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A Specific, Highly Active Malate Dehydrogenase
by Redesign of a Lactate Dehydrogenase Framework

HeLen M. WiLks, KeitH W. HART, RAYMOND FEENEY,
CAMERON R. DUNN, HiLARY MUIRHEAD, WiLLIAM N. CHIA,
DaviDp A. BARsTOW, TONY ATKINSON, ANTHONY R. CLARKE,

J. JoHN HOLBROOK

Three variations to the structure of the nicotinamide adenine dinucleotide (NAD)—
dependent L-lactate dehydrogenase from Bacillus stearothermophilus were made to try to
change the substrate specificity from lactate to malate: Asp'®’ — Asn, Thr?* — Gly,
and GIn'” — Arg). Each modification shifts the specificity from lactate to malate,
although only the last (GIn'" — Arg) provides an effective and highly specific catalyst
for the new substrate. This synthetic enzyme has a ratio of catalytic rate (k) to
Michaelis constant (K,,) for oxaloacetate of 4.2 x 10°M~! 57!, equal to that of native
lactate dehydrogenase for its natural substrate, pyruvate, and a maximum velocity (250
s!), which is double that reported for a natural malate dehydrogenase from B.

stearothermophilus.

ACTATE DEHYDROGENASE (LDH)
I and malate dehydrogenase (MDH)
are structurally related enzymes (1-5)
that use the same coenzyme to bring about
the redox interconversion of keto- and hy-
droxy acids by kinetically comparable mech-
anisms (6-8) as shown in Scheme I.
Yet each enzyme is highly selective for its
substrate (NAD®, oxidized nicotinamide
adenine dinucleotide; NADH, reduced
NAD). For example, the MDH from Ther-
mus flavus has a ke,/Kyy, value for oxaloace-
tate of 6.7 X 10°M ! s™! and one for pyru-
vate of 7.2M™! 57! (9). The LDH from
Bacillus stearothermophilus has kea/ Ky, values
for pyruvate and oxaloacetate of 4.2 x 10°
and 4 X 10°M~" 571, respectively.

In searching for the basis of this sharp
discrimination between substrates there are
two sources of reference. The first is com-
parison of gene-derived and protein-derived

amino acid sequences: the primary struc-
tures of 20 LDHs and 6 MDHs are known.
The second is crystallographic: there are
several x-ray structures of LDH in its apo
(free enzyme) (10), binary (enzyme-
NADH) (11), and ternary (enzyme-NADH-
substrate analog) (12-14) forms and a binary
structure of MDH (2, 15).

Despite these guidelines, it was not possi-
ble to predict with conviction the elements
of the proteins that select one substrate and
reject the other. For example, there is no
MDH structure with a bound substrate
analog. A comparison of the amino acid
sequences of LDH and MDH is not defini-
tive. Despite their similarity in secondary
and tertiary structure demonstrated by crys-
tallographic studies, they show only a limit-
ed sequence identity; 19% between the
LDH from B. stearothermophilus (16) and the
MDH from T. flavus (17), both thermophil-

LDH

Pyruvate =+ NADH + H* = Lactate + NAD*
(CH; CO COO™) (CH, CHOH COO")

MDH

Oxaloacetate + NADH + H7t = Malate + NAD™*

(0=C-COO"~ (H,C-COO~

i I
H,C-COO0") OH-CH-COO")
Scheme 1
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ic prokaryotes. Even in the sections of poly-
peptide that we judge constitute the catalytic
pocket, the identity is only 35% and any or
all of the 31 amino acid changes around the
active site could contribute to the difference
in specificity (18).

X ¥ X X X XX X% X% X %
MDH GAAPRKAGMER VGNP  MT-RLDHNR  GNHSS
LDH G-ANQKPGETR ATNP  SGTILDTAR  GEHGD

98 - 109 138-141 163 - 171 193-197

(no 104)
XX X% X
AQ-RGAAITIQARGAS  SAAN
VRDAAYQITEKKGAT  GIAM
232 - 246 249-252

One method of testing hypotheses for
substrate discrimination is to use mutagene-
sis to synthesize the putative new dehydro-
genase structure and test its substrate speci-
ficity. This approach is not dissimilar to
carlier chemnical tests of catalytic mechanisms
by the synthesis of a thiol proteinase from a
serine proteinase (19). We report here suc-
cessful attempts to change the specificity of
B. stearothermophilus LDH to discriminate
against pyruvate and in favor of oxaloace-
tate. The designs were based on a detailed
understanding of the mechanism of LDH,
an understanding acquired by a combina-
tion of chemical modifications, site-specific
amino acid substitutions, transient and
steady-state kinetic measurements, and the
exploitation of optical probes (3, 7, 20~24).
We expect the same catalytic mechanism (6)
will prevail in the redox interconversion of
oxaloacetate and malate and so make no
alteration to the residues that have identifi-
able catalytic roles.

The spatial relation of residue 197 to the
active site is shown in Fig. 1, the negative
charge of the native aspartate carboxylate
group is 0.8 nm from the substrate. This
aspartate residue, unlike Asp'®® (22), has no
known catalytic function, but is always a
neutral residue in MDH. If charge conserva-
tion (24) plays a large part in substrate
discrimination, then substituting this resi-
due for the neutral asparagine ought to
select against pyruvate (charge —1) and in
favor of oxaloacetate (charge —2). The
steady-state catalytic properties of this modi-
fied enzyme (Table 1) broadly fulfill the
prediction. There is a 32-fold reduction in
catalytic efficiency against pyruvate (as mea-
sured by kc./Km) and only a 1.3-fold reduc-
tion against oxaloacetate; the selectivity,
therefore, shifts toward oxaloacetate (Fig.

H. M. Wilks, K. W. Hart, R. Feeney, C. R. Dunn, H.
Muirhead, W. N. Chia, A. R. Clarke, J. J. Holbrook,
Molecular Recognition Group, Department of Biochem-
istry, University of Bristol, Bristol BS8 1TD, United
Kingdom.
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Fig. 1. The active site environment and catalytic mechanism of native lactate
dehydrogenase. (A) The chemical environment of pyruvate in the native
enzyme-NADH-substrate complex. The residues responsible for catalytic
efficiency are shown; for example, Arg'® polarizes the carbonyl bond (20),
His'®® donates a proton (3), Arg'”! binds and orients the substrate (21), and
Asp'®® stabilizes the protonated His'>® (22). Residues being tested for
substrate selection are GIn'?%, Asp'®’, and Thr?*¢. The electron pair move-

B ARG-109

GLN-102

ASP-197
THR-246

S5 S
HIS-195 AN

/ 3

!
I i
ASP-148 ARG-171
O )

O~

ment during pyruvate reduction is indicated and results in the donation of a
proton from His'™ to the substrate carbonyl oxygen and a hydride ion from
the dihydronicotinamide ring to the carbonyl carbon. (B) The geometric
arrangement of the active site is from the coordinates of the M4-isoenzyme
of pig LDH-NADH-oxamate complex (11). For clarity, the coenzyme
dihydronicotinamide ring is omitted, but otherwise the same structures are
included as in (A).

2). This shift is largely produced by the 10-
fold lowering of the K, for oxaloacetate and
an 11-fold increase in Ky, for pyruvate. This
result emphasizes the influence of overall
charge balance on the stability of ternary
complexes in this enzyme, but the effect of
the substitution is insufficient to reverse the
enzyme’s selectivity and produce an effective
MDH.

Inspection of the model structure of the
LDH ternary complex suggests that sub-
strates with larger side chains than pyruvate
would extend into the region occupied by
GlIn', Arg'®, and Thr?* (Fig. 3, also Fig.
1B). To accommodate the increased size of
oxaloacetate, we chose to enlarge the vol-
ume of this binding pocket. Of the available
options, Arg'® is involved in catalysis and

enhances the hydride transfer rate by at least
three orders of magnitude (20), so its substi-
tution would cripple catalysis, and residue
102 is always larger in MDH than in LDH.
Residue 246, threonine in all LDHs, is
always smaller in MDH and provides a site
to accommodate a larger substrate. This
residue was replaced by glycine. Like the
Asp'” — Asn mutant, this modified en-
zyme shows a shift in specificity away from
pyruvate and toward oxaloacetate (Table 1),
but more pronounced. The Thr?* — Gly
mutant shows a preference for the new
substrate over the old (Fig. 2) resulting
from a 3200-fold reduction in the kg./Kp
for pyruvate and a slight enhancement in the
case of oxaloacetate. The improved Ky, for
the new substrate, now 0.2 mM rather than

1.5 mM, suggests that Thr?* in the LDH
active site can select effectively against oxalo-
acetate binding.

The Arg'" to substrate carboxyl bond in
LDH is 5 kcal mol ™! stronger than an ion
pair with the amino group of lysine (21, 25).
In native LDH, the binding of coenzyme
and substrate induces a rearrangement of the
protein structure in which a loop of poly-
peptide chain (residues 98 to 110), original-
ly lying away from the body of the protein
(10), closes over the active site (12-14).
Computer graphic modeling of the ternary
structure suggests that Gln'% on this loop, if
changed to arginine, could form a good ion
pair with the 3-carboxyl group of a model
oxaloacetate substrate (Fig. 2). Residue 102
is variable in LDH sequences, but an argi-

Table 1. Kinetic properties of native and modified enzymes. Mutant enzymes were made by the oligonucleotide mismatch procedure of Winter et al. (29) car-
ried out on the Ict gene NCA 1503 (16) as we have described previously (20). The enzymes were produced from a high expression plasmid pKK223-3 in Esch-
erichia coli (16), the wild type being isolated by oxamate-Sepharose affinity chromatography (30) and the mutants, which no longer bind well to the pyruvate
analog, by triazine-Sepharose and ion-exchange chromatography (21). In all cases the entire gene was resequenced from the pKK223-3 plasmids isolated
from the actual culture used for the large-scale protein preparation in order to ensure that only the directed mutations had arisen. The kinetic constants of kca;
and K, were determined in steady-state experiments at 25°C in 100 mM triethanolamine HCI-NaOH buffer, pH 6.0 (21, 22), containing 5 mM fructose-1,6-
diphosphate. The primary deuterium kinetic isotope effect (described as kn/kp in the table) is a ratio of the reaction rates at saturating coenzyme and substrate
concentrations with NADH and 4-[?H]NADD as reductants. (Values of k., are the means of four experiments. Individual measurements were all within
+5% of the quoted mean.) These rates were measured in single-turnover, stopped-flow experiments from the first-order decay in the concentration of
reduced coenzyme (20, 22), the only exception is the ratio determined for the wild-type enzyme with oxaloactate. In this case, because of the potent effect of
even a low level of pyruvate contamination from substrate decarboxylation, the ratio was measured from steady-state assays (the initial “burst” of contaminant
pyruvate reduction was ignored).

Pyruvate Oxaloacetate
EnZymc k al Km kcat/ Km kcat Km kcat/ Km
i) (mi) s kuko ) (mi) (M5 bulko
Native 250 0.060 4.2 x 108 1.0 6.0 15 4.0 x 10? 2.8
Asp™®” — Asn 90 0.66 1.3 x 10° 13 0.50 0.15 3.0 x 10° 2.0
Thr?*¢ — Gly 16.0 13.0 1.3 x 10° 2.8 0.94 0.20 4.7 x 10° 2.1
GIn'®” — Arg 0.9 1.8 5.0 x 107 2.6 250 0.06 4.2 x 108 1.0
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nine in known MDHs.

The effect of this mutation is very large:
the kq./Ky, for oxaloacetate is improved by
three orders of magnitude while that for
pyruvate is worsened by four orders of

4
Wild tyoe
3 7 .
LDH
— 2
0
_ &
Ll e
] 1
1k
8| %
el = o
1%
5 g Thr2%éGly &=
E%3 o
x At
| I— |
g
B —2r MDH
-3F
GIn'%?>Arg
-4

Fig. 2. Shift in substrate specificity of the rede-
signed enzymes. The values for catalytic efficiency
(kcat/Km) shown in Table 1 are here expressed as
the logarithm of the ratio of pyruvate to oxaloace-
tate for the wild-type and mutant enzymes. The
histogram emphasizes the extent to which each
mutation shifts the enzymes® selectivity toward
oxaloacetate to create an effective MDH.

GLN-102
y i ' .
/ /‘
LOOP
N-102
LY!
4
ARG-109
s
OxXAMAT
HIS-195 ADH

magnitude (Table 1). The new enzyme is
not only 8400 times as effective against
oxaloacetate as against pyruvate (Fig. 2) but
catalyzes oxaloacetate reduction with a
keat/Km Of 4.2 X 106M~! s™!. This value,
and the ke (250 s71) are as good as those
achieved by LDH with its natural substrate.

The maximum rate of catalysis in native
LDH with pyruvate as the substrate at 25°C
is not the rate of transfer of the hydride ion
from coenzyme to the substrate-carbonyl
group. There is no primary kinetic deuteri-
um isotope effect on kcye (20). The upper
rate for the reaction is limited by a structural
rearrangement of the enzyme-NADH-sub-
strate complex prior to the chemical step (3).
Our recent experiments with a genetically
inserted single tryptophan fluorescence
probe (23) show that this rearrangement is
dominated by the closure of the active-site
loop (residues 98 to 110) from an open
structure, assumed to be like that in crystals
of dogfish apo-LDH (10), to a closed struc-
ture that varies little from species to species
or ternary complex to ternary complex (12-
14).

In contrast, all but one of the mutant
catalytic reactions measured in our study
show primary kinetic isotope effects with a
deuterated coenzyme. That is, the rate of the
chemical step becomes slow in comparison
to the rate of the loop closure because the

ARG-102
’ - LOOP -
G-102
LYSz
ARG-109
0AA
HIS-195 Y ADH
/E‘
=N
-{
A 7

Fig. 3. Model of the GIn'®? — Arg enzyme active site with bound oxaloacetate. The original design was
based on models of B. stearothermophilus LDH active center built by replacing the side chains of two
LDH structures (31) with the side chains from the gene-derived amino acid sequence of the bacterial
enzyme (16). Since that time we have determined and partly refined a pig M4 LDH-NADH-oxamate
structure to 0.2 nm resolution [at present the R-factor is 33% for 37,000 reflections (11)]. The electron
density in this more accurate structure is used to demonstrate (left) the space between the NH,-group
of bound oxamate (and the presumed CHj-group of active pyruvate) and the amide group of Gln!02
and (right) a model in which that space is occupied by the extra carboxyl group of oxaloacetate and the
extended side chain when the glutamine is replaced by Arg'®2.
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protein environment is less effective in pro-
moting hydride transfer. The exception is
the GIn'® — Arg enzyme with oxaloacetate
as substrate. Here the maximal rate of 250
s ! is identical to native enzyme with pyru-
vate and, likewise, shows no primary kinetic
isotope effect. We infer that this is an “in-
trinsic” loop-closure rate and will set the
upper limit of reaction velocity in this enzy-
matic framework (unless the hinge regions
of the mobile loop are redesigned).

Redesigning the LDH enzyme frame-
work to accept oxaloacetate as a substrate
poses the problem of introducing a new
negatively charged carboxyl group into an
active site that is isolated from solvent water
in the catalytically active ternary complex.
When the mobile surface loop (98 to 110)
closes over the bound substrate and coen-
zyme, water is excluded from the reaction
center and Arg'® moves 0.9 nm from a
position in the solvent to one in which it
makes a close hydrogen-bonding contact
with the substrate carbonyl group. In this
arrangement, the carbonyl bond is charge-
polarized (19), and a hydride ion from the
coenzyme can attack the positively charged
carbonyl carbon while a proton from His'*
is transferred to the negatively charged oxy-
gen (Fig. 1a). The efficiency of this mecha-
nism is reduced 1000-fold (kc./Kpn) when
the substrate methyl group is replaced by a
carboxymethyl. In this case, in order to
achieve a closed reaction center, the extra
carboxyl group must be “dissolved” by the
protein side chains of the catalytic pocket
without any compensatory positive charge.
The energetic cost of this is a loss of 4 kcal in
the stability of the enzyme transition state
complex formed with the native enzyme and
oxaloacetate as substrate.

Conversely, in the Gln'”? — Arg enzyme
with pyruvate as substrate, the catalytically
active complex must form with a buried and
unpaired guanidinium cation in the active
site. Here there is a loss of 5.5 kcal in the
stability of the enzyme transition-state struc-
ture. It is only when this modified enzyme
binds oxaloacetate that the charges can pair
to desolvate the groups and accommodate
them in the protein interior (Fig. 3). The
energy of solvation of arginine residues is
particularly large (26). In this arrangement a
catalytic activity similar to that of the wild-
type enzyme with the natural substrate is
restored.

These experiments show how an induced
protein rearrangement is harnessed to pro-
vide extreme discrimination between two
very similar substrates. The induced fit
brings not only the correct substrate recog-
nition groups into the active center, but that
charge-pairing also enables very important
catalytic but charged residues (Arg'®”

b
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Asp'®) to rearrange to their catalytically
effective positions. The 8400-fold discrimi-
nation between a methyl and a carboxy-
methyl side chain is only achieved in an
environment in which the substrate is com-
pletely solvated by protein groups. Lack of
detailed understanding of protein intramo-
lecular mobility may account for other at-
tempts (27) to alter enzyme-substrate speci-
ficity being less than entirely successful.

Our results show it is possible to design
and make a new MDH, which is by any
standards a good enzyme and about twice as
active as that which is naturally evolved in
the organism from which the gene was
derived (28). In the case of well-studied
protein frameworks where new enzymes can
be designed and made by small changes in
residues close to the protein surface, we may
hope it will soon be less laborious to rede-
sign an existing and thermally stable enzyme
framework for a new target substrate than to
search for a new enzyme activity from natu-
ra] organisms.
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Translation of Unspliced Transcripts After

Heat Shock

H. JoserH YOsT* AND SUSAN LINDQUIST

Severe heat shocks block the splicing of intervening sequences from messenger RNA
precursors. The RNA’s that accumulate after a severe heat shock have normal
transcription start sites and are uncut at both their 5’ and 3’ splice junctions. Some of
these unspliced transcripts leave the nucleus and enter the pool of cytoplasmic
messenger RNA. Translation of these RNA’s proceeds into their intervening se-
quences, resulting in the production of abnormal proteins. Thus, the repression of
normal transcription, which usually accompanies the heat shock response, may protect
the cell from the large-scale synthesis of abnormal RNA’s and aberrant proteins.

LL CELLS RESPOND TO HIGH TEM-

peratures by inducing the synthesis

of heat shock proteins (hsp’s) and at
least partially suppressing the synthesis of
normal cellular proteins (1). In Drosophila
melanogaster cells, transcription of heat shock
genes is rapidly induced by a shift from the
normal growing temperature of 25°C to
temperatures between 29° and 39°C. Heat-
shock transcription is maximal at 37°C; at
this temperature the transcription of previ-
ously active genes is repressed (2). Heat
shock also elicits a complete change in the
specificity of translation. While heat-shock
mRNA’s are translated with very high effi-
ciencies at 37°C, preexisting mRNA’s are
translationally inactive. These messages are
not degraded, but are quantitatively retained
and translated during recovery from heat
shock (3).

We have shown that another basic aspect
of gene expression in Drosophila cells is
altered by heat shock; the splicing of inter-
vening sequences from mRINA precursors is
blocked at high temperatures and remains
blocked during the initial stages of recovery
at normal temperatures. This block in splic-
ing was first discovered because it greatly
reduces the synthesis of the 83-kD heat
shock protein (hsp83). The hsp83 gene is the
only hsp gene in Drosophila that contains an
intervening sequence, and its protein is
therefore the only hsp so effected. However,
the block in splicing is not specific to hsp83
transcripts. When the intron-containing al-
cohol dehydrogenase gene is placed under

the control of a heat-inducible promoter, its
transcripts are also not spliced at high tem-
peratures (4).

As is the case with other toxic effects of
heat, the hsp’s appear to mitigate the effects
of heat on RNA splicing. When Drosophila
cells are given a mild heat treatment, which
induces the synthesis of hsp’s, before they
are exposed to more severe temperatures,
RNA splicing is protected. The protective
effect of the prior treatment is blocked when
cycloheximide is added before, but not after,
the synthesis of hsp’s (4). The disruptive
effects of severe heat shocks on RNA splic-
ing are highly conserved and are found in
yeast (5), trypanosome (6), plant (7), and
mammalian cells (8). The protective effects
of mild heat treatment have been demon-
strated for both Drosophila and yeast cells (4,

In all eukaryotes the excision of interven-
ing sequences to form mature messenger
RNA’s begins with the incorporation of
RNA polymerase II transcripts into spliceo-
some complexes consisting of small nuclear
(snRNP) and heteronuclear (hnRNP) ri-
bonuclear protein particles. Two catalytic
reactions then occur. First, the precursor
RNA is cleaved at the 5' exon-intron junc-
tion with the concurrent formation of a
lariat structure, in which the 5’ guanosine of
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