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Conformation of Nicotinamide Adenine Dinucleotide Bound

to Cytoplasmic Malate Dehydrogenasef

Lawrence E. Webb, Edward J. Hill,{ and Leonard J. Banaszak*-§

ABSTRACT: The structure of NAD* bound to each subunit of
cytoplasmic malate dehydrogenase has been determined from
an electron density map at 2.5-A resolution. The structures of
the bound coenzyme molecules are closely related by the two-
fold rotational symmetry of the dimeric enzyme with the
binding sites at the closest point about 20 A apart. The NAD+
molecule is in an open conformation with the bases unstacked.
The torsion angles are in general agreement with those found
in 5’-nucleotides and polynucleotides, with the exception of
differences in ribose ring and phosphate orientation, which
presumably accommodate binding to the protein. An isolated

Nicotinamide adenine dinucleotide, NAD*, along with
its 2’-phosphoric acid derivative, NADP+, are coenzymes in
a very large number of enzymatic oxidations and reductions.
A simple example of this form of metabolic reaction is the
oxidation of hydroxy acids
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electron density peak, ascribed to a sulfate ion, is located
close to the nicotinamide ring in a position which could be
the substrate location during catalysis. The coenzyme struc-
ture and binding are very similar to those found crystallo-
graphically in lactate dehydrogenase, but some differences are
observed. One segment of protein chain, which forms a loop
near the coenzyme, is shifted relative to the coenzyme in one
of the malate dehydrogenase subunits. This shift differs from
the folding down of the same segment observed in the abortive
ternary complex of lactate dehydrogenase.

COOH COOH
dehydrogenase P
H—C—OH + NAD* (’Z=O + H* -~ NADH
R R

For the enzyme, malate dehydrogenase, R is - CH,COOH, and
for lactate dehydrogenase, R is :CH,;. In the direction of
oxidation, two hydrogen atoms are removed from the car-
boxylic acid. One hydrogen atom plus one electron are trans-
ferred to the 4 position of the nicotinamide ring and one pro-
ton is found in the solvent.! Figure 1 shows the covalent struc-

tFor a discussion of the chemistry of NAD™ as related to dehydro-
genases, see Bruice and Benkovic (1966).
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FIGURE 1: Covalent structure of nicotinamide adenine dinucleotide
showing torsion angles as defined by Arnott and Hukins (1969).
The atom referred to as the bridge oxygen atom is shown as a
black circle. All models and electron density contours included in
figures in this paper are reproduced directly from a molecular
modeling system cathode ray tube display (Hill ez a/.. 1972).

ture of NAD™, the pyridine ring in the reduced form, and the
nomenclature which will be used in the subsequent discussion.

The hydrogen (or hydride ion) may be transferred to C-4
of the nicotinamide ring in two sterically distinguishable
positions, either to the position labeled Ha or Hp. This gives
rise to two classes of dehydrogenases, type A and type B.
Cytoplasmic mialate dehydrogenase from pig heart (Davies
et al., 1972) and muscle lactate dehydrogenase (Levy and
Vennesland, 1957) are type A dehydrogenases. The two differ-
ent sides of the nicotinamide ring are shown in the reduced
nicotinamide ring in Figure 1.

Detailed structural information on the conformation of
both cytoplasmic malate dehydrogenase from pig heart (Hill
et al., 1972) and dogfish muscle lactate dehydrogenase (Adams
et al., 1970a; Rossman et al., 1971) has been obtained by X-ray
analysis. Since all dehydrogenases involve at least two sub-
strates, NAD™*, and in the case of malate dehydrogenase, the
dicarboxylic acid, multiple binding steps must occur in the
catalytic reaction. The general terminology which has evolved
describes the apoenzyme with bound NAD™ as a binary com-
plex, or the enzyme with bound NAD™* and the other sub-
strate or substrate analog as a ternary complex. The native
crystals of malate dehydrogenase contain bound NAD™ and
therefore represent some form of a binary complex (Glatthaar
et al., 1972). Dogfish lactate dehydrogenase in the principle
crystalline form is the apoenzyme (Adams et «l., 19704).

Since this report describes preliminary information on the
location of the NAD™ binding site in malate dehydrogenase and
the conformation of this bound NAD™, Figure ! also illustrates
the conformational degrees of freedom of the dinucleotide. To
make possible easy comparison with the lactate dehydrogenase
results, the torsion angles which define these degrees of free-
dom are labeled according to the system of Arnott and Hukins
(1969), with positive rotations always in a clockwise direction
looking down the indicated bond. Not shown in Figure 1 is
the puckering of the ribose ring. It will be assumed that in the
NADT, ribose puckering is either C-2’- or C-3’-endo (Arnott
and Hukins, 1969). This simply means that the C-2’ or C-3'
atom deviates most from the least-squares plane of the ribose
ring and the deviation is in the direction of the C-5’ atom
(Sundaralingam, 1973),
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Since the nature of any charged group on NAD* would
probably affect binding to malate dehydrogenase, such groups
are also shown in Figure 1. Note that the positive charge on
the nicotinamide ring does not involve an ionizable group in
the normal pH ranges and that it is absent in the reduced forn,
NADH. The pK of the adenine amino group is about 4 »0
that it is probably neutral at pH 5.0 where the malate dehydro-
genase structure has been studied. The two ionizable OH
groups attached to the two phosphorus atoms in the diester
linkage have low pK values (<2) and are both likely to have
negative charges at the pH used in this study.

The asymmetric unit of malate dehydrogenase crystals
contains the dimeric molecule with the iwo subunits arranged
so that they are related by an approximate twofold rotation
axis (Hill er al., 1972), which we shall call the molecular
dyad. Although the polypeptide conformation is known from
the studies at 3.0-A resolution. detailed information on the
amino acid sequence is not yet available, Atomic coordinates
up to and including the 3 carbons have been determined for
only one subunit. It must therefore be emphasized that subtle
conformational differences may cxist between the two sub-
units. The possibility of these differences was first suggested
by studies at 3.0-A resolution. For example, when the native
crystals were soaked in high concentrations of NAD™ and
then studied by difference Fourier methods, additional clec-
tron density was found, However. these changes wers associ-
ated with only one subunit, which we shall call subunit 2
(Tsernoglou e af., 1971). This low resotution study pointed
to the region of the malate dehydrogenase molecule which
should contain onc of the NAD™ binding sites. The position
of the other, in subunit 1, was inferred from the molecular
symmetry (Hill er o/, 1972). In the map of the native protein
at 2.5-A resolution. it became clear that electron density
belonging to NAD™ was present in both subunits. The addi-
tional electron density which was observed by ditference
Fourier methods at low resolution, and recently in o 15A
resolution difference map, probably results from the fact
that the occupancy at this one site, in subunit 2, is increased
by soaks in very high concentrations of NAD"'. Thesc inter-
pretations of the location of the NAD™ binding site are in
good agreement with the binding site described for dogfish
lactate dehydrogenase (Adams er a/., 1970a.b).

Experimental Methods

X-Ray diffraction data were extended from 3.0- to 2.5-A
resolution, employing the heavy atom derivatives and anom-
alous scattering measurements described previously (Hill
et al., 1972). The crystals werce again prepared with a tenfold
molar excess of NAD*

The 2.5-A electron density map was computed from a total
of 74,497 independent reflections. The unit cell grid intervals
for each section of the map were 128 along « and 64 along b.
The 64 sections were spaced at intervals of 0.92 A along ¢ and
were contoured for model building of the complete polypep-
tide backbone in an optical comparator using a half-silvered
mirror (Richards, 1968). The highest integrated electron
densities were found in two continuous envelopes of density,
one in each subunit, which could not be attributed to any part
of the peptide backbone or its side chains. These envelopes
were assigned to the bound dinucleotide, and sections con-
taining them, together with neighboring electron density, were
selected for coenzyme model building in a smaller comparator.

For each subunit, coordinates for many different conforma-
tions of the coenzyme were measured in the optical compara-
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FIGURE 2: Stereoview of an a-carbon model of malate dehydrogenase subunit 1 and the portion of the 2.5-A electron density map of this subunit
which contains the bound dinucleotide. A single arbitrary contour level is plotted on orthogonal sections.

tor and entered into the molecular modeling system (Hill ef
al., 1972). This was done by building dinucleotide conforma-
tions which still fitted the electron density but had variations
in the torsional angles. This computer interactive display
system permitted each model to be examined in stereo super-
imposed on a selected volume of electron density contours.
Three-dimensional perception was enhanced by the simul-
taneous display of two orthogonal sets of contours which
could be rotated together with the model.

The measured model was not altered but was used as a
guide to be followed closely while fitting the density with
another displayed NAD™ model which incorporated standard
bond lengths and bond angles. This standard model was con-
structed initially in an arbitrary conformation with the molecu-
lar modeling system. The final models were obtained by vary-
ing the previously described torsion angles, and rigid body
rotations and translations. These parameters were altered one
at a time while watching the display of the model in the elec-
tron density,

The molecular dimensions of the standard model were taken
from the fundamental nucleotide units (C-3’-endo and C-2'-
endo) derived from X-ray crystal-structure determinations of
nucleosides, nucleotides, and dinucleoside monophosphates
(Sundaralingam, 1973). It is worth noting that the angle at
the phosphorus atom involving the ester oxygens was de-
creased from the tetrahedral value to 101°, in accordance
with values obtained from triphosphates, phosphodiesters,
and the only crystal structure of an organic pyrophosphate
thus far reported (Pletcher and Sax, 1966; Sundaralingam,
1969). The derivation of the detailed conformation of the
bound dinucleotide is described below.

Results and Discussion

The location of the coenzyme electron density in subunit 1
relative to an a-carbon model of malate dehydrogenase is
shown in Figure 2. The adenine end of the dinucleotide fits
tightly into a crevice near the surface, and the nicotinamide

end extends deep into a cavity in the interior of the enzyme.
The NAD site in the other subunit is related by the molecular
dyad and is separated from the site shown in Figure 2 by
about 20-25 A.

Derivation of NADT Conformation. Several prominent
features of the electron density map served as starting points
in deriving the conformation of the dinucleotide in each sub-
unit. The two phosphorus atoms were kept as close as pos-
sible to two peaks in the central region of the coenzyme den-
sities. These electron density maxima were among the highest
in the entire map. One of the nicotinamide phosphate oxygens
in subunit 1 was clearly delineated in the map, although the
other phosphorus oxygens were poorly resolved. Further
guidance was provided by protuberances of electron density
which were assumed to be ribose oxygens hydrogen bonded
to the protein. Examination of the density contours at suitable
orientations in the molecular modeling system display clearly
delineated the location and orientation of the planar adenine
rings.

An attempt was made to build all models with torsion
angles which were as close as possible to “expected” values,
without sacrificing the fit to the electron density. The expected
values were based on surveys of known crystal structures
(Arnott and Hukins, 1969; Sundaralingam, 1969, 1973). In
the final model, deviations from these values were not allowed
if van der Waals distances were violated. Many earlier models
followed the main features of the electron density but had
some sterically unreasonable torsion angles.

When the full range of allowed pyrophosphate conforma-
tions was taken into account, it became possible to build a
model with a better fit to the electron density with torsion
angles much closer to those previously observed in other di-
nucleotides. Within the restrictions imposed by the previously
observed staggering of the phosphate oxygens when viewed
down the P-P axis (Sundaralingam, 1969), a large number of
pyrophosphate conformations differing in the orientation of
the bridge oxygen atom are possible. Some of these conforma-
tions are depicted in Figure 3. It became clear that the con-
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FIGURE 3: (A) Schematic diagram of possible staggered pyrophos-
phate conformations viewed down the P-P axis. (B) Conformation
selected for NAD™ bound to malate dehydrogenase. In this view,
the position of the pyrophosphate bridge oxygen is usually found
to project midway between two of the hexagonally distributed
oxygens (Sundaralingam, 1969, Pletcher and Sax, 1966). The
ester oxygens bonded to the nicotinamide and adenine ribose rings
are labeled O, and O,, respectively. The six projected bridge oxygen
positions which fulfill the staggering conditions for the selected
positions of O, and O, are shown in A with the dihedral angles
¢n and ¢, given in parentheses. These angles are defined in Figure 1.
Their suggested values are not exact but suggest angular ranges of
20-30° which give the staggering shown with the assumed NAD™
pyrophosphate structure discussed in the text. The considerable
distortion from tetrahedral geometry at each phosphorus atom
precludes a more precise definition of each staggered position. The
position tentatively chosen for the NAD* bridge oxygen in both
malate dehydrogenase subunits is indicated by the heavy line.

formation shown in Figure 3 with the ester oxygens gauche
rather than trans about the P-P axis fit the NAD™ density
best, but the location of the remaining phosphorus oxygens
was not well defined in the electron density. With the adenine
ring, the nicotinamide ring, and the two ribose rings fixed
in relatively well-defined density at both ends of the dinucleo-
tide, the pyrophosphate conformation was varied by changing
the position of the bridge oxygen relative to the ester oxygens
as depicted in Figure 3. In each subunit, the conformation
which appeared to best connect the two ribose rings was
selected.

Overall Structural Features, The final models for the dinu-
cleotide bound to each subunit are shown in Figure 4 super-
imposed on their electron density contours. Torsion angles
for these models are listed in Table I. The NAD™ in subunit 1
(NADI) rotated 180° about the molecular dyad and super-
imposed on the NAD" in subunit 2 (NAD2) is shown in
Figure 5. The NADI and NAD?2 structures, although derived
independently, are nearly identical, and it is likely that ap-
parent differences are not significant.

5104 BiocHEMISTRY, voL 12, No. 25, 1973

WEBB, HILL, AND BANASZAK

TABLE 1: Torsion Angles (Degrees) for NAD* in Malate
Dehydrogenase Binary Complex and Lactate Dehydrogenase
Ternary Complex.*

Torsion N Malate Lactate

Angle Subunit 1 Subunit 2 Ternary®

%a 110 115 89

£ (V) —78 74 78

8. (@) —~167 —150 —159

Ve (@) 58 67 109

¢a (') —166 ~—156 156

{2 88 84 49

¥n 147 160 87

On 160 150 —171

£n ~40 -6l —53

Xn 132 133 106

Ribose, C-3’-endo C-3’-endo C-3'-endo

Ribose, C-2'-endo C-2’-endo C-3’-endo

?The torsion angles are defined according to the conven-
tions of Arnott and Hukins (1969) and are shown in Figure 1.
To facilitate comparisons, the notation of Sundaralingam
(1969) is given in parentheses where the definition of the
angle is the same as that of Arnott and Hukins. ? Abortive
ternary complex (Chandrasekhar ez /., 1973).

Despite incomplete resolution of some of the oxygen atoms,
the main features of the structure are clearly delineated in the
electron density contours (Figure 4). Although the two sets of
torsion angle values listed in Table I are calculated from
models which fit these density contours adequately at 2.5-A
resolution, these values are not necessarily a unique solution
to the density fitting problem. The NAD* conformation will
therefore be discussed first in terms of some characteristic
structural parameters shown in Figure 6 and listed in Table II.

The coenzyme is basically in an open conformation when
bound to malate dehydrogenase, in contrast to the folded
form which it can assume in aqueous solution (McDonald
et al., 1972), The adenine and nicotinamide rings are not
stacked over each other but are about 15 A apart, as shown in
Figure 6. Furthermore, the angle between the adenine and
nicotinamide ring planes is about 110° in NADI and 80° in
NAD?2. Although the latter two values probably have un-

TABLE 11: Comparison of Intramolecular Structure Parameters
for Bound NAD.

Malate

e Lactate
Distances (A) Subunit 1 Subunit 2 Ternary®
P.~N-9 6.9 6.9 6.9
P.~C-47, 4.0 3.9 39
P,~N-1 6.4 6.5 6.6
P,—C-4', 4.0 3.9 3.9
C-6,~C-2, 14.3 14.2 14.1
Angle (deg)
a’ —80 -71 —41

® Coordinates taken from Chandrasekhar er al. (1973).
» Dihedral angle about the P-P axis; defined in Figure 6.
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FIGURE 4: Models of NAD* bound to malate dehydrogenase subunit 1 (A) and to malate dehydrogenase subunit 2 (B) as fitted to the 2.5-A
resolution electron density map. Contours were generated as in Figure 2 and those belonging to neighboring protein were suppressed for
clarity. The NAD™ of subunit 1 has been rotated about the malate dehydrogenase molecular dyad for easy comparison with subunit 2.

certainties of 10-20°, they show clearly that the bases are not
parallel but are nearly perpendicular. The interatomic dis-
tances given in Figure 6 show that both 5'-nucleotides in the
dinucleotide have similar dimensions characteristic of an ex-
tended conformation.

It should be emphasized, however, that the coenzyme is
not in a completely extended form, since there is a turn or
fold at the pyrophosphate group as shown in Figure 3. The
overall shape of the coenzyme can be further characterized
by the dihedral angle «, defined in Figure 6. This parameter
indicates that the adenine ring is rotated counterclockwise
about the P-P axis about 80° with respect to the nicotinamide
ring.

Conformational Analysis. The suggested values of torsion
angles in Table I have the same pattern for the two nucleo-
tides making up the dinucleotide. Differences in the torsion
angles are small and may not be significant, with the exception
of the ¢ and  angles. There are some deviations from the
expected values mentioned above (Arnott and Hukins, 1969,
Sundaralingam, 1969, 1973), which were derived from struc-
tures of polynucleotides and nucleotides not bound to a pro-
tein. These deviations are no larger than about 20-30°. A
determination of whether or not they are significant must
await a least-squares refinement of the torsion angle variables
with respect to the electron density after all protein side chain
density has been interpreted.

BIOCHEMISTRY, VoL 12, No. 25, 1973 5105
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FIGURE 5: Comparison of the structures derived for NAD™ bound to subunit 1 (NADI) and subunit 2 (NAD2) in malate dehydrogenase
The heavy lines represent NAD2, NAD1 was rotated 180° about the molecular dyad (Hill er /., 1972) and then translated 2.03 A alonga
line between the two adenine phosphorus atoms to make these two atoms superimpose, Data are not yet available to determine if this trans-
lation reflects a significant deviation of the twofold axis relating NAD! and NAD2 from an accurate twofold axis relating the two protein

subunits.

In addition to the torsion angles listed in Table I, the angles
given by Arnott and Hukins (1969) were used {o build the C-
3’-endo and C-2'-endo puckered ribose rings. The C-4'-C-5'
and N-C-1’ bonds for these two ribose conformations can be
made to superimpose by appropriate alterations in the x and ¢
angles. Therefore, these bonds and the ribose oxygens must

FIGURE 6: Structural parameters of NAD* bound to malate de-
hydrogenase. The figure was produced from a computer display of
the structure derived for the dinucleotide bound to subunit 1.
Interatomic distances shown by the dashed lines are given in Ang-
stroms. The angle « indicated by the arrow is the dihedral angle
about the P-P axis defined for the vectors N-9-P,, P,-P,, and
P.~N-1 with the same conventions as for the backbone torsion
angles. This angle and the distances shown are averages of the
values listed in Table II for NAD* bound to the two malate de-
hydrogenase subunits.

5106 BrocHEMISTRY, voL 12, No. 25, 1973

both be well defined for one to decide which puckering best
fits the electron density. The adenine ribose rings fit the
density almost equally well with either puckering. The C-3'-
endo conformation was chosen because the x angle could
then be made closer to the normal range of values. The C-2'-
endo conformation of the nicotinamide ribose rings was
easier to build into the electron density than the C-3’-endo
alternative found in NAD* bound to lactate dehydrogenase
(Chandrasekhar ez al., 1973).

Both bases are clearly in the anti position. The x, and xx
vaiues quoted here, although somewhat larger than the
averages of x values found in structures with purine and py-
rimidine bases, are consistent with a stable conformation de-
termined from space filling models.

A striking feature of the NAD* conformation when bound
to malate dehydrogenase is that the staggered conformation
about the C-4’-C-5' bond is trans-gauche (¢ near —60°)
rather than the gauche-gauche (¢ = 60°) conformation
found in all crystal structure determinations of 5/-nucleotides
and polynucicotides (Sundaralingam, 1973). The same trans-
gauche conformation is found also in the lactate dehydro-
genase ternary complex and may allow more hydrogen bonds
to the protein than the gauche-gauche conformation. The
other staggered conformation (£ near 180°) has been found
in adenosine, AMP, and ADP bound to lactate dehdyro-
genase (Chandrasekhar ef al., 1973) and in AMP in solution
(Barry et al., 1971).

The pyrophosphate conformation found for both subunits
is shown in Figure 3. Although the gauche arrangement of
the ester oxygens is reasonably certain in both subunits, the
relative position of the pyrophosphate bridge may not be the
same. Higher resolution data may reveal differences which
would change the ¢ and possibly the y values greatly. It is
interesting to note that the conformation in the present
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FIGURE 7: Model for NAD~ in the abortive ternary complex lactate dehydrogenase-NAD —pyruvate superimposed on the model for NAD+
bound to malate dehydrogenase subunit 2 (heavy lines). Coordinates for the ternary complex were taken from Chandrasekhar et al. (1973).
The superposition is not a least-squares fit but was done by visual inspection of a cathode ray tube display.

interpretation of the electron density is consistent with the
observations of Sundaralingam (1969) concerning phospho-
diesters and the amidotriphosphate ion. He noted that in
phosphodiesters an anti-gauche (tg) conformation is pre-
ferred over an anit-anti (tt) conformation, which has inter-
ference between the lone-pair orbitals on the two ester oxy-
gens. Taking the torsional angles in Table I in the order ym,
¢n, ¢a, ¥a, One sees that the conformation about each NAD*
phosphorus atom can be characterized as tg™ in Sundaral-
ingam’s notation. The conformation about the pyrophosphate
bridge atom, given by the angles ¢, and ¢., can also be char-
acterized as gauche-anti. Thus, the lone-pair orbitals on the
bridge oxygen as well as those on the two ester oxygens may
have a significant influence on the conformation of the di-
nucleotide.

Comparison with NAD™ in Lactate Dehydrogenase. The
structure of NAD* when bound to lactate dehydrogenase in
a binary complex (Adams et al., 1970b) has recently been
compared to the structure of bound NAD™ in the ternary
complex lactate dehydrogenase-NAD*-pyruvate (Chan-
drasekhar et al., 1973). There are significant differences be-
tween coenzyme binding in these complexes, but the NAD+
conformations are nearly the same. The structure in the
ternary complex, determined from higher resolution data
(Rossman et al., 1971), is selected for comparison here.

Table I shows that the torsion angles for NAD* in the lactate
dehydrogenase ternary complex and in both malate dehydro-
genase subunits are very similar with the exception of the
nicotinamide ribose puckerings discussed above and the
pyrophosphate conformations described by the ¢ and ¥
angles. These differences may not be significant, as the struc-
tures found for NAD* bound to malate and lactate dehydro-
genase superimpose quite closely as shown by Figure 7 and
the structural parameters given in Table II. Note in Figure 7
that the orientation of the phosphorus oxygen automs is nearly
the same although the ¢ and ¢ angles are very different. There
are obvious differences between the two NAD+ models, how-
ever, and one way of characterizing them is the dihedral angle,
«, involving rotations of the P,—~N-9 and P,—N-1 vectors about
the P-P axis. This angle is much smaller in the lactate dehy-
drogenase ternary complex. It is possible that this difference is

only a reflection of the way the electron densities were in.
terpreted. The close resemblance of the NAD™ structures
when bound to the two dehydrogenases is not surprising in
view of the nearly homologous structures of malate dehydro-
genase and dogfish lactate dehydrogenase (Hill et al., 1972).
Furthermore, the observed NAD* conformations must be
closely correlated with interactions between the dinucleotide
and protein, which have striking similarities in lactate and
malate dehydrogenase.

These interactions in malate dehydrogenase are illustrated
by the schematic diagram in Figure 8. The nomenclature for

az2Ga3c

4 6GAH

FIGURE 8: Schematic diagram of interactions between NAD* and
malate dehydrogenase. Nomenclature for the protein segments is
explained in the text. Dotted lines indicate possible hydrogen
bonds. Rectangles indicate side chains large enough to be clearly
visible in the electron density map. The position assigned to a sulfate
ion is also shown,
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FIGURE 9: Nicotinamide ring and sulfate jon bound to subunit 1 with related regions of the malate dehydrogenase 2.5-A resolution electron
density map. The contours were generated as in Figure 4, and some of the electron density belonging to side chains near the sulfate ion has
been suppressed so that the large peak containing this ion is clearly visible. The sulfate ion has been placed in an arbitrary orientation

in this electron density.

the segments of peptide chain has been adopted for both
lactate and malate dehydrogenases (Hill ez al., 1972). The pre-
fixes @ and @ specify « helices and 3 structure. Turns are repre-
sented by combinations representing the segments connected,
For example, the BDoD segment, also called the “loop,” joins
the 8D strand and the «D helix. Although hydrogen bonds
cannot be specified until the malate dehydrogenase sequence
is known, it is clear that most of the contacts specified by the
dotted lines are close enough to implicate this type of bonding.

Comparison of the malate dehydrogenase electron density
map with a recent detailed description of hydrogen bonding
between NAD* and lactate dehydrogenase (Adams et al.,
1973a) reveals that side chains in structurally homologous
regions bind the dinucleotide in the malate dehydrogenase. For
example, the 2’-hydroxvl group of the adenine ribose in malate
dehydrogenase is probably hydrogen bonded to a side chain
in the 8BaC turn. The same ribose hydroxyl group hydrogen
bonds to Asp-33 in lactate dehydrogenase, a residue also in
the 8BaC turn, In both enzymes, a residue at the end of the
a2Ga3G turn is involved in binding to one of the oxygens on
the nicotinamide phosphorus atom. In malate dehydrogenase,
the 2’-OH group in the nicotinamide ribose is implicated
in hydrogen bonding to the SEalF turn, either to the main
chain itself, as in lactate dehydrogenase, or to a large side chain.
The electron density of this side chain at BEalF lies over the
nicotinamide ring in the same way as Glu-140, in the homo-
logous turn in lactate dehydrogenase, approaches the reactive
A side of this ring. As in lactate dehydrogenase, the loop
residues in malate dehydrogenase play an important role in
binding the nicotinamide ribose 3’-hydroxyl group and/or
the phosphorus oxygens.

However, some of the residues which are hydrogen bonded
to the dinucleotide in lactate dehydrogenase are much further
removed from the coenzyme in malate dehydrogenase, and it
should be emphasized that substantial differences must exist,
especially in the active-site region. The nicotinamide ring of
subunit 1 and the related regions of the malate dehydrogenase
electron density map are shown in Figure 9. The density directly
behind the nicotinamide ring belongs to the SEalF side chain
discussed above. The large peak ascribed to a sulfate ion is close
to the nicotinamide C-4 atom and several large side chains.
The ion site is present in both subunits and is positioned in a
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homologous manner to the anion location in the active site of
dogfish lactate dehydrogenase (Adams et al., 1973b). The
presence of this ion close to the C-4 atom on the A side of the
nicotinamide ring suggests, of course, that the removal of the
ion is a necessary step in the reaction mechanism.

The position of the carboxamide group between the nico-
tinamide ring and a large nearby side chain is marked by a
large region of electron density. The conformation about the
C-3-C-7 bond cannot be determined at this resolution; the
amide group has been twisted 24° from the plane of the ring in
accordance with the crystal-structure determination of nico-
tinamide (Wright and King, 1954). The side chain which
approaches and apparently hydrogen bonds to the carbox-
amide group has been tentatively assigned to the BG3H turn
and is shown schematically in Figure 8. This assignment puts
this side chain in a position homologous to that occupied by an
essential histidine in lactate dehydrogenase, identified as
His-195 (Adams et al., 1973b).

A complete interpretation of the binding of NAD™ to
malate dehydrogenase must include relevant changes of con-
formation between the two protein subunits. Significant dif-
ferences in the loop region of the two subunits have been
noted. It is clear also that the loop region in both subunits of
the malate dehydrogenase binary complex has a conformation
substantially different from that of the loop in dogfish lactate
dehydrogenase apoenzyme. The malate dehydrogenase loop
resembles somewhat more closely the loop in the lactate
dehydrogenase ternary complex, which is folded down over the
coenzyme and substrate (Adams et al., 1972). The differences
noted between the loop positions in the two malate dehydro-
genase subunits can be documented in detail when the model
of the polypeptide backbone for both subunits is complete.
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Vitamin B; Catalysis. «-Phenylaminomalonate-Catalyzed

Reactions of 5-Deoxypyridoxalf

John W. Thanassi

ABSTRACT: The pH-rate profile for the decarboxylation of a-
phenylaminomalonic acid has been determined and describes
a bell-shaped curve. The reactive species is the neutral, zwit-
terionic form, 4+NH;C¢H;(COOH)COO-, which decarboxyl-
ates approximately 5 X 10¢ times more readily than
malonic acid monoanion, CHx(COOH)COO~. The products
from the reaction of a-phenylaminomalonate and 5-deoxy-
pyridoxal at pH 5.2 were separated by ion-exchange chro-
matography and were identified as 5-deoxypyridoxamine, a

Aminomalonic acid, NH;,CH(COOH),, and its derivatives
are interesting compounds on both chemical and biochemical
grounds. This amino acid was utilized by Ogsten (1948) to
illustrate his theoretical arguments that enzymes can in fact
distinguish groups on apparently symmetrical, optically
inactive, molecules of the type C (a,b,d,d). Ogsten’s publica-
tion led to greater insights on the stereochemistry of enzyme-
catalyzed reactions and had the important consequence of

t From the Department of Biochemistry, University of Vermont,
College of Medicine, Burlington, Vermont 05401, Received July 9, 1973.
These studies were supported by U. S. Public Health Service Grant No.
5-R0O1-AM12436,

dimer incorporating one molecule of 5-deoxypyridoxamine
and one molecule of 5-deoxypyridoxal (compound J), and
a diastereoisomer of compound J (compound K). The reac-
tions of 5-deoxypyridoxal with aminomalonic acid, a-methyl-
aminomalonic acid, and «-phenylaminomalonic acid are
compared, and discussed in terms of the mechanism of vita-
min B; catalysis, with reference to electronic and steric con-
trol factors.

reinstating citric acid as an intermediate in the tricarboxylic
acid cycle of glucose oxidation. A possible biological role for
aminomalonic acid as an intermediate in the serine to glycine
conversion was proposed about 60 years ago by Knoop (1914)
and was later explored by Shemin (1946). More recently,
aminomalonic decarboxylase activity from silkworm glands
(Shimura er al., 1956) and rat liver (Thanassi and Fruton,
1963) has been reported, leading to further speculation on
potential roles for aminomalonic acid in intermediary metab-
olism (Meister, 1965). However, the possibility of a biological
role for aminomalonic acid appears to have been laid to rest in
a recent publication by Palekar et al. (1973) who demon-
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