxyacetone phosphate. The reduc-
tion of this substrate on the enzyme was found to be com-
pletely stereoselective and the rate of its reduction in free
solution was shown to be about eight times less than that on
the enzyme. This suggested the existence of an electrophilic

* From the Department of Chemistry, Harvard University, Cam-
bridge, Massachusetts 02138. Received May 20, 1975. This work was
done under the aegis of the Oxford Enzyme Group supported by the
Science Research Council, and at Harvard, partly supported by the
Nationa!l Science Foundation.

4692

BIOCHEMISTRY, VOL. 14, NO. 21,

1975

bound dihydroxyacetone phosphate is reduced completely
stereoselectively and at a rate eight times faster than in free
solution, D-glyceraldehyde 3-phosphate is inaccessible to re-
duction by borohydride when bound to the active site of the
enzyme.

group at the active site that polarizes the carbonyl group of
bound dihydroxyacetone phosphate and thus increases the
rate of reduction. Such an electrophilic group may be in-
volved in the isomerase-catalyzed reaction effecting the
more facile abstraction of the pro-R proton on C-1 (see
Figure 1). In this paper, we report the methods of analysis
for tritium in the glycerol phosphate product, and the rela-
tive extent of labeling of the 1-pro-R and 1-pro-S positions
of D-[1-3H]glycerol 3-phosphate resulting from reduction
of D-glyceraldehyde 3-phosphate in the presence of large
amounts of enzyme. The reactions involved in this analysis
are outlined in Scheme 1.

Experimental Section

Materials. Triosephosphate isomerase was prepared
from chicken muscle by Mr. J. Law, by the method of Put-
man et al. (1972). Bromohydroxyacetone phosphate was
prepared by Mr. L. M. Fisher, using the method of de la
Mare et al. (1972), and was stored as a solution in ether at
4°C.

The following were obtained from Sigma (London)
Chemical Co. Ltd., London SW6, U.K.: glycerol kinase,
acid phosphatase, glycerolphosphate dehydrogenase, lactate
dehydrogenase, aldolase, glucose-6-phosphate isomerase,
glucose-6-phosphate dehydrogenase; ATP, NAD*, NADH,
NADP*, bpL-glycerol 3-phosphate, sodium pyruvate, D-
fructose 6-phosphate, and D-mannose 6-phosphate. DL-
Glyceraldehyde 3-phosphate (as the monobarium salt of the
diethyl ketal) and dihydroxyacetone phosphate (as the cy-
clohexylammonium salt of the dimethyl ketal) were also
from Sigma. Fructose 1,6-bisphosphatase, mannose-6-phos-
phate isomerase, and D-glyceraldehyde 3-phosphate (as the
cyclohexylammonium salt of the diethyl ketal) were ob-
tained from Boehringer Corp. (London) Ltd., London W5,
U.K.

Sodium boro[?*H]hydride (570 Ci/mol and 8.2 Ci/mmol)
was obtained from The Radiochemical Centre, Amersham,
Bucks, U.K., and stored at —20°C as solutions in 1 M
NaOH (50 mCi/ml and 200 mCi/ml, respectively). Tritiat-
ed water (5 Ci/ml) was also from the Radiochemical Cen-
tre and was stored frozen at —20°C. DEAE-cellulose anion-
exchange resin (Whatman DE-52) was purchased from W.
and R. Balston Ltd., Maidstone, Kent, U.K. Bio-Gel P-10
polyacrylamide gel [100-200 mesh (wet)] was from Bio-
Rad Laboratories, St. Albans, Herts., U.K. All other chem-
icals were obtained from British Drug Houses Chemicals
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Scheme I: )
the Products Derived from Boro[*H ]hydride Reduction of
Triose Phosphates.
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Ltd., Poole, Dorset, U.K., and were of the highest grade
available. All solutions were made up with deionized, dis-
tilled water.

Methods. The concentration of solutions of triosephos-
phate isomerase was calculated by assuming an Eygo0-'*
value of 1.21 for a 10-mm light path. The activity of the en-
zyme was measured by using, slightly modified, the cou-
pled-enzyme method of Beisenherz (1955) with glyceralde-
hyde 3-phosphate as substrate.

Dihydroxyacetone phosphate concentrations were as-
sayed by measuring the conversion of NADH to NAD*
during its reduction to L-glycerol 3-phosphate catalyzed by
glycerolphosphate dehydrogenase. The assay reaction was
performed in 200 mM triethanolamine-HCI buffer (pH
7.5) (1.3 ml) containing 0.4 mM NADH. The decrease in

Outline of Reactions Involved in the Analysis of
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FIGURE 1: Postulated involvement of an electrophilic component
(H-A) in the triosephosphate isomerase catalyzed reaction.

NADH concentration was measured by following the
change in absorption at 340 nm using a Pye Unicam SP
1800 spectrophotometer. The concentration of D-glyceral-
dehyde 3-phosphate was measured by a similar method
with triosephosphate isomerase (10 ug) in the reaction mix-
ture to catalyze the formation of dihydroxyacetone phos-
phate.

The concentration of L-glycerol 3-phosphate was mea-
sured using the oxidation catalyzed by glycerolphosphate
dehydrogenase. The reaction was performed in 1 M gly-
cine-1 M hydrazine buffer (pH 9.3) (2.3 ml) containing
NAD* (4 mg). The formation of NADH was followed
spectrophotometrically.

D-Glucose 6-phosphate was assayed by its oxidation to
D-glucono-é-lactone 6-phosphate catalyzed by glucose-6-
phosphate dehydrogenase/NADP™*. The reaction was per-
formed in 200 mM triethanolamine-HCI buffer (pH 7.5)
(2.3 ml) containing 10 mM MgCl, and 0.25 mM NADP*.
Addition of glucose-6-phosphate isomerase (0.05 mg) to the
assay mixture enabled the concentration of D-fructose 6-
phosphate to be measured separately from D-glucose 6-
phosphate.

The activity of glucose-6 phosphate isomerase was mea-
sured by coupling the isomerization of fructose 6-phosphate
to glucose 6-phosphate with the latter’s oxidation to D-glu-
cono-é-lactone 6-phosphate catalyzed by glucose-6-phos-
phate dehydrogenase. The reaction was performed in 200
mM triethanolamine-HClI buffer (pH 7.5) (2.3 ml) contain-
ing 10 mM MgCl,, 0.5 mM NADP™, glucose-6-phosphate
dehydrogenase (0.1 mg/ml), and 60 mM fructose 6-phos-
phate. Mannose-6-phosphate isomerase activity was as-
sayed similarly using 60 mM mannose-6-phosphate and
glucose-6-phosphate isomerase (0.02 mg/ml).

Preparation of [*H]Glycerol 3-Phosphate from 3-Phos-
phohydroxyacetonyltriosephosphate Isomerase. Bromohy-
droxyacetone phosphate concentration was estimated from
the rapid stoichiometric inactivation of known concentra-
tions of triosephosphate isomerase. The enzymatic activity
was measured 15 min after each addition of bromohydroxy-
acetone phosphate.

Triosephosphate isomerase (0.5 ml of a 14-mg/ml solu-
tion) previously dialyzed against 100 mM NHsHCO; (pH
7.6) was assayed for enzymic activity and cooled to 0°C. A
1.2-fold molar excess of bromohydroxyacetone phosphate
was added and the pH adjusted immediately to 7.5 by addi-
tion of 2 N NaOH. After 10 min at 0°C the solution was
assayed to check that all the enzyme had been inactivated.

Sodium boro[*H]hydride (2 mCi, 15.4 umol) was added
to this solution of 3-phosphohydroxyacetonyltriosephos-
phate isomerase, the pH was readjusted to 7.5 by addition
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of 1 ¥ HCI, and the solution was incubated for 3 hr at
20°C. The protein was isolated by gel filtration through a
column (22 cm X 1.6 cm) of P-10 polyacrylamide gel. 2 N
NaOH was added to the pooled fractions that contained
protein until the pH was 10.2 and incubation at this pH for
2 hr at 60°C achieved hydrolysis of the 3-phospho-[2-
YHlglyceryltriosephosphate isomerase ester linkage. A con-
trol experiment showed that the product, [2-3H]glycerol 3-
phosphate, is stable under these conditions. The hydrolysate
was then subjected to gel filtration as above. The eluate
showed two radioactive peaks, the earlier, smaller one cor-
responding to protein and the later, larger one correspond-
ing to the expected elution position of glycerol 3-phosphate.
To the pooled fractions of this later peak was added DL-
glycerol 3-phosphate as carrier and the material was puri-
fied on a column (12 cm X 0.9 ¢cm) of DEAE-cellulose,
equilibrated with 5 mM NH4HCO;. A linear gradient (50
ml) from 5 to 300 mM NH4HCO; eluted the glycerol 3-
phosphate, which had constant specific radioactivity across
the peak. This product was freeze-dried and stored at 4°C.

Preparations of [PH]Glycerol 3-Phosphate from Triose
Phosphates. The formation of [*H]glycerol 3-phosphate in
the presence of triosephosphate isomerase for the analysis
of the stereochemistry of tritium labeling at C-2 and the
formation of DL-[2-3H]glycerol 3-phosphate were as de-
scribed earlier (Webb and Knowles, 1974).

DL-[1(RS)-*H]Glycerol 3-phosphate was prepared by
the reduction of DL-glyceraldehyde 3-phosphate (4 pmol)
by sodium boro[?H]hydride (1.25 mCi) which were incu-
bated together in 200 mM triethanolamine-HCI buffer (pH
7.5) (0.7 ml) for 2 hr at room temperature. The glycerol 3-
phosphate was purified by ion-exchange chromatography as
described above. D-[1(RS)-*H]Glycerol 3-phosphate was
prepared by the reduction of D-glyceraldehyde 3-phosphate
(2 umol) by sodium boro[*H]hydride (2.5 mCi), from
which the product was obtained as above.

DL-[1(S)-*H]Glycerol 3-phosphate was prepared as fol-
lows. Aldolase was treated with bromohydroxyacetone
phosphate to inactivate any triosephosphate isomerase im-
purity and the enzyme solution was then dialyzed against
200 mM triethanolamine-HCI buffer (pH 7.5). A portion
(0.1 mg) of this solution was added to dihydroxyacetone
phosphate (0.5 umol) in tritiated water (120 ul of a solu-
tion, 4 Ci/ml). Aldolase catalyzes the exchange of the I-
pro-S-hydrogen of dihydroxyacetone phosphate with the
solvent. After incubation for 2 hr, the solution was freeze-
dried to remove tritiated water. The residue was dissolved in
0.1 M HCI (2 ml) and kept at pH 1.5 for 5 min to inacti-
vate the enzyme. The pH of the solution was raised to 8.0
with triethanolamine. Sodium borohydride (10 mg) was
added and the solution was left for 3 hr at room tempera-
ture to reduce the [1(S)-*HJdihydroxyacetone phosphate to
DL-[1(S)-3H]glycerol 3-phosphate. The product was then
purified on DEAE-cellulose as described above.

For analysis of the stereochemistry of labeling by tritium
at C-1, [*H]glycerol 3-phosphate was prepared by incubat-
ing together in 100 mAM NH4HCO; buffer (pH 7.6) (3 ml)
for 2 hr at room temperature, triosephosphate isomerase
(7.2 mg/ml), dihydroxyacetone phosphate (0.4 umol), and
sodium boro[?*H]hydride (11.71 mCi of 1.6 Ci/mmol mate-
rial). After this incubation, protein was removed by gel fil-
tration through a column (22 ¢cm X 1.6 cm) of P-10 polyac-
rylamide gel. The [3H]glycerol 3-phosphate was further pu-
rified by chromatography on DEAE-cellulose as previously
described.
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The analysis of [*H]glycerol 3-phosphate to obtain the
amount of tritium at C-2 corresponding to the D and L en-
antiomers of [2-*H]glycerol 3-phosphate was described ear-
lier (Webb and Knowles, 1974).

Analysis of [*H]Glycerol 3-Phosphate for the [1(R)-*H]
Isomer. The freeze-dried [*H]glycerol 3-phosphate was dis-
solved in water (1 ml) to which was added acid phosphatase
(10 ug) and then I & HCI until the pH of the solution was
5.6. Incubation for 12 hr at 37°C resulted in complete hy-
drolysis of the phosphate ester. The solution was passed
through a small volume (4 ml) of DEAE-cellulose resin,
equilibrated in 5 mAM NH4HCOj; to remove any unreacted
glycerol phosphate and enzyme. The glycerol was then
phosphorylated by addition of ATP (10 mg), MgCl (5
mg), and glycerol kinase (0.04 mg). After raising the pH to
8.8 by addition of | ¥ NaOH, the solution was incubated
for 2 hr at 25°C. 1-[*H]Glycerol 3-phosphate was purified
from this solution by chromatography on DEAE-cellulose
as described above. The fractions containing glycerol 3-
phosphate were freeze-dried and then dissolved in water (3
ml). Portions of this solution were converted to D-fructose
1,6-bisphosphate as described below.

A solution (0.7 ml) containing aldolase (1.5 mg), glycer-
olphosphate dehydrogenase (0.5 mg), and lactate dehydro-
genase (0.25 mg) in 200 mAM triethanolamine-HC! buffer
(pH 7.5) was treated with bromohydroxyacetone phosphate
(0.1 umol) and then dialyzed against 50 mAM triethanolam-
ine-HCI1 buffer (pH 7.5). An assay for triosephosphate
isomerase activity showed that this treatment had inactivat-
ed all traces of isomerase.

To each portion (1 ml) of L-[*H]glycerol 3-phosphate
were added NAD™ (15 mg), sodium pyruvate (5 mg), DI.-
glyceraldehyde 3-phosphate (0.2 ml of a 45 mM solution),
and the isomerase-free enzyme mixture prepared above.
After raising the pH to 9.6 by addition of 1 N NaOH, the
solution was left for 10 min at room temperature. Under
these conditions, dihydroxyacetone phosphate, an interme-
diate in this enzyme-catalyzed formation of D-fructose 1,6-
bisphosphate, is stable. To terminate the reaction, the solu-
tion was rapidly mixed with Dowex-50 resin (4 ml, H*
form). The solution was washed from the resin with ap-
proximately 10 ml of water and the pH of the combined
washings was raised to 8.0 with 1 & NaOH. Purification on
DEAE-cellulose, as above, gave three radioactive peaks,
corresponding to glycerol 3-phosphate, NAD*, and D-fruc-
tose 1,6-bisphosphate. The fractions containing D-fructose
1.6-bisphosphate from each portion of [*H]glycerol phos-
phate were pooled and freeze-dried.

This preparation of D-fructose 1,6-bisphosphate was dis-
solved in water (1 ml), to which was added fructose 1,6-bis-
phosphatase (0.25 mg) and MgCl, (5 mg). The pH of the
solution was raised to 8.8 with 1 ¥ NaOH and, after incu-
bation for 3 hr at 37°C, D-fructose 6-phosphate was isolat-
ed from the solution by ion-exchange chromatography as
previously described. This radioactive material was freeze-
dried and then redissolved in water (1 ml). Glucose-6-phos-
phate isomerase (0.1 mg) was added to labilize the 1-pro-
R-hydrogen of D-fructose 6-phosphate and the solution in a
sealed flask was incubated for 90 min at 37°C for this ex-
change to occur. The water was then isolated by bulb-to-
bulb distillation in a closed system with the sample flask
connected to the receiving flask by a short U-tube with a
side arm. While the sample was immersed in liquid nitro-
gen, the system was evacuated and then isolated from the
vacuum pump. To effect the distillation, the liquid nitrogen
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bath was moved to the receiving flask. After the distillation
was complete, the residue was dissolved in water (1 ml) and
the total radioactivity of the residue and of the distillate
was measured. More glucose-6-phosphate isomerase (0.l
mg) was added to the residue, which was again taken
through the process of incubation and distillation to ensure
that all exchangeable tritium had been removed from the
residue. The proportion of tritium exchanged by the isomer-
ase and removed by distillation gives the proportion of tri-
tium in the 1-pro-R position of the original D-glycerol 3-
phosphate (see Scheme I).

Analysis of [PH]Glycerol 3-phosphate for the [1(S)-3H]
Isomer. The residue from the above exchange experiment is
an equilibrium mixture of labeled D-fructose 6-phosphate
and D-glucose 6-phosphate. D-Fructose 6-phosphate (1.5
mg) was added as carrier to this mixture, which was then
purified on DEAE-cellulose as previously described. The
[*H]hexose 6-phosphate fractions had constant specific ra-
dioactivity across the peak and this pooled material was
freeze-dried. This residue was redissolved in water (10 ml)
to which was added NADP* (20 mg), MgCls (5 mg), glu-
cose-6-phosphate isomerase (0.05 mg), and glucose-6-phos-
phate dehydrogenase (0.2 mg). The increase in absorbance
at 340 nm was followed as NADP* was reduced to
NADPH during the oxidation of hexose 6-phosphate to D-
glucono-é-lactone 6-phosphate, catalyzed by the isomerase
(to convert D-fructose 6-phosphate to D-glucose 6-phos-
phate) and the dehydrogenase. After the reaction was com-
plete, NADPH was isolated on a DEAE-cellulose column
(15 em X 0.9 ¢m). Elution with a gradient (50 ml) from
150 to 500 mM NH4HCO; gave NADPH with a constant
specific radioactivity across the peak. From the specific ra-
dioactivity of NADPH and of the hexose 6-phosphate, the
proportion of tritium on the 1-pro-S position of D-glycerol
3-phosphate can be calculated.

Results

Reduction of dihydroxyacetone phosphate produces [2-
3H]glycerol 3-phosphate, which can be analyzed by the
method described earlier (Webb and Knowles, 1974), which
involves the transfer of tritium at C-2 of L-glycerol 3-phos-
phate to NAD®, catalyzed by glycerolphosphate dehydro-
genase (see Scheme I). The oxidation of the D enantiomer
does not occur and the glycerol 3-phosphate remaining after
this treatment is solely the D enantiomer. Treatment of this
material with acid phosphatase and then rephosphorylation
of the glycerol using glycerol kinase/ATP results in L-glyc-
erol 3-phosphate, with the phosphate, in effect, having been
transferred from C-3 to C-1. The tritium at C-2 of what is
now the L enantiomer of glycerol 3-phosphate can now be
transferred to NAD* using glycerolphosphate dehydroge-
nase. The radioactivity of each batch of NADH gives the
tritium content of the L- and the D-[2-3H]glycerol 3-phos-
phate present originally at the 2 position.

Reduction of 3-Phosphohydroxyacetonyltriosephos-
phate Isomerase by Borohydride. Bromohydroxyacetone
phosphate, a close structural analog of dihydroxyacetone
phosphate, is an irreversible, active-site inhibitor of triose-
phosphate isomerase and reacts very rapidly and stoichio-
metrically with each enzyme subunit with complete loss of
isomerase activity (de la Mare et al., 1972). After attach-
ment to the enzyme, the phosphohydroxyacetonyl moiety
may be reduced by sodium borohydride and this has been
used to stabilize the phosphate ester linkage to hydrolysis
(de la Mare et al., 1972).

BIOCHEMISTRY, VOL.

In the present work, the validity of using boro[*H]hy-
dride to reduce substrate carbonyl groups of the enzyme-
bound triose phosphates themselves was first checked by re-
duction of the carbonyl group of the 3-phosphohydroxyace-
tonyl moiety of the enzyme inactivated as described above.
The successful reduction of this species, covalently bound in
the active site, would augur well for the reduction of the
noncovalently bound substrate molecules.

Reduction of the phosphohydroxyacetonyl moiety was
achieved by sodium boro[*H]hydride and this was followed
by the alkaline hydrolysis of the ester link of the 3-phospho-
glyceryl-enzyme, under conditions in which the glycerol-
phosphate linkage is stable, to yield [2-3H]glycerol 3-phos-
phate. This hydrolysis caused the release of approximately
90% of the radioactivity associated with protein after reduc-
tion.

The [*H]glycerol 3-phosphate, with DL-glycerol 3-phos-
phate added as a carrier, was purified and analyzed for tri-
tium at C-2 as outlined in Scheme I. The carrier glycerol
phosphate is present in very large excess over that hydro-
lyzed from the enzyme, so that the concentrations of D and
L enantiomer are equal. The specific radioactivity of the
[*H]glycerol 3-phosphate was 1.35 X 10% cpm/umol. The
NADH produced during the oxidation of the L enantiomer
had a specific radioactivity of 2.09 X 10° cpm/umol, while
the specific radioactivity of the NADH from the oxidation
of remaing (D-)glycerol 3-phosphate (after the latter’s in-
version by the phosphatase-glycerol kinase sequence) was
less than 0.35 X 103 cpm/umol. Thus at least 80% of the
tritium on C-2 was in a position corresponding to L-glycerol
3-phosphate.

In a control experiment, triosephosphate isomerase was
inactivated by bromohydroxyacetone phosphate and then
dihydroxyacetone phosphate was added. The mixture was
treated with sodium boro[*H]hydride and [*H]glycerol 3-
phosphate was separated from the solution without liydroly-
sis of the phosphoglyceryl-enzyme bond. So the glycerol
phosphate analyzed was that due only to the reduction of
free dihydroxyacetone phosphate, in the presence of enzyme
with every active site blocked. The analysis showed equal
proportions of tritium (within 2%) on each enantiomer of
glycerol 3-phosphate (Webb and Knowles, 1974).

Reduction of the Two Substrates in the Presence of
Triosephosphate Isomerase. In principle, reduction of the
two triose phosphates with sodium boro[*H]hydride can
produce four different tritiated isomers of glycerol phos-
phate. Glyceraldehyde 3-phosphate is reduced to the 1R
and 18 isomers with tritium at C-1, and dihydroxyacetone
phosphate gives the D and L enantiomers with tritium at
C-2. The amount of each of these four species can be esti-
mated by the transformations outlined in Scheme 1.

(a) Analysis of the Products of Reduction at C-2. In free
solution dihydroxyacetone phosphate exists predominantly
in the hydrated and unhydrated forms in the ratio 45:55 at
20°C (Reynolds et al., 1971). The hydrate binds much
more weakly (if at all) to triosephosphate isomerase than
does the unhydrated form (H. B. Coates and K. A. McLau-
chlan, private communication), the latter being the species
handled by the enzyme (Reynolds et al., 1971). The value
of the dissociation constant (K;) for the unhydrated form is
0.7 mM (W. J. Albery and J. R. Knowles, unpublished
work), so that for given concentrations of enzyme and of
dihydroxyacetone phosphate, the percentage of the unhyd-
rated form that is enzyme bound can be calculated. [The
percentage of enzyme that is complexed with other species
4695
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FIGURE 2 Plot of stereoselectivity of reduction of dihydroxyacetone
phosphate by boro[*H]hydride (measured by the percentage | enan-
tiomer in the total [2-3H]glycerol 3-phosphate) vs. the percentage of
dihydroxyacetone phosphate bound to the isomerase.

of triose phosphate is negligible (W. J. Albery and J. R.
Knowles, unpublished work).]

When reductions were performed at various concentra-
tions of enzyme, the results illustrated in Figure 2 were ob-
tained for analysis of the product of reduction of dihydroxy-
acetone phosphate. It is evident from this figure that the re-
duction of enzyme-bound dihydroxyacetone phosphate is
completely stereoselective and that this reduction is acceler-
ated relative to the reduction in free solution (for further
discussion see Webb and Knowles, 1974). Assuming that all
the triose phosphate species are in rapid equilibrium during
the reduction (which they will be, considering the very high
turnover number of the enzyme and the large enzyme con-
centration) analysis of the results indicates that the rate of
reduction of dihydroxyacetone phosphate in the active site
is eight times faster than that in free solution.

(b) Analysis of the Reduction at C-1. D-Glyceraldehyde
3-phosphate in free solution exists in the hydrated and the
unhydrated forms in a ratio of 97:3 (Trentham et al., 1969).
The latter form has been shown to be that which is handled
by triosephosphate isomerase in the catalytic reaction
(Trentham et al,, 1969). The equilibrium constant of the
unhydrated forms of dihydroxyacetone phosphate and D-
glyceraldehyde 3-phosphate is 420 in favor of dihydroxya-
cetone phosphate (at 37°C). So for the triose phosphates at
equilibrium in the presence of the isomerase, the amount of
reduction occurring at C-1 might be expected to be small,
even allowing for the greater susceptibility of aldehydes,
compared with ketones, to reduction by borohydride. Pre-
liminary experiments indicated that the percentage of tri-
tium at C-1 was indeed low, so in order to obtain enough
tritiated glycerol 3-phosphate to analyze the tritium distri-
bution at this position, sodium boro[*H]hydride of higher
specific radioactivity was used. The same large molar ex-
cess (17-fold) of boro[*H]hydride over triose phosphate was
used in all reductions of substrate in the presence of the
isomerase to ensure that the reaction was pseudo-first-
order. Sodium borohydride at this concentration has no ef-
fect on the activity of the isomerase in the presence or ab-
sence of substrate over the time period of the reduction.

The reactions involved in the analysis of tritium at C-1 of
D-[*H]glycerol 3-phosphate are shown in Scheme I. The
transfer of the phosphate to the tritiated carbon atom by
the phosphatase-glycerol kinase sequence not only produces
the 1. enantiomer of glycerol 3-phosphate, the form handled
by the dehydrogenase, but also protects against the adventi-
4696
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tious exchange of these tritium atoms into the solvent. Only
during the incubation with fructose 1,6-bisphosphatase is
this phosphate removed from the tritiated carbon to give D-
fructose 6-phosphate.

The two reactions involved in the conversion of L-glycerol
3-phosphate to D-fructose 1,6-bisphosphate were coupled
and carried out at high pH in order to overcome the unfa-
vorable equilibrium constant of the reaction catalyzed by
glycerolphosphate dehydrogenase. To increase the rate of
formation of dihydroxyacetone phosphate, the NADH also
formed was rapidly reoxidized by coupling the glycerol
phosphate oxidation to the reduction of pyruvate to lactate,
catalyzed by lactate dehydrogenase. A high concentration
of D-glyceraldehyde 3-phosphate was present to provide
carbon atoms 4, 5, and 6 of the fructose 1,6-bisphosphate.
However, as D-glyceraldehyde 3-phosphate in large cancen-
trations inhibits aldolase irreversibly (Adelman et al.,
1968), a large concentration of this enzyme was also re-
quired. During this two-reaction step it is crucial that no
triosephosphate isomerase is present as it would rapidly
form dihydroxyacetone phosphate from the D-glyceralde-
hyde 3-phosphate, so reversing the glycerol phosphate oxi-
dation and preventing any tritiated material reaching the
D-fructose 1,6-bisphosphate.

After removal of the 1-phosphate of D-fructose 1,6-bis-
phosphate with fructose 1,6-bisphosphatase, treatment of
the resulting D-fructose 6-phosphate with glucose-6-phos-
phate isomerase labilizes the 1-pro-R-hydrogen (Rose and
O’Connell, 1960) and all the 1 R-tritium is exchanged into
the solvent. Distillation of the solvent from the frozen solu-
tion under vacuum allows the measurement of both the ra-
dioactivity exchanged into the solvent and the radioactivity
remaining associated with the residue (as hexose 6-phos-
phate). Addition of carrier D-fructose 6-phosphate to the
residue and purification by ion-exchange chromatography
allow the specific radioactivity of the hexose 6-phosphate to
be calculated. The tritium from the [1(S)-*H]glycerol 3-
phosphate is now present in the aldehydic hydrogen of glu-
cose 6-phosphate and in the 1-pro-S-hydrogen of fructose
6-phosphate. This hydrogen is transferred to NADP* dur-
ing the reaction catalyzed by glucose-6-phosphate dehydro-
genase. The resulting NADP?H was isolated by ion-ex-
change chromatography and the specific radioactivity of
the purified material was determined.

The validity of the analytical scheme depends in part on
the purity of the enzymes used. Thus, while glucose-6-phos-
phate isomerase labilized the I-pro-R-hydrogen of D-fruc-
tose 6-phosphate, any contaminating mannose-6-phosphate
isomerase would also labilize the 1-pro-S-hydrogen (i.e.,
the hydrogen to be transferred to NADP™*) (Topper, 1957;
Rose and O’Connell, 1960). Accordingly, fructose 1,6-bis-
phosphatase, glucose-6-phosphate isomerase, and glucose-
6-phosphate dehydrogenase were all tested for glucose-6-
phosphate isomerase activity and for mannose-6-phosphate
isomerase activity. No significant contaminating activity
(i.e., less than 0.05%) was found. Had a mannose-6-phos-
phate isomerase contaminant been present, the 1-S-tritium
would have been exchanged into the solvent. Glucose-6-
phosphate isomerase activity in the fructose 1,6-bisphos-
phatase would have labilized the 1-pro R-hydrogen before
the controlled ““wash out™ procedure.

Table 1 shows the results from the C-1 analysis of
[*Hlglycerol 3-phosphate from reduction of D-glyceralde-
hyde 3-phosphate alone, of DL-glyceraldehyde 3-phosphate
alone, and of dihydroxyacetone phosphate, with the equilib-
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nificant asymmetry in the attack on the carbon atom next
to the chiral center (Cram and Abd Elhafez, 1952).

Returning to the complete lack of stereoselectivity of re-
duction of D-glyceraldehyde 3-phosphate in the presence of
triosephosphate isomerase, the result can be interpreted in
three different ways. First, reduction on the surface of the
enzyme could occur with complete lack of stereoselectivity.
In view of the results from the reduction of bound dihydrox-
yacetone phosphate and of the 3-phosphohydroxyacetonyl
moiety, this is unlikely. The enzyme is an extremely bulky,
chiral molecule and is known to deliver a proton (in the cat-
alytic reaction) solely to the re face of the carbonyl group
(Rose, 1958). The base that transfers this proton must be in
fairly close proximity to the carbonyl group, so at least
some degree of stereoselectivity would be expected.

The second possible explanation is that the proportion of
unhydrated D-glyceraldehyde 3-phosphate attached to the
enzyme is so small that the reduction product derives exclu-
sively from reduction in free solution. This explanation
implies that the dissociation constant (Ks) for the enzyme-
unhydrated substrate complex is greater than | mM (even
assuming that the rate of reduction on the enzyme is only
the same as that in free solution). However, it is known that
the enediol and unhydrated D-glyceraldehyde 3-phosphate
are in rapid equilibrium with each other on the surface of
the isomerase (Knowles et al., 1971) and that the combined
dissociation constant for these two species is approximately
5uM (W.]. Albery and J. R. Knowles, unpublished work).
A dissociation constant of 1 mM for D-glyceraldehyde 3-
phosphate alone would then require an equilibrium constant
between these two enzyme-bound species of at least 200 in
favor of the enediol, which would in turn require a rate con-
stant for enolization of enzyme-bound glyceraldehyde 3-
phosphate to be at least 10° sec™!. [The rate constant for
conversion of enzyme-bound dihydroxyacetone phosphate
to the enediol is known to be ~2 X 103 sec™! (W. J. Albery
and J. R. Knowles, unpublished work).} This explanation,
therefore assumes that the D-glyceraldehyde 3-phosphate
binds very poorly to the enzyme and requires an improbably
large rate of enolization of this enzyme-bound substrate.

The third and most attractive interpretation of the lack of
stereoselectivity observed for reduction of D-glyceraldehyde
3-phosphate is simply that the rate constant for reduction of
the enzyme-bound substrate is much less than that in free
solution. In the case of dihydroxyacetone phosphate some
parallels could be drawn between the enzyme-catalyzed
enolization process and the enzyme-catalyzed reduction by
borohydride. Both the proton abstraction of the enolization
and the hydride attack on the carbonyl of the reduction pro-
cess are expected to be similarly accelerated by polarization
of the carbonyl group, when the substrate is bound to the
enzyme. However, the steric requirements of the two reac-
tions may be very different. In the reduction of enzyme-
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bound dihydroxyacetone phosphate the polarization of the
carbonyl group that leads to more rapid reduction evidently
outweighs any decrease in reactivity due to inaccessibility.
For D-glyceraldehyde 3-phosphate, however, no accelera-
tion of reduction and no stereoselective reaction by borohy-
dride can be observed and the probable explanation is sim-
ply that the carbonyl group of D-glyceraldehyde 3-phos-
phate is, for steric reasons, inaccessible to borohydride. This
prevents any reduction in the active site at C-1 of the sub-
strate. The subtle difference in accessibility of C-1 and C-2
of the enzyme-bound substrates should be clarified by the
promising high resolution crystallographic work of triose-
phosphate isomerase and of its complex with substrate
(Banner et al., 1975).
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