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T he study of metabolic pathways, per-
haps the most mature of all areas of
experimental biochemistry, has led to

many important discoveries. This work has
demonstrated a powerful elegance to the
chemical logic of metabolic pathways and
has provided biochemists with many impor-
tant examples of how the trial and error of
evolution leads to simple solutions to incon-
ceivably complex problems. Opportunities
for new discovery in mature areas of re-
search will generally only be presented
when original questions are asked and
novel approaches are adopted to address
these questions. This is illustrated in the
work of Desai and Miller (1), who created a
metabolic bypass in a strain of Escherichia
coli in which gluconeogenesis is blocked by
deletion of the gene coding for triosephos-
phate isomerase (TIM).

TIM catalyzes the reversible and ste-
reospecific 1,2-hydrogen shift at
D-glyceraldehyde 3-phosphate (D-GAP) to
form dihydroxyacetone phosphate (DHAP)
by a single base (Glu165) proton transfer
mechanism through an enzyme-bound
cis-enediolate phosphate intermediate
(Scheme 1) (2). The enzyme-bound enedio-
late also undergoes very slow competing
�-elimination of phosphate to form methyl-
glyoxal (3). TIM is required for both the
breakdown of glucose via glycolysis and its
biosynthesis via gluconeogenesis. E. coli
strain DF502 is deficient in TIM as a result
of a deletion mutation. This strain does not
grow on plates with a minimal medium that
contains either L-lactate or glycerol as the
sole carbon source, but its growth is sup-
ported on a medium that contains both of

these compounds (4). This is because
L-lactate is metabolized to D-GAP and glyc-
erol to DHAP, and these compounds are
substrates for the aldolase-catalyzed forma-
tion of fructose 1,6-bisphosphate. The sugar
bisphosphate then moves further through
the gluconeogenesis pathway to form glu-
cose (Figure 1). The DF502 strain has been
widely utilized for the overexpression of site-
directed mutants of TIM with low catalytic
activity (5).

In their study of the TIM-deficient (tpiA�)
E. coli strain FB21547 (6), Desai and Miller
(1) asked the following: “Does the E. coli ge-
nome code for a protein that is capable of
restoring the growth of TIM-deficient E. coli
on a minimal medium with L-lactate as the
sole carbon source?” TIM is the titular mem-
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Scheme 1.

ABSTRACT Gluconeogenesis is blocked in a
strain of Escherichia coli that is deficient in
triosephosphate isomerase, but it was restored
by the insertion of a plasmid coding for an
L-glyceraldehyde 3-phosphate reductase (YghZ).
This reductase provides a “bypass” that produces
dihydroxyacetone phosphate (DHAP) by the con-
secutive enzyme-catalyzed reduction of
L-glyceraldehyde 3-phosphate (L-GAP) by NADPH
to give L-glycerol 3-phosphate and reoxidation by
NAD� catalyzed by endogenous L-glycerol
3-phosphate dehydrogenase to give DHAP. The
origin of cellular L-GAP remains to be determined.
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ber of the very large group of enzymes with
(�/�)8-barrel (“TIM-barrel”) folds (7), which
may be the most common of protein folds.
The driving hypothesis for Desai and Miller’s
work was that other evolutionarily related
TIM-barrel enzymes from the E. coli genome
might show promiscuity (8, 9) for catalysis
of the isomerization of triose phosphates
that is sufficient to support the gluconeo-
genic growth of TIM-deficient E. coli on
L-lactate. The isolation and the structural
and mechanistic characterization of such
promiscuous TIM activities have the poten-
tial to provide insight into the evolution of
protein function. Furthermore, an examina-
tion of a family of proteins that catalyze the
isomerization of triose phosphates might
serve to define the minimal common struc-
tural elements required for enzymatic cataly-
sis. These elements could then be incorpo-
rated in efforts toward the de novo design of
proteins with TIM activity.

Aside from TIM itself, the overexpression
of just a single member of a plasmid-borne
genomic expression library composed of
E. coli genes (10), yghZ, complemented the
metabolic deficiency of the tpiA� strain.
There are no proteins in the E. coli genome
with sufficient promiscuous TIM activity to
complement this deficiency, because the
protein product of yghZ shows no detect-
able activity toward isomerization of DHAP.
Apparently, TIM is not only a perfect enzyme

(2), but it also catalyzes a specialized reac-
tion that is not observed as a promiscuous
activity for other enzymes in the E. coli ge-
nome. This is consistent with a large degree
of divergence of TIM from its evolutionary
precursor.

The gene product, YghZ, is a protein that
was previously reported to show a weak
NADPH-dependent activity for the reduction
of a variety of low-molecular-weight alde-
hydes (11). Desai and Miller showed that
YghZ also catalyzes the stereospecific re-
duction of L-glyceraldehyde 3-phosphate
(L-GAP) by NADPH to give L-glycerol
3-phosphate (L-G3P) and NADP� (Figure 1).
The subsequent reoxidation of L-G3P to give
DHAP catalyzed by L-glycerol 3-phosphate
dehydrogenase then completes the isomer-
ization of L-GAP to give the DHAP that is re-
quired to complement the TIM deficiency in
the tpiA� strain and restore its ability to
grow on L-lactate (Figure 1).

The second-order rate constant kcat/Km

� 4.2 � 105 M�1 s�1 for enzymatic reduc-
tion of L-GAP catalyzed by YghZ in the pres-
ence of a saturating concentration of NADPH
is similar to kcat/Km � 1.0 � 106 M�1 s�1

reported for the reduction of DHAP by
NADH catalyzed by L-glycerol 3-phosphate
dehydrogenase (12). This supports the con-
clusion that YghZ functions physiologically
as a L-GAP reductase to convert L-GAP to
L-G3P.

Desai and Miller’s combination of well-
designed experiments and a thoughtful hy-
pothesis has produced significant results,
even in the absence of any evidence to sup-
port the original hypothesis that the vast ar-
ray of (�/�)8-barrel proteins within the E. coli
genome may include enzymes with a pro-
miscuous TIM activity. The work raises the
additional question of the origin of cellular
L-GAP, the substrate in the proposed meta-
bolic bypass of TIM. L-GAP might form as the
product of an aldolase-catalyzed cleavage
of a larger sugar phosphate or of a cleavage
reaction catalyzed by an enzyme that uses
thiamine pyrophosphate as a cofactor. How-
ever, no such enzymes have been identi-
fied within the E. coli genome.

It was previously observed that cell-free
extracts of E. coli catalyzed an NADPH-
dependent reduction of L-GAP to L-G3P (13).
Desai and Miller raise the possibility that
L-GAP arises mainly from the nonenzymatic
racemization of D-GAP. D-GAP undergoes
deprotonation to form an enediolate phos-
phate intermediate with a half-time of �2 h
at neutral pH and 37 °C (3). Buffer catalysis
of this reaction is weak at pH 7, because
Brønsted bases do not compete well with
the facile intramolecular deprotonation of
the C-2 carbon of D-GAP by the substrate
phosphate dianion group (3). Once formed,
the enediolate intermediate partitions be-
tween expulsion of phosphate dianion to
form methylglyoxal (99% yield) and non-
stereospecific reprotonation at C-1 to give
the isomerization product DHAP (�0.8%
yield) and at C-2 to give the racemization
product L-GAP (�0.2% yield) (Figure 2) (3).

The propensity of the enediolate phos-
phate intermediate of the TIM-catalyzed re-
action to break down to form the toxic prod-
uct methylglyoxal is the least elegant feature
of glycolysis (14). The evolution or de novo
design of a protein catalyst of the isomeriza-
tion of D-GAP by a proton transfer mecha-
nism might be expected to result instead in
a methylglyoxal synthase (15). Nature has
done a good job of directing the partition-
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Figure 1. Metabolism of L-lactate and L-GAP via gluconeogenesis to form glucose in cells that are
deficient in TIM. These cells do not grow on a minimal medium that contains only L-lactate or
glycerol, because they are unable produce both D-GAP and DHAP, which are required for the pro-
duction of glucose via gluconeogenesis. This pathway is restored in cells grown on L-lactate by
insertion of a plasmid coding for the L-GAP reductase YghZ.
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ing of the enediolate intermediate at the ac-
tive site of TIM toward the isomerization
products and the cell does a good job of re-
moving methylglyoxal in reactions cata-
lyzed by glyoxalases 1 and 2 (14). By con-
trast, in the absence of cellular enzymes to
remove L-GAP, the slow nonenzymatic race-
mization of D-GAP to L-GAP would result in
the accumulation of L-GAP. Desai and Miller
suggest that the physiological function of
YghZ may be to prevent the accumulation
of L-GAP that is formed mainly by the nonen-
zymatic reaction of D-GAP (Figure 2).

It is arguable whether the major pathway
for the formation of cellular L-GAP is the non-
enzymatic isomerization of D-GAP. This is be-
cause it is not clear why an enzyme that
catalyzes the reduction of L-GAP to give
L-G3P would complement a TIM deficiency,
if L-GAP were produced slowly, in a nonenzy-
matic reaction. First, it is not clear that a

very slow nonenzymatic pathway would be
competent to support gluconeogenesis,
where all of the other reactions are enzyme
catalyzed. Second, the nonenzymatic forma-
tion of DHAP from D-GAP at pH 7 (Figure 2)
is �4-fold faster than the formation of L-GAP
(3). Therefore, such a hypothetical TIM by-
pass would result in only a 25% increase in
the overall rate of formation of DHAP. A
simple explanation for these results is that
there is an enzymatic pathway for the forma-
tion of L-GAP that generates the larger quan-
tities of this compound that may be needed
to support gluconeogenesis in the TIM-
deficient strain of E. coli that contains high
levels of YghZ.

One goal of chemical biology is to ma-
nipulate metabolic pathways in bacteria in
order to produce significant quantities of
therapeutic agents and industrially useful
compounds. The serendipitous observation
of a metabolic bypass for triosephosphate
isomerase was not directed toward the spe-
cific goal of pathway design. However, it
makes the important point that there is a
flexibility in the performance of these path-
ways, which may be useful to remember
when trying to solve problems encountered
in their design.

REFERENCES
1. Desai, K. K., and Miller, B. G. (2008) A metabolic by-

pass of the triosephosphate isomerase reaction,
Biochemistry 47, 7983–7985.

2. Knowles, J. R., and Albery, W. J. (1977) Perfection in
enzyme catalysis: the energetics of triosephosphate
isomerase, Acc. Chem. Res. 10, 105–111.

3. Richard, J. P. (1984) Acid-base catalysis of the elimi-
nation and isomerization reactions of triose phos-
phates, J. Am. Chem. Soc. 106, 4926–4936.

4. Straus, D., and Gilbert, W. (1985) Chicken triose-
phosphate isomerase complements an Escherichia
coli deficiency, Proc. Natl. Acad. Sci. U.S.A. 82,
2014–2018.

5. Straus, D., Raines, R., Kawashima, E., Knowles, J. R.,
and Gilbert, W. (1985) Active site of triosephos-
phate isomerase: in vitro mutagenesis and charac-
terization of an altered enzyme, Proc. Natl. Acad. Sci.
U.S.A. 82, 2272–2276.

6. Kang, Y., Durfee, T., Glasner, J. D., Qiu, Y., Frisch, D.,
Winterberg, K. M., and Blattner, F. R. (2004) System-
atic mutagenesis of the Escherichia coli genome,
J. Bacteriol. 186, 4921–4930.

7. Gerlt, J. A., and Raushel, F. M. (2003) Evolution of
function in (�/�)8-barrel enzymes, Curr. Opin. Chem.
Biol. 7, 252–264.

8. O’Brien, P. J., and Herschlag, D. (1999) Catalytic
promiscuity and the evolution of new enzymatic ac-
tivities, Chem. Biol. 6, R91–R105.

9. Miller, B. G., and Raines, R. T. (2004) Identifying la-
tent enzyme activities: substrate ambiguity within
modern bacterial sugar kinases, Biochemistry 43,
6387–6392.

10. Kitagawa, M., Ara, T., Arifuzzaman, M., Ioka-
Nakamichi, T., Inamoto, E., Toyonaga, H., and
Mori, H. (2005) Complete set of ORF clones of
Escherichia coli ASKA library: unique resources for
biological research, DNA Res. 12, 291–299.

11. Ko, J., Kim, I., Yoo, S., Min, B., Kim, K., and Park, C.
(2005) Conversion of methylglyoxal to acetol by
Escherichia coli aldo-keto reductases, J. Bacteriol.
187, 5782–5789.

12. Tsang, W.-Y., Amyes, T. L., and Richard, J. P. (2008)
A substrate in pieces: allosteric activation of glyc-
erol 3-phosphate dehydrogenase (NAD�) by phos-
phite dianion, Biochemistry 47, 4575–4582.

13. Kalyananda, M. K. G. S., Engel, R., and Tropp, B. E.
(1987) Metabolism of L-glyceraldehyde 3-phosphate
in Escherichia coli, J. Bacteriol. 169, 2488–2493.

14. Richard, J. P. (1993) Mechanism for formation of
methylglyoxal from triosephosphates, Biochem. Soc.
Trans. 21, 549–553.

15. Marks, G. T., Susler, M., and Harrison, D. H. T. (2004)
Mutagenic studies on histidine 98 of methylglyoxal
synthase: Effects on mechanism and conforma-
tional change, Biochemistry 43, 3802–3813.

OHH

H O

O

OHH
H

D-GAP

H O

OH
HOPO3

2−

O

HHO

H O

L-GAP DHAP

99%

0.8%0.2%

OH

H O−

OPO3H
−

O−

OPO3H
−

OHH

OPO3
2−

OPO3
2−

OPO3
2−

OH

Figure 2. Relative yields of the products from
partitioning of the enediolate phosphate inter-
mediate of the nonenzymatic reaction of
D-GAP in water at pH 7 in the presence of low
concentrations of buffer. Intramolecular pro-
ton transfer to the substrate phosphate dian-
ion group results in an intermediate that parti-
tions between �-elimination of phosphate to
give methylglyoxal (99%), reprotonation at
C-1 to form DHAP (0.8%), and reprotonation at
C-2 to form L-GAP (0.2%) (3).
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