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Abstract: The deuterium enrichment of dihydroxyacetone obtained from the atd@tese isomerization of
Dp,L-glyceraldehyde in BD at 25°C was determined byH NMR spectroscopy from the integrated areas of the
signals for then-CH, and a.-CHD groups of the product. One mole equivalent of deuterium is incorporated
into the product when the isomerization is carried out in 150 mM pyrophosphate buffer at pD 8.4, but only 0.6
mol equiv of deuterium is incorporated into the product of isomerization in the presence of 0.01 M deuterioxide
ion, so that 40% of the latter isomerization reaction proceeds by the intramolecular transfer of hydride ion.
Several pathways were identified for catalysis of the isomerization of glyceraldehyde to give dihydroxyacetone.
The isomerization with hydride transfer is strongly catalyzed by addét. Deprotonation of glyceraldehyde

is rate-determining for isomerization with proton transfer, and this proton-transfer reaction is catalyzed by
Brgnsted bases. Proton transfer also occurs by a termolecular pathway with catalysis by the combined action
of Brgnsted bases and Zn These results show that there is no large advantage to the spontaneous isomerization
of glyceraldehyde in alkaline solution with either proton or hydride transfer, and that effective catalytic pathways
exist to stabilize the transition states for both of these reactions in water. The existence of separate enzymes
that catalyze the isomerization of sugars witldridetransfer and the isomerization of sugar phosphates with
proton transfer is proposed to be a consequence of the lack of any large advantage to reaction by either of
these pathways for the corresponding nonenzymatic isomerization in water.

Aldose—ketose isomerization is a simple but mechanistically Scheme 1
ambiguous reaction which involves the formal transfer ef H

o
from C-2 and O-2 to C-1 and O-1 of arhydroxy aldehyde to H #° H OH

form the correspondingt-hydroxy ketone (Scheme 1). One H*:/[:OH —_— o A
hydrogen is transferred as a proton between the electronegative R R

oxygens of the hydroxyl and carbonyl groups of the aldose. By

contrast, transfer of the second hydrogen from C-2 to C-1 may 5

occur directly as a hydride ion (Scheme 1A) or as a proton, in o o H

which case the bonding electron pair at C-2 moves through the H OH

carbon skeleton to C-1 (Scheme 1B). The question of the B H*IOH e Aﬁo

preferred pathway for this reaction in water has important R R

implications in both chemistry and biology. B
(1) The many studies on base-catalyzed deprotonation of BH*" l

a-carbonyl carbon in water to form enolates create a strong 1L H. O H_ _OH

prejudice that these isomerization reactions occur by a proton- HOH* + BH" j]: - 5 I

transfer mechanism in this solvent (Scheme iBnd this R “oH RO

mechanism has been well documented for the general-base-

catalyzed isomerization of glyceraldehyde 3-phosphate to give for aldose-ketose isomerization in alkaline aqueous solufion.
dihydroxyacetone phosphate in watddowever, the situation Furthermore, there is precedent for metal ion catalysis of
is more complicated. There is good evidence that the closely intramolecular and intermolecular transfer of hydride ion from
related MeerweirrPonndorf-Verley reaction proceeds with - — .
int lecular transfer of hydride in organic solvehumd there (6) The small amount of intramolecular transfer of tritium observed during
intramo . ny 9 = anaerobic hydroxide-ion-catalyzed epimerization of {£{-p-ribose to
are reports that this reaction mechanism (Scheme 1A) is viablearabinose may occur by consecutive isomerization reactions with hydride

transfer [Gleason, W. B.; Barker, Ran. J. Chem1971, 49, 1433-1440].
(1) Present Address: Department of Chemistry, lllinois State University, More recent experimental evidence supports a proton-transfer mechanism

Normal, IL 61790-4160. for the hydroxide-ion-catalyzed isomerization of aldoses to ketoses. No
(2) Telephone: (716) 645-6800, ext. 2194. Fax: (716) 645-6963. intramolecular transfer of tritium was detected during isomerization of

E-mail: jrichard@chem.buffalo.edu. [2-3H]-p-glucose top-fructose [Isbell, H. SAdv. Chem. Ser1973 117,
(3) Keeffe, J. R.; Kresge, A. J. Iihe Chemistry of EnaldRappoport, 70—-87], and there is evidence that the interconversionoajlucose,

Z., Ed.; John Wiley and Sons: Chichester, 1990; pp-3280. p-mannose, and-fructose in alkaline BO proceeds through a common
(4) Richard, J. PJ. Am. Chem. S0d.984 106, 4926-4936. enolate reaction intermediate [Kooyman, C.; Vellenga, K.; de Wilt, H. G.
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o-hydroxy carbon to the carbonyl group in organic solveénfs,
but no work to determine whether a similar pathway is involved

J. Am. Chem. Soc., Vol. 123, No. 5, 2088

For reactions in the presence of KOD the ionic strength was
maintained at 0.10 using KCI. Except for pyrophosphate, the ionic

in the zinc-catalyzed isomerization of mannose 6-phosphate toStrength for reactions in buffered solution was maintained at 1.0 using

give fructose 6-phosphate in waféfThis lack of clarity in our

understanding of the mechanism for these reactions is addresse

in the present work aimed at determining the relative barriers
to aldose-ketose isomerization in water with proton and hydride
transfer.

(2) A guiding tenet for the interpretation of experimental

studies of small-molecule models for enzymatic catalysis of
polar reactions is that the enzymatic reaction will follow one

KCI. Buffered solutions were prepared by dissolving the buffer
gemponent, KCI, and Znglin D,O followed by the addition of a
measured amount of DCI or KOD to give the desired pD. The ratio of
the concentrations of the acid and base forms of the buffer in these
solutions was calculated from the solution pD and the following
apparent f4's in D,O at 25°C andl = 1.0 (KClI) that were determined
from the observed pD of solutions containing known concentrations
of the buffer acid and its conjugate base: ££.D, 5.1; (CH;)sCCQO.D,

5.4; (CR)2C(OD), 6.9.

of the mechanisms observed for the nonenzymatic process in A complex forms between Z and acetate ion that removes the

water. A corollary to this is that separate enzymes with different

reaction mechanisms will evolve only in cases where the barriers
for the corresponding uncatalyzed reactions in water are similar,
so that there is no large advantage to reaction by either pathway

The observation that enzymatic catalysis of isomerization of
sugar phosphates proceeds by a proton-transfer mech&midm,
while catalysis of isomerization of sugars proceeds with hydride
transfert3-16 presents an interesting test for this corollary. The
existence of enzymes that catalyze aldelsetose isomeriza-
tion by distinct proton and hydride transfer mechanisms

free anion from acetate buffers and results in a decrease in the buffer
ratio [AcO])/[AcOD] and a decrease in solution pD upon the addition
of Zn?*. A value of Kss = 7 M~ for formation of the AcO-Zn?"
complex in DO at 25°C and!l = 1.0 (KCIl) was determined by
assuming that the concentration of this complex is equal tdé¢eecase
in [AcO™] calculated from the decrease in the pD of acetate buffers
upon addition of Z#".2° This is similar toKas = 7.9 M~ under the
same conditions in pD.2°

Solutions of glyceraldehyde and dihydroxyacetone (6036 M,
I = 0.1 or 1.0, KCI) were prepared and allowed to stand at room
temperature for at least 1 day before use, or until only the monomeric

suggests that these two reactions proceed with similar ease irsubstrates were detected By NMR spectroscopy’H NMR analysis

water.

We have reported in preliminary form the results of studies
on the aldoseketose isomerization reaction pfL-glyceralde-
hyde in dilute aqueous alkaii.We report here the full details
of this earlier work, together with the results of additional

showed that 0.15% dihydroxyacetone was present as a contaminant in
our commercial sample af,L-glyceraldehyde.

IH NMR Analyses. *H NMR spectra were generally recorded at
500 MHz in D,O at 25°C on a Varian Unity Inova 500 spectrometer.
In some experiments to monitor deuterium incorporation into dihy-
droxyacetonéH NMR spectra were recorded at 400 MHz in@at

experiments which show that there are several pathways for25°C on a Varian Unity Inova 400 spectrometer. Relaxation times for
specific base, general base and metal ion catalysis of isomer-protons of the free carbonyl and hydrated forms of glyceraldehyde and

ization of glyceraldehyde with proton and hydride transfer and

dihydroxyacetone were determined & = 4—6 s using 10 mM

that the observed reaction in water depends on the relativesolutions of substrate &t= 1.0 (KCI). *H NMR spectra were recorded

concentrations of these catalytic reagents.

Experimental Section

Materials. Deuterium oxide (99.9% D) and deuterium chloride (35%
wiw, 99.5% D) were purchased from Cambridge Isotope Laboratories,
and KOD (40 wt %, 98% D) was purchased from Aldricho,L-
Glyceraldehyde~+97%) and dihydroxyacetone dimer were purchased
from Sigma and were used without further purification. Potassium

using a spectral width of 5300 Hz, a9pulse anglea 6 sacquisition
time, and a relaxation delay between pulses &4 s. Chemical shifts
are reported relative to HOD at 4.65 ppm. Baselines were subjected to
a first-order drift correction before determination of integrated peak
areas.

The extents of hydration of glyceraldehyde and dihydroxyacetone
in D,O at 25°C (I = 1.0, KCI) were determined to be 95 and 16%,
respectively, by comparison of the integrated areas of appropriate signals
for the free carbonyl and hydrated forms of these substrates. The relative

pyrophosphate, potassium acetate, hexafluoroacetone hydrate, angoncentrations of glyceraldehydéi-dihydroxyacetonet{-DHA) and

pivalic acid were purchased from Aldrich and were used without further
purification. Zinc chloride (99%) was purchased from Baker and was
used without further purification.

General Methods. Solution pD was determined at 2& using an
Orion model 720A pH meter equipped with a Radiometer GK2321C
combination electrode. Values of pD were obtained by adding 0.40 to
the observed reading of the pH meteér.

(7) Casiraghi, G.; Casnati, G.; Sartori, G.; Zanafredi, GJTChem.
Soc., Perkin Trans. 298Q 407-411.

(8) Warnhoff, E. W.; Reynolds-Warnhoff, P.; Wong, M. Y. B.. Am.
Chem. Soc198Q 102 5956-5957.

(9) Watt, I.; Whittleton, S. N.; Whitworth, S. Ml'etrahedronl986 42,
1047-1062.

(10) Gracy, R. W.; Noltman, R. El. Biol. Chem.1968 243, 5410~
5419.

(11) Rieder, S. V.; Rose, I. Al. Biol. Chem.1959 234,1007-1010.

(12) Knowles, J. K.; Albery, W. JAcc. Chem. Red977 10, 105-111.

(13) Allen, K. N.; Lavie, A.; Farber, G.; Glasfeld, A.; Petsko, G.; Ringe,
D. Biochemistry1l994 33, 1481-1487.

(14) Rose, I. A.; O'Connell, E. L.; Mortlock, R. RBiochim. Biophys.
Acta 1969 178,376-379.

(15) Schray, K. J.; Rose, |. MBiochemistry1971 10, 1058-1062.

(16) Bock, K.; Meldal, M.; Meyer, B.; Wiebe, LActa Chem. Scand. B
1983 37,101-108.

(17) Nagorski, R. W.; Richard, J. B. Am. Chem. So&996 118 7432
7433.

(18) Glasoe, P. K.; Long, F. Al. Phys. Chem196Q 64, 188—190.

°H-dihydroxyacetoned-DHA) in mixtures of these compounds were
determined from the integrated areas of the signals for the C-1 proton
of glyceraldehyde hydrate (doubléicy), the protons of thex-CH,
groups of the keto forms dfi-DHA andD-DHA (singlet,Acnz), and

the proton of thex-CHD group of the keto form oD-DHA (triplet,

Achp) Using egs 1, 2, and 3, respectively. These areas were normalized
to give relative total concentrations of glyceraldehydeDHA , and
D-DHA by dividing the observed area of the peak for the C-1 proton
of glyceraldehyde hydrate by the fraction of glyceraldehyde present as
the hydrate form (0.95, eq 1), and by dividing the area of the peak for
thea-CH, protons of the keto form of dihydroxyacetone by the fraction
of DHA present in the keto form (0.84 [1—0.16], egs 2 and 3). The
values ofAchz in eq 2 were corrected for the presence of the small
(0.15%) amount ofH-DHA that was present as a contaminant in
glyceraldehyde at zero time. The ratios of normalized peak areas were
reproducible ta+5%.

Aga = Ac/0.95 (1)
Ay_pra = (Aciz — 2Acyp)/(4*0.84) 2
Ap_pra = Achp/0.84 3

(19) Crugeiras, J., unpublished results.
(20) Smith, R. M.; Martell, A. ECritical Stability ConstantsPlenum
Press: New York, 1989; Vol. 6.
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Kinetic Analyses. All reactions were carried out in @ at 25°C.

Isomerization of Glyceraldehyd&he following procedure was used
to monitor the aldoseketose isomerization reactions of glyceraldehyde
in the presence of KOD. Reactions were initiated by dilution of a 30
mM solution of glyceraldehyde into 10 mL of alkaline® to give a
final substrate concentration of 1.0 mM=€ 0.10, KCI). After a timed
interval the reaction was quenched by adjusting the pD-6 with 1
M DCI, and the solution was concentrated+d mL under reduced
pressure on a rotary evaporator<80 °C. The sample was transferred
to an NMR tube and stored at€. It was shown in control experiments
that no isomerization of glyceraldehyde or incorporation of deuterium

into dihydroxyacetone occurred during the quenching and concentration

of these solutions, or upon storage for up to one month &€.4H

NMR spectra of these samples were generally obtained within one week

of their preparation.

A similar procedure was used for reactions in the presence of 150
mM pyrophosphate buffer at pD 8.4, except the final substrate
concentration was 1.5 mM and the reactions were quenched by adjustin

the pD to 2-3. It was shown in control experiments that no
isomerization of glyceraldehyde or incorporation of deuterium into

dihydroxyacetone occurred during the quenching and concentration of

these solutions or upon storage for 10 h &4 *H NMR spectra of
these samples were obtained within 10 h of their preparation.

The aldose-ketose isomerization reactions of glyceraldehyde in
buffered solutions containing Zh were initiated by dilution of 0.2
mL of a 0.15 M solution of glyceraldehyde to 2.0 mL to give a final

substrate concentration of 15 mM. Half of this solution was transferred

to an NMR tube and was used to monitor the isomerization of
glyceraldehyde byH NMR. The remaining sample was used to monitor
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Figure 1. Dependence of the observed rate constant and the product
distribution for isomerization of glyceraldehyde on the concentration
of deuterioxide in RO at 25°C andl = 0.10 (KCI). @) Observed
first-order rate constant&d,)onsafor isomerization. The solid line shows
the fit of the data to eq 8 derived for the mechanism shown in Scheme

9%, (m) Ratio of the yields of the fully protonated produd¢tDHA and

the monodeuterated produotDHA (Scheme 2).

Results

IH NMR analysis shows that besides dihydroxyacetone, the
major products of reaction of 10 mbtglyceraldehyde in BD
buffered with 50 mM carbonate buffer at pD 10.2 are fructose
and sorbose derived from aldol condensafitnH NMR
analysis of the products of reaction of 10 mM glyceraldehyde
in 0.01-0.10 M KOD in B,O (I = 0.1, KClI) revealed complex

the solution pD. These runs were discontinued if a change in pD of signals that were therefore presumed to be due to the products

>0.05 units was observed.

of bimolecular aldol condensatié& The product yields from

The progress of the isomerization of glyceraldehyde was monitored gldol condensation decreased relative to those from unimolecular

by 'H NMR, and the fraction of glyceraldehyde remaining was

isomerization with decreasing concentration of the glyceralde-

calculated from the normalized integrated areas of the signals due to hyde substrate. Dihydroxyacetone was the sole product detected

the reactant and products (egs3) according to eq 4.

o Ao
CA™ Aga + +
AT Ay pra T Ao pra

The observed first-order rate constarkis)onsa(S™) for isomerization
of glyceraldehyde were determined as the slope of plotsfeflagainst

(4)

time. The reactions were generally monitored during the first 10% of
isomerization, except for reactions in the presence of KOD which were

followed during the first 5% of isomerization.
Deuterium Exchange into Dihydroxyacetoriéne procedures used

by *H NMR during the first 10% of isomerization of 1.5 mM
glyceraldehyde in BO buffered with 150 mM potassium
pyrophosphate at pD 8.4 at 2&, and during the first 5% of
isomerization of 1.0 mM glyceraldehyde in alkaling@([DO~]

= 0.01-0.10 M) at 25°C (I = 0.10, KCI). The importance of
aldol condensation is greatly decreased for reactions of glyc-
eraldehyde in buffered solutions containing?Zrat pD 4.8-

7.6, due to the strong catalysis of isomerization by'Z(see
below). Under these conditions, only isomerization products
were detected byH NMR during the first 10% of reaction of

to follow the deuterium exchange reactions of dihydroxyacetone ([S] 15 mM glyceraldehyde at 25C (I = 1.0, KCI).

=1 mM) in the presence of 0.01 M KOD €& 0.10, KCI) or 150 mM

pyrophosphate buffer at pD 8.4 were identical to those used to monitor
isomerization of glyceraldehyde under the same reaction conditions.

Figure 1 @) shows the dependence of the observed rate
constant Kiso)onsd (S™1) for isomerization of glyceraldehyde on

The progress of the deuterium exchange reaction was monitored byth€ concentration of deuterioxide ion in@at 25°C (I = 0.1,

H NMR. Values ofR, which is a measure of the reaction progress,
were calculated according to eq 5

_ Achz
R At Ao ®)
INR=— kost (6)

whereAch; is the integrated area of the singlet due todh€H, groups
of H-DHA andD-DHA, andAcwp is the integrated area of the triplet
due to thea-CHD group of D-DHA. The reactions were generally
followed during exchange of t8B0% of the first proton of each-CH,
group of the substrate. Semilogarithmic plots of reaction progfss,

KCI), determined by monitoring the formation of dihydroxy-
acetone by*H NMR. A value of Kiso)obsda = 1.6 x 1075 s71
was determined for isomerization of glyceraldehyde in the
presence of 150 mM potassium pyrophosphate i@ @t pD
8.4 and 25°C.

IH NMR analyses of the products of isomerization of
glyceraldehyde to give dihydroxyacetone in@ showed a
singlet at~4.4 ppm due to the:-CH, groups ofH-DHA and
D-DHA with areaAchp, and a triplet shifted 0.024 ppm upfield
from this singlet due to the-CHD group ofD-DHA with area
Achp (Scheme 2% Figure 2 @) shows that there is a decrease
in Acr2/Acrp determined for the isomerization of glyceraldehyde

against time according to eq 6 were linear with negative slopes equal in the presence of 0.01 M KOD at 2& (I = 0.1, KCI) with

to Kobss Wherekopsa (S72) is the rate constant for exchange osiagle
o-proton of dihydroxyacetor@:22The values ok.psawere reproducible
to £10%.

(21) Tobin, J. B.; Frey, P. AJ. Am. Chem. Sod996 118 12253~
12260.

(22) Halkides, C. J.; Frey, P. A.; Tobin, J. B. Am. Chem. S0d.993
115 3332-3333.

increasing extent of its conversion to dihydroxyacetone. The
ratio (Acn2/Achp)o = 4.5 + 0.5 for theinitial products of the

(23) (a) Amyes, T. L., unpublished results. (b) Gutsche, C. D.; Redmore,
D.; Buriks, R. S.; Nowotny, K.; Grassner, H.; Armbruster, C. WAm.
Chem. Soc1967, 89, 1235-1245.

(24) RepresentativiH NMR spectra of mixtures dfi-DHA andD-DHA
were shown in Figure 1 of the preliminary report of this work [ref 17].
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Scheme 2
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Figure 2. The change in the ratio of the integrated arBas,/Acnp of

the 'H NMR signals for thea-CH, and a-CHD groups of the
dihydroxyacetone products with increasing extent of isomerization of
glyceraldehyde in BD at 25°C. (®) Isomerization in the presence of
0.01 M KOD ( = 0.10, KCI). @) Isomerization in the presence of
150 mM potassium pyrophosphate buffer at pD 8ad.lI6omerization

in the presence of 0.15 M acetate buffer and 115 mM¥™zt pD 5.7

(I = 1.0, KCI).

isomerization reaction in 0.01 M KOD was determined by
making a short linear extrapolation of the data to zero time.
Figure 2 @) shows that the change from 0.01 M KOD to 150
mM potassium pyrophosphate buffer at pD 8.4 results in a
significant decrease tcn/Achp ~ 2 that is essentially constant
with time 24

The ratio of the yields oH-DHA andD-DHA (Scheme 2)
were calculated from the limiting peak ratidu2/Acrb)o USING
eq 7 (cf. egs 2 and 3). Values dfijDHA]/[D-DHA] = 0.63
+ 0.1 and H-DHA]/[D-DHA] ~ 0 were determined for
isomerization of glyceraldehyde in the presence of 0.01 M KOD
and 150 mM potassium pyrophosphate buffer at pD 8.4,
respectively. Figure 1m) shows that the values oHfDHA]/
[D-DHA] for isomerization of glyceraldehyde in alkaline®,

J. Am. Chem. Soc., Vol. 123, No. 5, Z0@d

from dihydroxyacetone due to base-catalyzed exchange with
deuterium from solventki,, Scheme 2). Observed first-order
rate constants for deuterium exchange into dihydroxyacetone
were determined in control experiments in which exchange of
the first proton of thex-CH, groups of dihydroxyacetone was
monitored by!H NMR spectroscopy. Deuterium exchange
results in decay of the singlet at4.39 ppm due to the-CH,
groups ofH-DHA , and appearance of an upfield triplet-a4.37

ppm due to thea-CHD group of D-DHA, in which the
remainingo-proton is coupled to the--deuterium {qp ~ 2
Hz).25-27 Values ofR, a measure of the progress of deuterium
exchange, were calculated from the integrated areas of the
signals due to the:-CH, and o-CHD groups of substrate and
product according to eq 5, and rate constagtsq (s™1) for
exchange of asingle o-proton of dihydroxyacetone were
determined according to eg?622 The reaction oH-DHA to

give monodeuterated produdtDHA occurs at four times the
rate of exchange of a single proton ldiDHA, so thatkex =
4kopsa Wherekey (s71) is the first-order rate constant for exchange
of the first a-proton of dihydroxyacetone.

Values ofkex = 1.7 x 1073 and 2.7 x 107> st were
determined for the deuterium exchange reaction of dihydroxy-
acetone in the presence of 0.01 M KOD= 0.1, KCI) and
150 mM potassium pyrophosphate buffer at pD 8.4 yOat
25 °C, respectively. These rate constants are 4.5-fold and 1.7-
fold larger than the rate constanksd)onsa(s™2) for isomerization
of glyceraldehyde under the same reaction conditions. These
data show that the rate constant for deuterium exchange into
H-DHA in 0.01 M KOD is too small to account for the observed
formation of D-DHA from glyceraldehyde during the early
stages of isomerization (Scheme 2). For example, under these
reaction conditions only 4% dfl-DHA undergoes deuterium
exchange to giv®-DHA during the time required for isomer-
ization of 1% of glyceraldehyde, but the yield@fDHA during
the first 1% of isomerization of glyceraldehyde~$0% ([H-
DHA]/[D-DHA] = 0.63, see above).

Figure 3 shows the dependence kfJobsd (s71) for isomer-
ization of glyceraldehyde on the concentration of addediZn
in weakly buffered solutions ([buffeg] = 40 mM) in D,O at
25°C andl = 1.0 (KCI). The data are given in Table S1 of the
Supporting InformationtH NMR analyses showed thieitDHA
is the sole product of isomerization of glyceraldehyde under
these conditions, so that isomerization in the presence of metal
ions and low concentrations of buffer occurs essentially
exclusively with intramolecular transfer of hydride. The slopes
of the linear correlations of the data in Figure 3 were multiplied
by (1 + Khnydrad, whereKnyarare= 19 is the equilibrium constant
for hydration of the reactive carbonyl form of glyceraldehyde
(see Experimental Section), to give apparent second-order rate
constants Kzn)nya (M~ s71) for Zn?*-catalyzed isomerization
of glyceraldehyde with intramolecular transfer of hydride. Figure
4 shows the pD-rate profile of the values & {)nyg (M~1 s71)
that were determined from the data in Figure 3 and Table

determined by extrapolation of product data to zero time, remain S1.

essentially constant in the presence of increasing {O0@the
range 0.010.10 M ( = 0.1, KCI), with an average value of
[H-DHA]/[D-DHA] = 0.66 + 0.1.

[H-DHA] _ (ACHZ)O - (ZACHD)O
[D-DHA] 4(Acrplo

The decrease iAch/Achp for isomerization of glyceralde-
hyde in the presence of 0.01 M KOD with increasing reaction
time (Figure 2,®) shows that there is washout of hydrogen

()

Table 1 gives the values oki)opnsd (S1) for isomerization
of glyceraldehyde in the presence of 0.15 and 0.31 M acetate
buffer at pD 5.7 and 8150 mM added Z#" in D,O at 25°C
andl = 1.0 (KCI). 'H NMR analysis showed that isomerization

(25) (&) Amyes, T. L.; Richard, J. B. Am. Chem. S0d.992 114 4,
1029710302. (b) Amyes, T. L.; Richard, J. B. Am. Chem. S0d.996
118 3129-3141.

(26) Richard, J. P.; Williams, G.; Gao,J.Am. Chem. S0d.999 121,
715-726.

(27) Richard, J. P.; Nagorski, R. W. Am. Chem. So&999 121, 4763~
4770.
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Figure 3. Dependence of the observed first-order rate conskap)bisq
for isomerization of glyceraldehyde with intramolecular hydride transfer
on the total concentration of addedZrat 25°C andl = 1.0 (KCI).

0.08 0.10

(m) Reactions in the presence of 40 mM hexafluoroacetone hydrate

buffer at pD 7.6. @) Reactions in the presence of 40 mM hexafluo-
roacetone hydrate buffer at pD 6.9)(Reactions in the presence of
40 mM pivalate buffer at pD 6.44) Reactions in the presence of 40
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Discussion

Reaction Pathways for Isomerization of Glyceraldehyde
in Alkaline Solution. Figure 1 @) shows that the observed
first-order rate constantsi{o)obsd for isomerization of glycer-
aldehyde in alkaline BD at 25°C (I = 0.1, KClI) increase with
increasing [DO] to a limiting value of~1073 s™1. These data
show that there is specific base catalysis of isomerization of
glyceraldehyde by DO. We attribute the downward curvature
at high pD to ionization of an O-1 hydroxyl of glyceraldehyde
hydrate (the predominant specié&ydrate = 19) to form the
hydrate oxyanion )01, Scheme 3), which, like the hydrate,
is unreactive toward isomerization. A similar leveling off at high
pH has been observed in the pH-rate profile for the elimination
reaction of glyceraldehyde 3-phosphate, which proceeds by rate-
limiting deprotonation of the substrate at C-The solid line
in Figure 1 shows the nonlinear least-squares fit of the data to
eq 8, derived for the mechanism in Scheme 3, which giies
= Ku/(Kg)or = 0.02 M, andkpo = 1.4 M~1 s71 as the overall

mM acetate buffer at pD 5.7. The slopes of the linear correlations of second-order rate constant for D@atalyzed isomerization of

the data were multiplied by (* Knyarad = 20 to give the apparent
second-order rate constantkzfnyg (M™! s71) for Zn?*-catalyzed
isomerization of glyceraldehyde with hydride transfer.

2

31

10g (ky g M7 s
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Figure 4. pD-rate profile of the apparent second-order rate constants

(kzn)hya (M~ s71) for Zn?*-catalyzed isomerization of glyceraldehyde
with intramolecular hydride transfer in,D at 25°C andl = 1.0 (KCI).

(®) Second-order rate constants determined for reactions in solutions

buffered with 40 mM acetatel) Second-order rate constant determined
for reaction in solution buffered with 40 mM pivalate®) Second-

order rate constants determined for reactions in solutions buffered with

glyceraldehyd@ga

kpo[DO ']
1+ Kiyarate(1 T {(Kor[DO TK,})

(kiso)obsd = (8)

Figure 1 @) shows that the ratio of product yieldd{DHA]/
[D-DHA] from isomerization of glyceraldehyde in alkaline®
at 25°C andl = 0.1 (KCI) is independent of [DQ in the
range 0.0%0.10 M. These data require that the first-order rate
constants for isomerization by the competing proton and hydride
transfer pathways have a similar dependence o 2@d show
similar decreases upon ionization of the hydrate at high pD
(Scheme 3). Values okfo)prot = 0.8 Mt st and kpo)nyd =
0.6 M~1s™1for DO -catalyzed isomerization of glyceraldehyde
with proton transfer and intramolecular transfer of hydride ion
(Scheme 3) were calculated from the average product ratio
[H-DHA]/[D-DHA] = 0.66 and the relationshipo = (kpo)prot
+ (kpo)hya = 1.4 ML 571,

The formation of D-DHA occurs by deprotonation of
glyceraldehyde by DO [(kpo)pror Scheme 4)], fast dilution of
HOD in D20 (kreorg, @and slower protonation of the enolate by
D,0 (kpop)- The following are consistent with the conclusion
that the rate constants for isomerization of glyceraldehyde by
the proton-transfer pathway to giZleDHA are essentially equal

40 mM hexafluoroacetone hydrate. The solid line has a slope of 1.0 t0 the rate constants for deprotonation of this substrate at C-2

and shows the fit to eq 9 which givekr)ya = 1.9 x 10* M2 st as
the third-order rate constant for isomerization of glyceraldehyde with
hydride transfer catalyzed by both D@nd Z#* (Scheme 6A).

of glyceraldehyde in the absence of added*Zmat these
relatively high buffer concentrations giv€sDHA as the sole
product. However, in the presence of both acetate ion add Zn
mixtures ofH-DHA andD-DHA are obtained as the products
of isomerization. Figure 2&) shows the decrease Atp/AcHp
with increasing reaction time for the dihydroxyacetone product
of isomerization of glyceraldehyde in the presence of 0.15 M
acetate buffer at pD 5.7 and 115 mM addedZrA value of
(Ach2AcHp)o = 6.4 £ 0.5 was determined from a linear

to give the enediolate.

(1) Formation of the enediolate from deprotonation of
glyceraldehyde by DOis expected to be essentially irreversible,
since the closely related intermediate generated by deprotonation
of glyceraldehyde 3-phosphate partitions preferentially to di-
hydroxyacetone phosphat&his reflects the marked thermo-
dynamic driving force for this aldoseketose isomerization
reaction?8® This is consistent with our failure to detect

(28) (a) The value oK, = 0.02 M can be combined witki,, = 101487
M2 for the ionization constant of £ at 25°C [Covington, A. K.; Robinson,
R. A.; Bates, R. GJ. Phys. Cheml966 70, 3820-3824] to give (Ks)o1
= 13.2 for ionization of an O-1 hydroxyl of glyceraldehyde hydrate 0D
By comparison K, = 13 was determined for ionization of an O-1 hydroxyl

extrapolation of the product data to zero time, which was used of the hydrate of glyceraldehyde 3-phosphate j©Hrom the position of

to calculate the product ratitdfDHA]/[D-DHA] = 1.1+ 0.1
(eq 7). Table 1 gives the values dfi{DHA]/[D-DHA] for

the downward break at high pH in the pH-rate profile for deprotonation to
form the enediolate phosphate [ref 4]. (b) A valuekaf, = 22 has been
determined as the overall equilibrium constant for interconversion of

isomerization of glyceraldehyde in the presence of 0.15 and glyceraldehyde 3-phosphate and dihydroxyacetone phosphate [Veech, R.

0.31 M acetate buffer at pD 5.7 and-050 mM added Z#"
in D,O at 25°C andl = 1.0 (KCI) determined by this pro-
cedure.

L.; Raijman, L.; Dalziel, K.; Krebs, H. ABiochem. J1969 115 837—

842]. Triosephosphate isomerase catalyzes the conversior0% of
p-glyceraldehyde to dihydroxyacetone, so tKag > 10 for this reaction
[Amyes, T. L., unpublished results].
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Table 1. Rate Constants and Product Ratios for Isomerization of Glyceraldehyde To Give Dihydroxyacetone in the Presence of Acetate
Buffers and Added Z4t at pD 5.7 in DO?

[bUffer]tot [Zn2+]tot (kiso)obsc(lo_8 [H‘DHA ]/ (kiso)prcot/lo_8 (kiso)hyd/lo_8 (an)prot (an)hyd .
Wk (e &R [D-DHAJ" 5 > sty sy
0.15 0.000 26 0 26 0

0.038 63 0.94 32 3.0

0.076 106 1.03 52 5.4 ; ]
0.115 141 110 6.7 7.4 1.0x10° 14x10°

0.153 218 1.03 10.8 111

031 0.000 6.8 0 6.8 0

0.038 13.4 0.24 10.8 2.6

0.076 1856 0.48 126 6.0 ; ]
0.114 26.3 0.48 17.8 85 20x10° 16x10°

0.152 35.1 0.56 225 126

aAt 25 °C andl = 1.0 (KCI). ? Total concentration of acetate buffer at pD 5. Total concentration of 1 added as ZnGl @ Observed first-
order rate constant for isomerization of glyceraldehyde determined by monitoring the appearance of dihydroxyaceétdiglRy ¢ The ratio of
the yields ofH-DHA andD-DHA determined byH NMR (Scheme 2)! Rate constant for isomerization of glyceraldehyde with proton transfer to
give D-DHA calculated from Kso)obsa @nd the fractional yield oD-DHA using eq 109 Rate constant for isomerization of glyceraldehyde with
hydride transfer to givél-DHA calculated fromKiso)onsa@nd the fractional yield ofi-DHA using eq 11" Apparent second-order rate constant for
Zr?*t-catalyzed isomerization of glyceraldehyde with proton transfer determined from the slope of the BiQ).ef &gainst [ZA'] and Knydrae =
19 (see text): Apparent second-order rate constant fo?*Zoatalyzed isomerization of glyceraldehyde with hydride transfer determined from the
slope of the plot of Kiso)nya against [ZA*] and Knyarae = 19 (See text).

Scheme 3 The formation ofH-DHA must occur by direct intramolecular
op op " o transfer of hydrogen as hydride ion. The alternative stepwise
o DVERdory_| op ViKnydra® Yo proton-transfer mechanism through a carbanion reaction inter-
I HjEOD mediate has been observed for related base-catalyzed reactions
L_on l—op T—OD in organic solvents such &srt-butyl alcohol, where the lifetime
(ool DO") + of ion pair or ion dipole intermediates is_ sufficiently long to
((kDO)“Yd+(kT)hyd[Z"2+])[DV &r K02 1) B] allow for aconducted tournf a proton derived from substrate
between basic sites at the reaction intermeditélowever,
o o the conducted tour reaction mechanism is less likely to occur
DOWOD o . oo for reactions in aqueous_solvent_s, where ion pair and ion o_llpole
2 < intermediates of organic reactions undergo fast diffusional
HoH H H o H H OH separation to free specié®.It is not a viable mechanism for
H-DHA D-DHA isomerization of glyceraldehyde with intramolecular transfer of

hydrogen (Scheme 4), because the enediolate intermediate of
this reaction undergoes relatively slow protonation to form
o >80S< dihydroxyacetonekboy < 1P s71, Scheme 4§°¢ Therefore,
DO _~~_2 0D
3 H

H 0 - H
T G0 DOHHjE - DOHL Foon N the molecule of DOH that forms by deprotonation of glycer-
R 0 P o™ op HOoH o aldehyde by DO will undergo dilution with solvent (30) much

bo 5P . . H-DHA faster than protonation by DOH to forht-DHA . This dilution
l El ° may occur by reorganization of DOH within the solvation shell
H O N e e that surrounds the reaction intermediatofg ~ 10! s71,
DODL = DO?L T o W Scheme 4§% or by somewhat slower diffusional separation to
pen e o D-DHA free speciesky ~ 100 s71),30b
Isomerization of glyceraldehyde with hydride transfer is
formally specific-base-catalyzed because ionization of the C-2
hydroxyl group to give the C-2 oxyanion greatly increases the
rate and driving force for intramolecular transfer of hydride ion
to C-157-9 This reflects the greater stability of the neutral C-2

Scheme 4

significant incorporation of deuterium into unreacted glyceral-

dehyde during the course of isomerization in alkalingDor

in the presence of 150 mM pyrophosphate buffer at p0?8.4.
(2) The value of kpo)prot = 0.8 M1 571 for DO~ -catalyzed

isomerization of glyceraldehyde to giie-DHA at 25°C is

similar to Kuo)prot = 5.6 M1 s71 determined for deprotonation (30) (a) Ford, W. T.; Cram, D. J. Am. Chem. Sod.968 90, 2606~
of glyceraldehyde 3-phosphate by H@t the higher temperature ~ 2611. Jaeger, D. A,; Broadhurst, M. D.; Cram, D.JJAm. Chem. Soc.
of 39 °C 4 1979 101, 717-732. (b) Richard, J. P.; Tsugi, ¥. Am. Chem. So200Q

. . . 122,3963-3964. Richard, J. P.; Jencks, W. R.Am. Chem. S0d.984
(3) Isomerization of glyceraldehyde in,D in the presence 106 1373-1383. (c) A value okuon = 5 x 10° s has been determined

of 150 mM potassium pyrophosphate buffer at pD 8.4 occurs for protonation of the enolate of acetone by the bulk solvent water [Chiang,

; i _ Y.; Kresge, A. J.; Tang, Y. S.; Wirz, J. Am. Chem. S04984 106, 460—
essentially exclusively by a proton-transfer pathway to form 462]. The rate constant for reaction of a single proton of a molecule of

D-DHA (Acrz/Achp ~ 2, Figure 2). We attribute the increase  gqyent will be smaller than this and will depend on the number of reactive
in the rate of isomerization with proton transfer over that with water molecules that surround the enolate. Similar rate constants are
hydride transfer under these conditions to classic Brgnstedexpected for protonation of the enolates of acetone and dihydroxyacetone

; : because similar rate constants have been determined for base-catalyzed
general base catalysis of deprotonation of C-2 of glyceraldehyde. deprotonation of the Ckiand CHOMe groups of methoxyacetone [Hine,

This reaction has been extensively characterized in an earlier].; Hampton, K. G.; Menon, B. Cl. Am. Chem. Sod 967, 89, 2664

study of the reactions of glyceraldehyde 3-phosphate. 2668] and of the Ckland CHOH groups of hydroxyacetone [Crugeiras,

J., unpublished results]. (d) This corresponds to the rate constant for the
(29) We did not follow these isomerization reactions for extended times dielectric relaxation of water [Giese, K.; Kaatze, U.; Pottel,JRPhys.

because of competing aldol condensation, and this limited our ability to Chem.197Q 74, 3718-3725. Kaatze, UJ. Chem. Eng. Datd 989 34,

detect any deuterium exchange that may occur into unreacted glyceralde-371-374. Kaatze, U.; Pottel, R.; Schumacher JAPhys. Chenil992 96,

hyde. 6017-6020].
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Scheme 5 Scheme 6
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carbonyl group formed from reaction of the C-2 oxyanion than

of the protonated ketone formed from reaction of the neutral ¢ the catalytic reactivity of Zt increases with increasing
alcohol (Scheme 5). We prefer a stepwise mechanism for (51 This provides strong evidence that the C-2 oxyanion of
isomerization with hydride transfer through the C-2 oxyanion gvceraldehyde is the reactive species in both the “solvent” and
intermediate over a concerted mechanism in which proton ihe 72+ catalyzed isomerization of glyceraldehyde with hydride
transfer from the C-2 hydroxyl to DOand intramolecular  yansfer. The solid line in Figure 4 has a slope of 1.0 and shows

transfer of hydride ion occur in a single step because: (a) OUr e fit of the data to eq 9 derived for Scheme 3
data show that there is a substantial chemical barrier to

conversion of the C-2 oxyanion of glyceraldehyde to the C-1 (SN

oxyanion of dihydroxyacetone in wat&rTherefore, the con- log (kz)nyg = l0g (0—7”9) + pD (9)
certed mechanism for this reaction cannotelpdorcedby the )

absence of a significant lifetime of the intermediate in wédet! whereK,, = 101487 M2 s the ionization constant of {0 at 25

(b) There is no obvious advantage o the coupling of deproto- o282 ang 0.79 is the apparent activity coefficient of lyoxide
nation of the C-2 hydroxyl by DOto hydride transfer in a o ynder our reaction conditiof#& The fit gives kr)nya= 1.9
concerted reaction mechanishn. x 10* M~2 s~ for isomerization of glyceraldehyde with formal

Catalysis of Isomerization with Hydride 'I_'ransfe_r. F_igure catalysis by both DO and Zr#+ (Scheme 3), and shows that
3 shows the dependence df{)onsq (S™*) for isomerization of there is no significant pD-independent term for the?Zn

glyceraldehyde on the concentration of addedZat constant  .441v76d reaction. The only reasonable role of zinc in catalysis
pD in the presence of low concentrations (40 mM) of buffers ot this reaction is to provide stabilization of formal negative

in D20 at 25°C (I = 1.0, KCI). The values ofKso)asa for charge at O-1 and O-2 in the transition state for hydride transfer
these reactions agt least30-fold larger than the rate constants (Scheme 6A).

for DO~ -catalyzed isomerization at these pDs calculated using Catalysis of Isomerization with Proton Transfer. The Zr?*-

eq 8. The formation ofH-DHA as the sole product of = catay7ed isomerization of glyceraldehyde in 40 mM acetate
isomerization shows that theseZrcatalyzed reactions proceed buffer at pD 5.7 proceeds exclusively with hydride transfer
essentially exclusively by intramolecular transfer of hydride ion. (Figure 3). However, competitive isomerization with proton
Metal ion catalysis of related hydride transfer reactions in yangfer to formD-DHA is observed for reactions in the presence
organic so|_vent§v,7—9 and of isomerization of mannose 6-phos- ¢ 72+ 5 higher concentrations of acetate buffer at pD 5.7
phate to give fructose 6-phosphate in water catalyzed by 33 (Table 1). Table 1 gives the values &&{protand Kiso)nya (S L,

mM zinc acetate at pH 6.0 and 5@: have begn rep'ortéﬂ. Scheme 2) for isomerization with proton transfer and hydride
The mechanism for the latter reaction was not investigated, bUttransfer that were calculated from the values ka,)obss and

the data reported here suggest that this occurs with intramo-iq fractional yields 0D-DHA (fo_ona) andH-DHA (fu—pha)
lecular transfer of hydride. T using egs 10 and 11, respectively. The slopes of linear
The plots of k‘SO)ObSd"’,‘ga'nSt [Z,ﬁ lter in Figure 3 (data from correlations of Kiso)prot and Kiso)nya 2gainst [ZA ]t (N0t shown)
Table S_l) are approm_me_ttely linear, and the slopes qf these are multiplied by (14 Knyara) = 20 to give the apparent
correlations were multiplied by (¥ Khydaratd = 20 to give second-order rate constanksJprot (M~ 572 and Kzn)nyg (M2

(kzn)ya (M~* ™), the apparent second-order rate constants for o1y tor zinc-catalyzed isomerization of glyceraldehyde with
the zinc-catalyzed isomerization of glyceraldehyde with hydride proton and hydride transfer listed in Table 1.

transfer. The negativg-intercepts observed for three of these
correlations are discussed below. Figure 4 shows the linear (Ko oror— Kso)opsalo—-DHA (10)
logarithmic plot of kzn)hya (M~ s7%) against pD, which shows prot=

(31) A value ofknyg ~ 0.1 s°* for unimolecular conversion of the C-2 (kiso)hyd= (kiso)obsde—DHA (11)
oxyanion of glyceraldehyde to the C-1 oxyanion of dihydroxyacetone by
intramolecular hydride transfer can be estimated from the relatiohsip The values Oﬂ(Zn)hyd reported in Table 1 are not significantly

= (kpo)nydKw/(Ka)oz using values oK, = 1071487 [ref 28a], koo)hyd = . - 5 M1 e 1 !
0.6 M1 571 and Kgoz ~ 10714 M for ionization of the O-2 hydroxyl of different from kzn)hya = 1.7 x 107> M~ s7* determined for

glyceraldehyde. The latter acidity constant was estimated by assuming thatZn?"-catalyzed isomerization in the presence of 40 mM acetate
the addition of a hydroxymethyl group WI_|| lower th&pof ]._4.8 for the_ buffer at the same pD (Figure 3) By contrast, the values of
hydroxyl group of glycolaldehyde by 1 unit [Jencks, W. P.; Regenstein, (Kzn)prot for Zn2+-catalyzed isomerization with proton transfer

J. In Handbook of Biochemistry and Molecular Biology, Physical and } = : .
Chemical Data3rd ed.: Fasman, G. D., Ed.;: CRC Press: Cleveland, OH, increase with increasing concentrations of acetate buffer (Table

1976; Vol. 1, pp 305351]. 1). This shows that there is a termolecular pathway for catalysis
(32) Jencks, W. PAcc. Chem. Red.976 9, 425-432. of deprotonation of glyceraldehyde by the combined action of
(33) Jencks, W. PAcc. Chem. Red.98Q 13, 161-169. AcO- and Zr#+ | A val f =1 x 104 M-2
(34) Jencks, W. PChem. Soc. Re 1981, 10, 345-375. cO™ an catalysts. A value ofkr)pror = 1 x

(35) Dewar, M. J. SJ. Am. Chem. S0d.984 106, 209-219. s1 for the third-order rate constant for this reaction (Scheme
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The electrophilic reactivity of the AcOZn2" complex is
expected to be lower than that of freeZZnhowever, our data
do not provide strong evidence for a large difference in the
electrophilic reactivity of these species. The negafigtercepts
observed for three of the plots in Figure 3 are consistent with
upward curvature for reactions in the presence of high concen-
trations of Z@*. The fraction of added zinc present in the
[putatively] more reactive free form increases with increasing
[Zn?"]io, and it is possible that this may be reflected by an
increase in the slopes of the correlations in Figure 3 at high
[Zn?Mior. By contrast, the observation that the effectiveness of
zinc as a catalyst of isomerization with hydride transfer does
, . , not depend strongly on the total concentration of buffiestyd,
0.00 0.01 0.02 0.03 Table 1) is consistent with similar electrophilic reactivities of
(2] [AcO//M? _free_ Zret {and the AcO-Zn2+ complex in catalysis of isomer-
tot ization with hydride transferln any eent, the true rate
Figure 5. Dependence of the increase in the first-order rate constant constants for isomerization catalyzed by free zinc cannot be
for isomerization of glyceraldehyde with proton transfefsfforot — more than 2.5 times as large as the apparent rate constants

gkiso)o] on the D_VOdU% of ;\heo‘fof‘ceDméaﬁoggog tIOt_a'l"’(‘)dd}fngWd reported here, because in all cased0% of the total zinc was
ree acetate anion [ZN]{ACO"] in DO at (1=10,KCl)(see  ,oqant as the free form in solution.

text). The slope of the linear correlation of the data was multiplied by . L .
(1 + Knyara) = 20 0 give kipror = 1 x 1074 M2 51 as the third- The results of a theoretical examination of the mechanism

order rate constant for isomerization of glyceraldehyde with proton Of aldose-ketose isomerization show that the proton-transfer
transfer catalyzed by the combined action of acetate and zinc ions pathway is favored for the gas-phase reaction in the absence of

ny
[«
T

—_
4]

4]

g -1
[(kiso)prot_ (kiso)o]/l() 8
=

o
Py

(Scheme 6B). metal ion but that the hydride transfer pathway becomes favored
) for reaction in the presence of a metal frOur results show
3) was determined from the slope of the plot oot — that the aldoseketose isomerization reaction catalyzed by'Zn

(Kiso)o] against [Zi]i{ACO"] shown in Figure 5 where (2) s substantially faster than the proton-transfer reaction catalyzed
(Kiso)o Is the first-order rate constant for isomerization in the py hydroxide ion alone but that 2hprovides effective catalysis
absence of added Zf (b) [Zn*']it is the total concentration o jsomerization with both proton and hydride transfer.

of added ZA", and (c) [AcO] is the concentration of free Zn?* catalysis of hydride transfer is expected to be stronger

acetate anion cglculated from _[bgff@g] the solution p?{ Ka than Zri#* catalysis of proton transfer, because the metal dication
=51 for lonization of aceztlc acid in D, andKq;= 7 M~ for . interacts with a full negative charge at the transition state for
formation of the AcO-Zn complex2(+eq 12). This analysis the former reaction (Scheme 6A) but with only a partial negative
assumes _that free_Z_h_and_the ACO'Z_” complex _hav_e equal charge at the reacting carbon acid in the transition state for the
electrophilic reactivities in catalysis of isomerization (see latter reaction (Scheme 6B). However, our results suggest that
below). the difference in the stabilization of these transition states by
K interaction with the metal ion is not large.
AcO™ + zZn** ==AcO ™ -zn*" (12)
The termolecular pathway for deprotonation of glyceralde- Summary of Chemical Studies
hyde catalyzed by the combined action of zinc and acetate ions Our data show that the past uncertainty in the mechanism of
is analogous to buffer catalysis of deprotonation of acetone andnonenzymatic aldoseketose isomerization is a consequence of
other carbon acids by the combined action of the acidic and the following diversity of mechanistic pathways for these
basic forms of buffer catalys#§,or to acetic acid-catalyzed reactions.
deprotonation of acetone which proceeds by protonation of the (1) Solvent-catalyzed isomerization of glyceraldehyde with
carbonyl group followed by carbon-deprotonation by acetate proton and hydride transfer in dilute aqueous alkali ([KGBD]
ion# The buffer acid, proton, and metal ion serve similar 0.01-0.10 M) occur at similar rates (Figure 1). The similarity
functions in these termolecular reactions in stabilization of of rates in this solvent is fortuitous, and the hydride transfer
negative charge at the carbonyl oxygen that develops in thereaction is dominant in organic solvefits:®
transition state for proton transfer (Scheme 6B). (2) The relatively large barriers to isomerization with proton

Reactive Forms of Zr#*. Under our reaction conditions 2h and hydride transfer can each be lowered by the addition of
exists as a mixture of the hydrated cation and the mono addUCtappropriate catalytic reagents.

with acetate anion AcOZn?". Because of the difficulty of
monitoring these reactions Bi# NMR and the complexity of
the required kinetic analyses we have not attempted to system
atically evaluate the relative electrophilic reactivity of the two

. M - . o at neutral pH.
different forms of zinc in catalysis of isomerization of glycer-

. ; 4) Zré* provides effective electrophilic catalysis of isomer-
aldehyde with proton and hydride transfer. Rather, the data were. (. . : : .
evalugted to (E)btairapparer)(tsecond-order rate constarks, ization with hydride transfer (Figure 3 and Scheme 6A). This

and third-order rate constarks which characterize theulk is the only reaction detected at neutral pH in the presence of

reactivity of the ZA" present in solution in catalysis of low concentrations of butfer~40 mM),' and it is e.ss'entlally .
isomerization the only pathway observed for metal ion catalysis in organic

solvents> 79

(3) Brgnsted bases provide effective catalysis of isomerization
of glyceraldehyde by rate-determining deprotonation at C-2; this
‘will normally be the only reaction detected in buffered solution

(36) Hegarty, A. F.; Dowling, J. P.; Eustace, S. J.; McGarraghy,JM.
Am. Chem. Sod 998 120, 2290-2296. Hegarty, A. F.; Jencks, W. P. (37) Zheng, Y.-J.; Merz, K. M., Jr.; Farber, ®Grotein Eng.1993 6,
Am. Chem. Sod975 97, 7188-7189. 479-484.
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(5) The ratio kr)nyd/(kno)hyd = 3 x 10* M~ shows that 1 M perfection in catalysis of isomerization with proton trangfei
Zn?* results in a 30000-fold acceleration of tepontaneous  while the smaller binding energy that is available to stabilize
isomerization of glyceraldehyde with hydride transfer. This enzyme complexes with simple sugansistlimit the effective-
correspondsa a 6 kcal/mol stabilization of the transition state ness of catalysis of their chemical reactions.
for hydride transfer by Z#t. At least one sugar isomerase has evolved two metal ion

(6) Termolecular Z#t-catalyzed isomerization with proton-  binding sitesi®4! This suggests that the focus for transition-
transfer becomes competitive with the hydride transfer pathway state stabilization is the development of strong Columbic
for isomerization in the presence of high concentrations éf Zn interactions between the sugar oxyanion and enzyme-bound
and the Brgnsted base acetate ion (Table 1 and Figure 5). Thignetal cations. The low catalytic activity for sugar isomerases
is due to electrophilic assistance by ZZnof general-base-  (kealKm ~ 10° M~ s7%)*2may represent the limit for transition-
catalyzed deprotonation of glyceraldehyde at C-2 (Scheme 6B).state stabilization from these interactions with enzyme-bound

Imperatives for Enzymatic Catalysis of Aldose-Ketose substraté® On the other hand, the evolution of an enzyme which
Isomerization. The process of natural selection has in many catalyzes isomerization of glyceraldehyde with the same ef-
cases ensured that modern enzymes follow efficient mechanismdiciency as triosephosphate isomerase-catalyzed isomerization
with optimal kinetic parametef:38 The maximum enzymatic  of glyceraldehyde 3-phosphate would require a similar B0**-
rate acceleration for a given stabilization of an enzyme-bound fold increase inkca/Km over that observed for isomerization
transition state will be obtained when the catalyst acts to stabilize catalyzed by the small tertiary amine 3-quinuclidindrighis
the transition state for the lowest-energy reaction pathway in would correspond to a-14 kcal/mol stabilization of the
solution. This provides a strong imperative that enzyme catalyststransition state for the hypothetical enzyme-catalyzed compared
follow the same reaction mechanism observed in solution. It is With buffer-catalyzed isomerization of glyceraldehyde by spe-
less likely that the mechanism for enzyme-catalyzed and solutioncific binding interactions between the protein and the bound
reactions will be different, because in this case the protein ligand*® While it is not clear whether there is sufficient
catalyst must first lower the barrier to that for tbeseved functionality at the 3-carbon substrate glyceraldehyde to allow
solution reaction before there is net catalysis from additional for the development of such tight binding interactions during
stabilization of the enzyme-bound transition state. Therefore, the course of enzymatic catalysis of isomerization to form
the observation that enzyme-catalyzed isomerization reactionsdihydroxyacetone, such catalysis must be facilitated by incor-
proceed by a proton-transfer mechanism in some éa%¥and poration of the charged phosphate dianion into the isomerization
with intramolecular transfer of hydride in othé¥s!® suggests ~ substrate.
that isomerization by these two mechanisms proceeds with This discussion assumes that the evolutionary time scale is
similar efficiency in water. sufficiently long to ensure that, through the process of natural

This prediction is confirmed by the present work. Isomer- Selection, enzymes will adopt the pathway that is chemically
ization of glyceraldehyde in alkaline,D results in a 40% yield =~ most efficient and that it is most efficient for enzymes to
of H-DHA from intramolecular transfer of hydride ion and a stabilize the transition state that is of lowest energy in the
60% yield ofD-DHA from DO-catalyzed deprotonation at C-2 absence of protein catalyst. While these chemically based
followed by hydron transfer from D to C-1 (Scheme 4).  assumptions can account for the existence of enzymes which
Bronsted bases catalyze isomerization solely by a proton-transfeicatalyze aldoseketose isomerization with hydride- and proton
mechanism’ and 2Zn provides h|gh|y effective Ca_ta_|ysis of transfer, the situation is Complicated by Uncertainties that arise
isomerization with hydride transfer, wittkihyd/(koo)hya = 3 from our ignorance of the time scale fOI: evqlut!on_of different
x 10* M~L. Protein catalysts have utilized the catalytic activity €hzymatic activities, and of the relative intrinsease for
of these Species by incorporating a Brgnsted base Cata|yst aﬁtabilizaﬁon of different rate'determining transition states. For
the active site of enzymes which catalyze alddsetose example, the difference in the catalytic activity for enzymatic
isomerization with proton transfé?,and divalent metal ions at ~ catalysis of isomerization of sugar phosphates with proton
the active site of enzymes that catalyze isomerization with transfer and of sugars with hydride transfer might reflect the
hydride transfefo41 longer time scale for evolution of ubiquitous glycolytic enzymes

Sugar phosphates undergo efficiekibdKm ~ 106 M~1 s71) such as triosephosphate isomerase, compared with sugar isomeras-
enzyme-catalyzed isomerization by a proton-transfer mecha-€S: ©r for the greateeaseof catalysis of isomerization with
nism1238while enzymatic isomerization of simple sugars with Proton- compared with hydride transfer. However, we know of
hydride transfer is much slowek{/Km ~ 108 M~1s71) 42 There no evidence that the relatively simple explanation offered here
must also be a large difference in the potential intrinsic binding t© account for the existence of two different solutions to the
energy for charged sugar phosphate dianions and neutral sugarBroblem of catalysis of aldoseetose isomerization is inad-
at enzyme catalyst$,and it is interesting to speculate that the €quate.
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