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ABSTRACT: Variations have been made to the structure of the nicotinamide adenine dinucleotide (NAD) 
dependent L-lactate dehydrogenase from Bacillus stearothermophilus at regions of the enzyme that we believe 
determine specificity toward different a-hydroxy acids (RCHOHCOO-, R = CH3, C2Hs, etc.). Two regions 
of L D H  that border the active site (but are not involved in the catalytic reaction) were altered in order 
to accommodate substrates with hydrophobic side chains larger than that of the naturally preferred substrate, 
pyruvate (R = CH3). The  mutations 102-105GlnLysPro - MetValSer and 236-237AlaAla - GlyGly were 
made to increase the tolerance for large hydrophobic substrate side chains. The triple and double mutants 
alone gave little improvement for branched-chain-substituted pyruvates. The five changes together produced 
a broader substrate specificity a-hydroxy acid dehydrogenase, with a 55-fold improved k,, for a-ketoiso- 
caproate to a value about ‘ / I4  that of the native enzyme for pyruvate. Rational protein engineering enabled 
coupled changes in enzyme structure to be obtained with greater probability of success than random 
mutagenesis. 

O n e  of the benefits that may result from protein engineering 
is the design and construction of enzymes with predetermined 
substrate specificity. Our long-term goal is to design a 
thermostable catalyst for the chiral reduction by NADH of 
any a-keto acid to the L-a-hydroxy acid. We have recently 
demonstrated the alteration of the substrate specificity of 
L-lactate dehydrogenase (LDH)’ from Bacillus stearother- 
mophilus to produce a specific, highly active malate de- 
hydrogenase which retains the property of extreme ther- 
mostability (Wilks et al., 1988). In this paper we describe 
attempts to produce a thermophilic a-hydroxy acid de- 
hydrogenase with broad specificity for neutral substrate side 
chains by redesigning the substrate binding site of NAD-de- 
pendent L-lactate dehydrogenase. 

L-Lactate dehydrogenase has been shown to have high en- 
antioselectivity, generating only L-lactate on reduction of 
pyruvate, and has also been shown to have high enantiose- 
lectivity toward unnatural substrates (Kim & Whitesides, 
1988; Bur et al., 1989), and so it is a useful enzyme for the 
production of chiral a-hydroxy acids. 

There is evidence that the specificity of LDH is determined 
by at least two regions of the enzyme which surround the side 
chain of the substrate. These two regions are a mobile loop 
of polypeptide (residues 98-1 12-the “coenzyme loop”) which 
folds over the active site enclosing the substrate in the catalytic 
vacuole (Grau et al., 1981; Parker & Holbrook, 1977; 
Waldman et al., 1988) and a helix (G) onto which this loop 
folds (residues 220-242) (Figure 1). 

The mammalian LDH isozymes from different tissues have 
different substrate specificities (Wilkinson & Withycombe, 
1965). The LDH C4 isozyme from mature testes is better able 
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to catalyze the conversion of larger substrates such as 2- 
oxobutanoate and 2-oxopentanoate into their corresponding 
2-hydroxy acids than either the A4 (muscle) or B4 (heart) 
LDH isozymes. Mouse LDH C4 has been shown to present 
an even broader substrate specificity than the C isozymes from 
other species (Blanc0 et al., 1976). Because healthy adult 
human or mouse testes are not available in commercial 
quantities, we chose to try to obtain specificity for large 
substrates by incorporating motifs from the testicular enzyme 
structure into the readily available B. stearothermophilus 
enzyme (Barstow et al., 1986). There are at least seven dif- 
ferences out of sixteen residues of the coenzyme loop region 
which seem to increase the hydrophobicity of the mouse C 
subunit, compared to the A and B subunits which may be 
important in determining the unique catalytic properties of 
this isozyme (Pan et al., 1980). 

A detailed understanding of the structure and mechanism 
of LDH is needed to enable the alteration of the substrate 
binding site of the enzyme while maintaining the elements 
essential for catalyzing the redox reaction. This is particularly 
difficult in an enzyme where many of the amino acid residues 
which are important for both catalysis and substrate specificity 
are carried on the same mobile loop of polypeptide chain. The 
main elements used in the design were a detailed understanding 
of the LDH catalytic mechanism (Holbrook et al., 1975; 
Clarke et al., 1987, 1988; Hart et al., 1987), the known se- 
quences of both the B. stearothermophilus LDH gene (Bar- 
stow et al., 1986) and the mouse LDH C gene (Sakai et al., 
1987: Wu et al., 1987), and the known three-dimensional 
structures of LDH in the apo, binary, ternary, and quaternary 
forms (dogfish: Adams et al., 1970; pig M,: C. R. Dunn, H. 
Muirhead, and J. J. Holbrook, personal communication: B. 
stearothermophilus: D. B. Wigley, H. Muirhead, and J. J. 
Holbrook, personal communication). 

’ Abbreviations: LDH, L-lactate dehydrogenase; FBP, fructose 1,6- 
bisphosphate; B. stearothermophilus, Bacillus stearothermophilus; E.  
coli, Escherichia coli. 
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FIGURE 1 : The lactate dehydrogenase catalytic vacuole. Oxidation 
of substrate (Sub.; black circles) is in an internal vacuole which is 
isolated from the solvent by the closure of a coenzyme loop (LOOP) 
onto HELIX-G. In this view the solvent is to the right and access 
to the vacuole is restricted by the Jaw region. This view was con- 
structed by using partially refined coordinates of B. stearothermophilus 
LDH type TV crystals (Wigley et al., 1988) from PEG 6000 in the 
presence of NADH, sodium oxamate, and FBP (D. B. Wigley, H. 
Muirhead, and J. J. Holbrook, personal communication) when the 
refinement was at R factor 21.8% for 62 506 independent reflections 
at resolution 3-0.25 nm. 

The designs that gave rise to the mutations were originally 
based on a model (J. J. Holbrook, unpublished) of the bacterial 
amino acid sequence built into the unrefined coordinates of 
mammalian LDHs available in the Brookhaven Database 
(Berstein et al., 1977) in 1984 [ILDX, 3LDH, 4LDH, and 
5LDH (Grau et al., 1981)l. This did involve extrapolation 
around the coenzyme loop region (residues 98-1 10) and in 
particular a major rebuild required to insert a proline residue 
instead of a glutamine at  position 105. There is now a pub- 
lished medium-resolution 3D structure for the B. stearother- 
mophilus enzyme from ammonium sulfate (Piontek et al., 
1990), but in this structure the coenzyme loop is disordered 
and not visible. The structure of crystals of B. stearother- 
mophilus LDH in the presence of NADH, sodium oxamate, 
and FBP from PEG 6000 (Wigley et al., 1988) is being taken 
to high resolution (D. B. Wigley, H. Muirhead, and J. J. 
Holbrook, personal communication). Figure 1 was constructed 
from this, the only structure of the B. stearothermophilus 
enzyme showing the coenzyme loop at  high resolution when 
the refinement had progressed to an R factor of 21.8% for 
62 506 independent reflections at resolution 3-0.25 nm. 

MATERIALS AND METHODS 
Mutagenesis. Mutants of the lactate dehydrogenase from 

B. stearothermophilus were generated by the oligonucleotide 
mismatch procedure (Winter et al., 1982) in M13 with the 
mutagenic oligonucleotide as the primer for in vitro chain 
extensions. To accommodate hydrophobic a-keto acids larger 
than pyruvate, the following mutations were made on separate 
genes: 102-105GlnLysPro - MetValSer (oligonucleotide se- 
quence: 3'CCGCGGTTGTACCACAGCCCGCTCTGC5') 
and 235-236AlaAla - GlyGly (oligonucleotide sequence: 
3'CGCGCTACCGCCGATGGTTTA5'). In order to obtain 
a construction with both sets of mutations, the i02-io5GlnLysPro - MetValSer gene was restricted with EcoRI and XhoI at 
sites on either side of the mutated region, and this gel-purified 
fragment was then ligated into gel-purified M13mp8 con- 
taining the 235-236AlaAla - GlyGly mutant gene from which 
the EcoRI/XhoI fragment had been removed (see Figure 2). 
The wild-type and mutant enzymes were expressed in the 

Mulliple Clnning hfuliiple Cloning 
Sile S i l e  

. .  
i1x-105 236-237 

Wild-Type sequences 'CAAAAACCG' 'CCCGCC' 
Muuni  sequences 'ATGGTCTCC' 'CCCGGC' 

FIGURE 2: Map of the B. stearothermophilus lactate dehydrogenase 
gene in bacteriophage M13mp8. The diagram shows the two regions 
that  were altered (indicated by the two A s )  and the position of the 
XhoI restriction site between them which enabled the construction 
of a gene containing both mutated regions by fusion of the two genes 
which each contained one of the sets of mutations. 

pKK223-3 plasmid in Escherichia coli as previously described 
(Barstow et al., 1986). Like the wild type, the level of ex- 
pression of all of the enzymes was 2530% of the soluble E .  
coli protein, indicating that the mutant enzymes will fold 
effectively and are resistant to E .  coli proteases even with five 
amino acid substitutions. 

Enzyme Purification. The wild-type enzyme was purified 
by affinity chromatography on oxamate-Sepharose (Clarke 
et al., 1985b), and the mutant enzymes were purified on Blue 
Sepharose-F3GA (Hart et al., 1987) owing to their poorer 
binding to oxamate-Sepharose. The mutant enzymes were 
found also to bind very poorly to the Blue Sepharose-F3GA 
column but were retarded sufficiently to separate them from 
most of the E .  coli proteins. The fractions containing B. 
stearothermophilus LDH activity were then precipitated by 
the addition of ammonium sulfate (430 g/L). The precipitated 
protein was spun down (20 min at  1OOOOg) and the pellet 
resuspended in, and dialysed against, 50 mM triethanol- 
amine-HCl/NaOH, pH 7.5. The sample was then applied to 
a column (1.6 X 20 cm) of Q-Sepharose Fast Flow equilibrated 
in the above buffer and eluted with a gradient (0-0.35 M) of 
NaCl. B. stearothermophilus LDH eluted at a concentration 
of NaCl of about 0.2 M. The enzyme was estimated to be 
98% pure by SDS-polyacrylamide gel electrophoresis on a 
Pharmacia Phast System. 

Steady-State Kinetics. Steady-state measurements were 
made by following the decrease in absorbance at  340 nm in 
the NADH/NAD+ conversion. All assays were at 25 O C  and 
in 100 mM triethanolamine-HCl/NaOH buffer, pH 6. De- 
terminations of k,,, and KM for the various substrates were 
made at saturating NADH concentrations (0.2 mM) and in 
the presence of 5 mM FBP (unless otherwise stated). We 
define k,, as the rate of turnover of the substrate at saturating 
coenzyme and substrate concentrations. The KM for NADH 
was determined at saturating pyruvate concentrations (0.5 
mM). 

Primary Kinetic Isotope Effects. Deuterium isotope effects 
on kcat in the pyruvate-to-lactate direction were determined 
in rapid-mixing, single-turnover experiments (Clarke et al., 
1985a, 1986) using a Hi-Tech stopped-flow spectrometer 
(Hi-Tech, Salisbury, Wilts, U.K.) and measuring the decrease 
in A340 as NADH is converted to NAD+. The rate constants 
were compared for reactions in which NADH and specifically 
deuterated NADH (NADD, [nicotinamide-4-*H]NADH) 
were used as coenzyme. The conditions used were 100 mM 
triethanolamine-HCl/NaOH buffer, pH 6.0, 40 pM enzyme 
sites, 40 pM NADH, 5 mM FBP, and varying substrate 
concentrations. The measurements were made in transient 
rather than steady-state experiments owing to the insensitivity 
of the former to small amounts of tight-binding NADH 
breakdown products generated in the synthesis of the deu- 
teriated coenzyme. 
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FIGURE 3: Variation in the primary deuterium isotope effect with the maximum velocity of the lactate dehydrogenase mutants. The ratio 
of the rates with NADH and with NADD was determined from stopped-flow experiments (see text) with saturating concentrations of pyruvate 
(PYR), a-ketobutyrate (aKB), a-ketovalerate (a-KV), a-ketocaproate (a-KC), a-ketoisovalerate (a-KIV), and a-ketoisocaproate (a-KIC). 
This ratio is plotted against the k,, with NADH. The reaction was modeled as in Holbrook et al. (1975), as shown in eq 1. For wild-type 

k h n  k h  
EFTLEV * E*Wwte + EFLF- products (1) 

(+), 23J-236GG (m), and lo2-lo5MVS/235-236GG (O), ki, was 250 s-I. The envelope lines (- - -) assume kchcm(NADH)/kch,,(NADD) = 2.8-2.4. 
The line (--) models /ciaom 125 s-I and kChe,(NADH)/kch,,(NADD) = 2.3 for the mutant 102-Io5MVS (0) with the various substrates. 

Modeling Primary Kinetic Isotope Effects. Primary kinetic 
isotopes were modeled by using the FACSIMILE program 
(Chance et al., 1977). The model is a two-step reaction in 
which the first step is a conformational isomerization (co- 
enzyme loop closure) and the second step is the redox reaction 
(Clarke et al., 1987). For the purpose of the model both steps 
are made essentially irreversible. The isotope effect is modeled 
by reducing the rate constants for the chemical step by the 
appropriate amount indicated on Figure 3 (the intrinsic isotope 
effect). 

Thermal Stability. Thermal stability measurements were 
made at  pH 6 over a range of temperatures from 40 to 100 
O C .  The concentration of protein in the incubations was 2 pM 
(subunits), and samples were incubated at each temperature 
for 20 min and stored on ice prior to assay. 

Sequencing. For all three mutant enzymes the genes were 
sequenced by using the dideoxy chain termination method 
(Sanger et al., 1980) in order to check that the correct nu- 
cleotides had been incorporated and that no secondary mu- 
tations had occurred. Some sequences were determined by 
using a Du Pont Genesis 2000 automated sequencer. 

RESULTS 
Effects of Mutations on Steady-State Kinetic Constants. 

Table I shows the steady-state catalytic properties of the 
wild-type and mutant enzymes with various a-keto acids at  
saturating concentrations of coenzyme. The mutant enzymes 
are better able to tolerate substrates with bulky side chains 
than the wild-type enzyme. 

With k,, as a criterion of improved catalysis for larger 
substrates the enzyme containing '02-105MetValSer alone has 
generally reduced rates with smaller members of the series and 

marginal improvement with the two largest substrates tested. 
For all the substrates except pyruvate this mutant enzyme 
shows a generally improved (lower) KM. 

In the case of the 235-236GlyGly mutant enzyme k,, is 
slightly worsened for the two smallest substrates but is in- 
creased for the larger members of the series. With the ex- 
ception of pyruvate, the KM values for all the substrates are 
only marginally altered. This is as expected if the mutation 
is facilitating the shape change of the helix rather than simply 
increasing volume available to side chains. 

The mutant enzyme with both sets of changes 
( '02-10SMetValSer/23s-236GlyGly) has improved k,, for all of 
the substrates with the exception of pyruvate. The rates are 
improved by as much as 55-fold. Again, with the exception 
of pyruvate, the KM values are hardly changed. This results 
in a higher catalytic efficiency (as measured by k,,/KM) than 
the wild-type enzyme for substrates larger than a-ketobutyrate. 

Coenzyme Binding. The mutations have not adversely af- 
fected the binding properties of NADH in spite of the fact 
that the enzymes only bound poorly to the Blue Sepharose- 
F3GA column. Steady-state kinetics in the presence of 0.5 
mM pyruvate show that the KM for NADH binding is 18 pM 
for the wild-type and 235-236GlyGly mutant enzymes and 14.5 
pM for the '02-'05MetValSer and 102-'05MetValSer/ 
235-236GlyGly mutant enzymes. 

Primary Kinetic Isotope Effects. Figure 3 shows how the 
primary kinetic deuterium isotope effects vary with k,, for 
all of the mutants with all of the substrates. The results of 
the modeling using FACSIMILE are represented by the dashed 
lines. The wild-type enzyme together with the 235-236GlyGly 
and 102-'oSMetValSer/23S-23%lyGly mutant enzymes all fit the 
model where the maximum rate of conformational change is 
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Table I: Steady-State Kinetic Properties of Wild-Type and Mutant Lactate Dehydrogenases with Various a-Keto Acids 
enzyme 

102-IoSMVS/ substrate constant wild type 102-IO5MVS 235-236cG 235-236GG 

pyruvate k t  (s-’) 250 66 167 32 
K M  (mM) 0.06 0.16 4 4 
k,,/KM (M-I S-I) 4.2 X lo6 4.1 x 105 4.2 x 104 8.0 x 103 

K M  (mM) 1.1 0.17 2.9 3.3 
k,,/KM (M-l S-’) 1.7 x 105 1.8 x 105 3.2 x 104 6.2 x 104 

K M  (mM) 8 1 8.3 4 
4.2 x 104 k,JK, (M-l S-’) 6.4 x 103 9.5 x IO’ 7.0 x 103 

k,t/KM (M-’ S-’) 8.5 x 103 8.7 x 103 4.3 x 104 2.6 x 104 

K M  (mM) 22 8.2 14.3 22 

a-ketobutyrate k,, 186 31 92 205 

a-ketovalerate k,, (s-’) 51 9.5 58 166 

a-ketocaproate k,, ( s - 7  29 20 240 185 
K M  ( m W  3.4 2.3 5.6 7.1 

a-ketoisovalerate k,, (s-’) 0.26 0.55 0.68 11.3 

k,t/KM (M-l S-I) 12 67 50 570 
a-ketoisocaproa te k,, ( s - 9  0.33 0.67 1.74 18.5 

K M  (mM) 6.7 1.9 15.4 14.3 
k,,/KM (M-l S-I) 50 353 1 I O  1.3 x 103 

pyruvate, no FBP k,, 6 - l )  250 61 
K M  (mM) 3.0 15 >50 >50 
kJKM (M-’ S - I )  8.3 x 104 4.1 x 103 665 190 

250 s-l and the intrinsic isotope effect is between 2.4 and 2.8. 
However, in the case of the mutant enzyme containing 
‘02-105MetValSer the maximum rate of reaction is decreased 
and so fits the model where the maximum rate of conforma- 
tional change is 125 s-’ and the intrinsic isotope effect is 2.3. 

The mutant enzymes retain high 
thermal stability. The wild-type and mutant enzymes are all 
100% active in an enzyme test after incubation at 60 OC for 
20 min. The ‘02-105MetValSer mutant enzyme has the same 
thermal stability as the wild-type enzyme (50% of activity is 
lost at 77 OC during a 20-min incubation), while the other two 
mutant enzymes lose 50% activity at  72 OC during a 20-min 
incubation. The slight reduction in thermal stability observed 
for the 235-236GlyGly and ‘02-’05MetValSer/235-236GlyGly 
mutant enzymes is in accord with the design criterion that 
glycine residues would destabilize and mobilize the helix and 
generate the plasticity needed to envelope a range of different 
side chains (Bone et al., 1989). 

Sequencing. The DNA sequences showed that the correct 
mutations had been incorporated and no additional mutations 
had occurred (data not shown). 

DISCUSSION 
The environments of the two sets of mutations and their 

relationships to the substrate binding site of lactate de- 
hydrogenase are shown in Figure l .  The ‘02-’05GlnLysPro - 
MetValSer mutations are located on the coenzyme loop which 
closes over the active site after the substrate has bound. The 
235-236AlaAla - GlyGly mutations are located on helix G onto 
which this mobile loop folds. Thus, we hypothesize that it is 
the “jaw” region, between the loop and helix G, where substrate 
side-chain recognition occurs. 

The atomic structure of mouse testicular apo lactate de- 
hydrogenase C4 [which has broad substrate specificity (Blanc0 
et al., 1976)] has been determined (Hogrefe et al., 1987) and 
was found to be “closed” and as such resembles the confor- 
mation found in ternary complexes rather than the “open” 
conformation found in dogfish apo-LDH A4. This may be due 
to the increased hydrophobicity in the “jaw” region causing 
the coenzyme loop and helix G to stick together. This may 
explain why the mutant enzymes only bind poorly to Blue 
Sepharose-F3GA while steady-state coenzyme binding is 
virtually unaffected. 

Thermal Stability. 

The introduction of methionine and valine into the coenzyme 
loop at 102-103 instead of glutamine and lysine has increased 
the hydrophobicity of this region of the protein so that sub- 
strates with large aliphatic side chains can bind to the enzyme 
more easily (giving rise to the observed improved KMs) .  The 
proline to serine mutation at 105 should give the loop more 
segmental flexibility and so allow larger substrates to access 
the active site. 

The replacement of the two alanines at 235-236 with two 
glycines in the middle of helix G would have the effect of 
introducing a Obreak’’ or “kink” into the helix, like that which 
can be seen in the mouse LDH C4 structure (Hogrefe et al., 
1987). This may alter the conformation of the helix, enabling 
large substrates to bind in more favorable orientations, thus 
enhancing k,,,. 

The kinetic analysis of the effect of deuterium substitution 
on the mechanism of both the wild-type enzyme and the 
mutant enzymes with different substrates revealed that with 
one exception the results could be represented by a simple 
model in which substrate binding to the enzyme-NADH 
complex resulted in a conformational change at 250 s-I, to 
generate the catalytic vacuole, followed by a chemical bond 
breaking step at  rates that varied with mutant and substrate 
(Clarke et al., 1986, 1988). Very fast enzymes were rate- 
limited by the shape change. As soon as either the changed 
substrate or the mutated enzyme reduced the rate of bond 
breaking significantly below 250 s-’, then the shape change 
was no longer rate limiting. The model of Figure 3 illustrates 
that the mutant with lo2-lo5MetValSer alone in the coenzyme 
loop region has an intrinsic rate of shape change of about 125 
s-l. This is the first time we have observed a “conformational” 
mutation in this lactate dehydrogenase-that is, one in which 
the rate of the shape change is reduced but without signifi- 
cantly decreasing the rate of chemical bond breaking. For any 
protein framework/substrate pair where kNADH/kNADD ap- 
proaches the limit of about 3, the rate of isomerization is not 
determined by the experiments-other than that kisom > 5k,,. 
Thus there may be other shape-change mutant enzymes, but 
it is only with ‘02-105MetValSer with pyruvate and a-keto- 
butyrate when we observe reduced rates with no significant 
primary kinetic isotope effects that such a mutation can be 
identified with any confidence. It is perhaps not wholly sur- 
prising that the conformational mutation is in this mobile 
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coenzyme loop, the closure of which governs the maximal 
velocity of the wild-type enzyme. Figure 3 also shows that 
the rate of shape change increases again from 125 s-l to 250 
s-I for the mutant enzyme in which the change in the structure 
of the coenzyme loop (102-105MetValSer) is complemented by 
an increase in available volume at helix G due to the insertion 
of two glycine residues instead of alanines. This again suggests, 
in agreement with the results of Waldman et al. (1986), that 
the shape change is concerted, involving not only the movement 
of the coenzyme loop but also compensatory rearrangements 
of other structures around the active site (Atkinson et al., 
1987). 

These results show that it is possible to design and make 
a new a-hydroxy acid dehydrogenase with broad substrate 
specificity by making small changes to an existing lactate 
dehydrogenase framework. The resulting enzyme is one that 
retains high thermal stability and can catalyze reduction re- 
actions at rates which are useful for chemical syntheses. For 
example, from Table I it can be seen that the enzyme con- 
taining both the helix G mutations and the coenzyme loop 
mutations (Le., the '02-10SMetValSer/235-236GlyGly mutant 
enzyme) has k,, values of 11.3 s-l for a-ketoisovalerate and 
18.5 s-I for a-ketoisocaproate, which are both over 40-fold 
better than the k,, values of the wild-type enzyme for these 
substrates. Neither of the two sets of mutations alone gave 
rise to such a dramatic improvement in kat. The maximum 
rate of conformational change is decreased in the mutant 
enzyme containing 102-105MetValSer, but this effect is reversed 
by the presence of 235-236GlyGly in the 102-10SMetValSer/ 
235-236GlyGly mutant enzyme. This suggests that it is necessary 
to have both sets of mutations in order to produce a broad 
substrate specificity a-keto acid dehydrogenase in which the 
rate of loop movement is the same as in the wild-type enzyme. 
The chances of obtaining complementary mutations in both 
the coenzyme loop region and the helix region by random 
mutagenesis are very low. This object was obtained quickly 
in the present case and highlights the main advantage of ra- 
tional protein design over random mutagenesis. However, once 
both the complementary surfaces are both redesigned, there 
is no reason why random mutagenesis followed by screening 
cannot be used for optimization. 
ACKNOWLEDGMENTS 

We thank the Science and Engineering Research Council 
(U.K.), NATO (travel), Genzyme (U.K.) Ltd., and Smith 
Klein Beecham for support. 
REFERENCES 
Adams, M. J., Ford, G. C., Koekoek, R., Lentz, P. J., Jr., 

McPherson, A,, Rossmann, M. G., Smiley, I. E., Schevitz, 
R. W., & Wonacott, A. J. (1970) Nature 227, 1098-1 103. 

Atkinson, T., Barstow, D. A., Chia, W. N., Clarke A. R., Hart, 
K. W., Waldman, A. D. B., Wigley, D. B., Wilks, H. M., 
& Holbrook, J. J. (1987) Biochem. SOC. Tram. 15,991-993. 

Barstow, D. A., Clarke, A. R., Chia, W. N., Wigley, D. B., 
Sharman, A. S., Holbrook, J. J., Atkinson, T., & Minton, 
N. T. (1986) Gene 46, 47-55. 

Bernstein, F. C., Koetzle, T. F., Williams, G. J. B., Meyer, 
E. F., Jr., Brice, M. D., Rodgers, J. R., Kennard, O., 
Schimanouchi, T., & Tasumi, M. (1977) J .  Mol. Biol. 112, 
5 35-542. 

Biochemistry, Vol. 29, No. 37, 1990 8591 

Blanco, A., Burgos, C., Gerez de Burgos, N. M., & Montamat, 

Bone, R., Silen, J. L., & Agard, D. A. (1989) Nature 339, 

Bur, D., Luyten, M. A., Wyn, H., Provencher, L. R., Jones, 
J. B., Clarke, A. R., & Holbrook, J. J. (1989) Can. J.  Chem. 

Chance, E. M., Curtus, A. R., Jones, I. P., & Kirby, C. R. 
(1 977) FACSIMILE: A Computer Program for Flow and 
Chemistry Simulation, and General Initial Value Problems, 
H.M. Stationary Office, U.K. 

Clarke, A. R., Waldman, A. D. B., Hart, K. W., & Holbrook, 
J. J. (1985a) Biochim. Biophys. Acta 829, 397-407. 

Clarke, A. R., Waldman, A. D. B., Munro, I., & Holbrook, 
J. J. (1985b) Biochim. Biophys. Acta 828, 375-379. 

Clarke, A. R., Wigley, D. B., Chia, W. N.. Barstow, D., 
Atkinson, T., & Holbrook, J .  J .  (1986) Nature 324, 

Clarke, A. R., Wilks, H. M., Barstow, D. A., Atkinson, T., 
Chia, W. N., & Holbrook, J. J. (1988) Biochemistry 27, 

Grau, U. M., Trommer, W. E., & Rossmann, M. G. (198 1) 
J .  Mol. Biol. 151, 289-307. 

Hart, K. W., Clarke, A. R., Wigley, D. B., Waldman, A. D. 
B., Chia, W. N., Barstow, D. A., Atkinson, T., Jones, J. B., 
& Holbrook, J. J. (1987) Biochim. Biophys. Acta 914, 

Hogrefe, H. H., Griffith, J. P., Rossmann, M. G., & Goldberg, 
E. (1987) J .  Biol. Chem. 262, 13155-13162. 

Holbrook, J .  J., Liljas, A,, Steindel, S. J., & Rossmann, M. 
G. (1975) in The Enzymes (Boyer, P. D., Ed.) 3rd ed., Vol. 
11, pp 191-292, Academic Press, New York. 

Kim, M. J., & Whitesides, G. M. (1988) J .  Am. Chem. SOC. 

Pan, Y.-C., Huang, S., Marciniszyn, J. P., Jr., Lee, C.-Y., & 
Li, S. S.-L. (1980) Hoppe-Seyler's 2. Physiol. Chem. 361, 
795-799. 

Parker, D. M., & Holbrook, J. J. (1977) in Pyridine Nu- 
cleotide-Dependent Dehydrogenases (Sund, H., Ed.) pp 
485-502, de Gruyter, New York. 

Piontek, K., Chakrabarti, P., Schar, H.-P., Rossmann, M. G., 
& Zuber, H. (1990) Proteins: Structure, Function, and 
Genetics 7, 74-92. 

Sakai, I., Sharief, F. S., & Li, S. S.-L. (1987) Biochem. J .  

Sanger, F., Coulson, A. R., Barrell, B. G., Smith, A. J. H., 
& Roe, B. A. (1980) J .  Mol. Biol. 143, 161-178. 

Waldman, A. D. B., Birdsall, B., Roberts, G. C. K., & Hol- 
brook, J .  J. (1986) Biochim. Biophys. Acta 870, 102-111. 

Wigley, D. B., Muirhead, H., Gamblin, S .  J., & Holbrook, 
J. J. (1988) J .  Mol. Biol. 204, 1041-1044. 

Wilkinson, J. H., & Withycombe, W. A. (1965) Biochem. J .  

Wilks, H. M., Hart, K. W., Feeney, R., Dunn, C. R., Muir- 
head, H., Chia, W. N., Barstow, D. A., Atkinson, T., Clarke, 
A. R., & Holbrook, J. J. (1988) Science 242, 1541-1544. 

Winter, G., Fersht, A. R., Wilkinson, A. J., Zoller, M., & 
Smith, M. (1982) Nature 299, 756-758. 

Wu, K. C., Chan, K., Lee, C.-Y. G., & Lau, Y.-F. (1987) 
Biochem. Biophys. Res. Commun. 146, 964-970. 

E. E. (1976) Biochem. J .  153, 165-172. 

191-195. 

67, 1065-1070. 

699-702. 

161 7-1622. 

294-298. 

110, 2959-2964. 

248, 933-936. 

97, 663-668. 


