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Abstract

The conformation of NAD bound to diphtheria toxin (DT), an ADP-ribosylating enzyme, has been compared to the
conformations of NAD(P) bound to 23 distinct NAD(P)-binding oxidoreductase enzymes, whose structures are available
in the Brookhaven Protein Data Bank. For the oxidoreductase enzymes, NAD(P) functions as a cofactor in electron
transfer, whereas for DT, NAD is a labile substrate in which the N-glycosidic bond between the nicotinamide ring and
the N-ribose is cleaved. All NAD(P) conformations were compared by (1) visual inspection of superimposed molecules,
(2) RMSD of atomic positions, (3) principal component analysis, and (4) analysis of torsion angles and other confor-
mational parameters. Whereas the majority of oxidoreductase-bound NAD(P) conformations are found to be similar, the
conformation of NAD bound to DT is found to be unusual. Distinctive features of the conformation of NAD bound to
DT that may be relevant to DT’s function as an ADP-ribosylating enzyme include (1) an unusually short distance
between the PN and NIN atoms, reflecting a highly folded conformation for the nicotinamide mononucleotide (NMN)
portion of NAD, and (2) a torsion angle yx ~ 0° about the scissile N-glycosidic bond, placing the nicotinamide ring
outside of the preferred anti and syn orientations. In NAD bound to DT, the highly folded NMN conformation and
torsion angle yn ~ 0° could contribute to catalysis, possibly by orienting the C1’N atom of NAD for nucleophilic attack,
or by placing strain on the N-glycosidic bond, which is cleaved by DT. The unusual overall conformation of NAD bound
to DT is likely to reflect the structure of DT, which is unusual among NAD(P)-binding enzymes. In DT, the NAD
binding site is formed at the junction of two antiparallel 8-sheets. In contrast, although the 24 oxidoreductase enzymes
belong to at least six different structural classes, almost all of them bind NAD(P) at the C-terminal end of a parallel
B-sheet. The structural alignments and principal component analysis show that enzymes of the same structural class bind
to particularly similar conformations of NAD(P), with few exceptions. The conformation of NAD bound to DT
superimposes closely with that of an NAD analogue bound to Pseudomonas exotoxin A, an ADP-ribosylating toxin that
is structurally homologous to DT. This suggests that all of the ADP-ribosylating enzymes that are structurally homol-
ogous to DT and ETA will bind a highly similar conformation of NAD.
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Diphtheria toxin NAD conformation

Nature commonly uses nicotinamide adenine dinucleotide and nic-
otinamide adenine dinucleotide 3'-phosphate as cofactors for en-
zymes that catalyze biological reactions involving electron transfer.
In these reactions, a hydride ion is transferred to or from the C4
atom of the nicotinamide ring of NAD(P), resulting in either the
reduction or oxidation of a substrate molecule. Over the past 30
years, the atomic structures of the NAD(P)-bound forms of at least
23 distinct oxidoreductase enzymes have been determined to atomic
resolution by X-ray crystallography. Although at least 14 of the
NAD(P)-binding oxidoreductase enzymes whose structures have
been determined in complex with NAD(P) have the well-known
dinucleotide-binding fold, also called the Rossmann fold (Ross-
mann et al., 1975), at least five other types of folds have emerged
for enzymes of this function. For example, aldose reductase has an
(af8)s structure (Wilson et al., 1992) that is quite different from the
Rossmann fold. The 23 distinct oxidoreductase enzymes for which
an NAD(P)-bound structure has been determined and deposited in
the Brookhaven Protein Data Bank are listed in Table 1. In this
table, the 23 NAD(P)-binding oxidoreductase enzymes have been
segregated into six classes on the basis of their folding topologies.
The classification into distinct structures in Table 1 is taken di-
rectly from the Structural Classification of Proteins database, re-
lease 1.32 (Murzin et al., 1995), although the class numbers have
been assigned by the present authors. A representative structure for
each of the six structural classes of NAD(P)-binding oxidoreduc-
tase enzymes is shown in Figure 1.

Recently, we have determined the crystal structure of the NAD
complex of diphtheria toxin [DT (Bell & Eisenberg, 1996)], an
NAD-binding protein that utilizes NAD as a labile substrate rather
than as a cofactor for electron transfer (Fig. 2). Specifically, DT
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catalyzes the covalent transfer of the ADP-ribose portion of NAD
to a diphthamide residue (posttranslationally modified histidine;
Van Ness et al., 1980) of elongation factor-2, causing inhibition of
protein synthesis and cell death (Collier, 1975). This reaction in-
volves the cleavage of NAD at the N-glycosidic bond between the
nicotinamide ring and the N-ribose. In the absence of EF-2, DT
also catalyzes the hydrolysis of NAD at the N-glycosidic bond,
although at a rate of only one per minute (Lory et al., 1980). The
crystal structures of at least five other ADP-ribosylating enzymes
have been determined, although their NAD complexes have not.
The crystal structure of Pseudomonas exotoxin A, which catalyzes
the same ADP-ribosylation reaction as DT, has been determined in
complex with an NAD analogue (Li et al., 1996).

Because the function of DT, an ADP-ribosylating enzyme, is
unique among the group of 24 enzymes whose structures have
been determined in complex with NAD(P), one might expect to
find differences in the conformation of NAD when bound to DT
that may be relevant to DT’s unique function. In order to gain
insight into DT’s function as an ADP-ribosylating enzyme, we
have compared the conformation of NAD bound to DT, to the
conformations of NAD(P) bound to the 23 oxidoreductase en-
zymes available in the PDB. We have compared all NAD(P) con-
formations by (1) visual examination of superimposed structures,
(2) RMSD in atomic positions, (3) principal component analysis,
and (4) comparison of torsion angles and other conformational
parameters.

In previous studies, the similarity in conformation of bound
NAD(P) among the dehydrogenase enzymes having the Rossmann
fold has been well documented (Rossmann et al., 1975; Branden &
Eklund, 1980; Grau, 1982; Eklund & Branden, 1987). In addition,

Table 1. Crystal structures of enzymes bound to NAD(P) available in the Brookhaven Protein Data Bank?

Class Enzyme PDB Res (A) Ligand Source

1 Alcohol dehydrogenase 20HX 1.8 NAD Horse liver

1 Quinone oxidoreductase 1QOR 2.2 NADP E. coli

1 3-a 20-B-Hydroxysteroid dehydrogenase 2HSD 2.6 NAD Streptomyces hydrogenans
1 Dihydropteridine reductase 1DHR 23 NAD Rat liver

1 Enoyl-ADP-reductase IENY 22 NAD Mycobacterium tuberculosis
1 Glyceraldehyde-3-P dehydrogenase 1GAD 1.8 NAD E. coli

1 Dihydrodipicolinate reductase 1DIH 22 NADP E. coli

1 Formate dehydrogenase 2NAD 20 NAD Pseudomonas sp.

1 Phosphoglycerate dehydrogenase 1PSD 2.8 NAD E. coli

1 p-Lactate dehydrogenase 2DLD 27 NAD Lactobacillus helveticus

1 Malate dehydrogenase IBMD 1.9 NAD Thermus flavus

1 L-2-Hydroxyisocaproate dehydrogenase IHYH 22 NAD Lactobacillus confusus

1 Lactate dehydrogenase SLDT 20 NAD Porcine muscle

I 6-phosphogluconate dehydrogenase 1PGO 2.5 NADP Sheep

2 Glutathione reductase 1GRB 2.0 NADP Human erythrocytes

2 Thioredoxin reductase ITDF 23 NADP E. coli

2 NADH peroxidase 2NPX 24 NAD Streptococcus faecalis

2 Dihydrolipoamide dehydrogenase 1LVL 2.5 NAD Pseudomonas putida

3 Aldose reductase 1ADS 1.6 NADP Human placenta

4 3-Isopropylmalate dehydrogenase 1HEX 25 NAD Thermus thermophilus

4 Isocitrate dehydrogenase 11IKB 2.5 NADP E. coli

5 Catalase 8CAT 2.5 NADP Beef liver

6 Dihydrofolate reductase 8DFR 1.7 NADP Chicken liver

7 Diphtheria toxin 1TOX 23 NAD Corynebacterium diphtheriae

*Classes in column 1 are from the SCOP database (Murzin et al., 1995), with identifying numbers added by the present authors.
Column 3 gives the PDB identification codes.
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(e) Class 5: Catalase (8CAT)

(f) Class 6: Dihydrofolate Reductase (8DFR)

Fig. 1. The six structural classes of NAD(P)-binding oxidoreductase enzymes, listed in the SCOP database (Murzin et al., 1995), with
numbering by the present authors. For each of the six structural classes (see Table 1), one representative structure is shown (A-F). For
each structure, NAD(P) is shown in red lines. In (A), the Rossmann fold is shown in yellow. In (B) and (F), the mononucleotide binding
fold (1/2 of the Rossmann fold) is also shown in yellow. In (E), the heme group bound to catalase is shown in green lines. In (A) and
(B), only the NAD binding domains are shown. Notice that, except for NADP bound to catalase (E), in all protein structures the
NAD(P)-binding site is located at the C-terminal end of a parallel B-sheet. The figure was prepared using MOLSCRIPT (Kraulis,
1991).
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Fig. 2. Structure of the catalytic domain of diphtheria toxin bound to NAD.
The catalytic domain of DT [PDB entry 1TOX (Bell & Eisenberg, 1996)]
is shown in ribbon representation and NAD is shown in black lines. Notice
that the NAD-binding site is located at the surface of two antiparallel
B-sheets, which meet at approximately a right angle.

the conformations of unbound nucleotides, including NAD(P), FAD,
FMN, FAD, ATP, and others, were compared to their conforma-
tions when bound to enzymes, in terms of torsion angles (Moodie
& Thornton, 1993). It was observed that the enzyme-bound nu-
cleotides tend to adopt an extended or “‘open” conformation, whereas
unbound nucleotides prefer a more “closed” conformation. An
explanation offered for this observation (Moodie & Thornton, 1993)
was that the extended conformation of bound nucleotides allows
for more interactions with residues of the enzyme.

In this study, we focus on comparing the conformation of NAD
bound to DT, an ADP-ribosylating enzyme, to the conformations
of NAD(P) bound to 23 oxidoreductase enzymes.

Results

Conformation of NAD bound DT

The conformation of NAD bound to DT is shown in Figure 3, with
atoms and relevant torsion angles labeled. In the crystal structure
of DT (Bell & Eisenberg, 1996), there are two DT-NAD com-
plexes in the asymmetric unit of the crystal, and thus there are two
independent determinations of the conformation of NAD bound to
DT. However, because the two independently determined confor-
mations of NAD bound to DT align to an RMSD of only 0.33 A
and are thus nearly identical, only one of the NAD conformations
(molecule one of the asymmetric unit) will be used for most of the
comparisons in this study.

Overall, the conformation of NAD bound to DT can be de-
scribed as extended (Fig. 3): the AC6 to NC2 distance between the
adenine and nicotinamide rings, which is used frequently as a
measure of the overall extension of a particular NAD(P) confor-
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Fig. 3. Conformation of NAD bound to diphtheria toxin. All atom names
are labeled, and torsion angles defined, according to current [IUPAC-IUB
nomenclature (IUPAC-IUB Joint commission on biochemical nomencla-
ture. 1983. Eur J Biochem 131:9-15), except for the { angles. The yx tor-
sion angle is defined by the positions of C2N-NIN-C1'-N-O4'N. The y,
and yy torsion angles are defined by the positions of C3'-C4'-C5’-05". The
Xa torsion angle is defined by the positions of C4A-N9A-C1'A-O4'A.

mation (Webb et al., 1973; Rossmann et al., 1975; Ecklund et al.,
1984), is 12.5 A. The nicotinamide mononucleotide portion, how-
ever, is in a highly folded, or “closed” conformation. The nicotin-
amide ring is in approximately the syn orientation (ynx ~ 0°),
placing the carboxamide group of the nicotinamide ring over the
N-ribose. In addition, the yy torsion angle (O5'-C5'-C4’-C3’) is at
~75°, placing the N-phosphate over the N-ribose. The N-ribose is
in the C3’-endo conformation. The “closed” conformation of the
NMN portion of NAD bound to DT allows for the formation of a
hydrogen bond between the N-phosphate and the carboxamide
group of nicotinamide.

In contrast, the adenosine monophosphate portion of NAD bound
to DT is more extended. The y, ~ —114° torsion angle places the
A-phosphate away from the A-ribose. The A-ribose is in the C2'-
endo conformation. The adenine ring is in the syn orientation
(xa ~ 73°), placing the six-membered ring of adenine over the
A-ribose.

Superposition of enzyme-bound NAD(P) conformations

As a first step toward comparing the conformation of NAD bound
to DT to the other enzyme-bound NAD(P) conformations in
Table 1, all enzyme-bound NAD(P) conformations have been su-
perimposed by least squares (Fig. 4A) and the RMSD values be-
tween each pair of enzyme-bound NAD(P) structures have been
calculated (Table 2). As seen in the superposition in Figure 4A, the
conformation of NAD bound to DT is unusual: the conformations
of NAD(P) bound to 22 of the oxidoreductase enzymes all follow
a similar path, whereas the DT-bound NAD conformation deviates
from this path significantly. As viewed in the superposition in
Figure 4A, the oxidoreductase-bound NAD(P) conformations are
particularly similar at the AMP portion, whereas the DT-bound
NAD conformation is clearly different. At the NMN portion, the 22
conformations of NAD(P) bound to oxidoreductase enzymes show
less similarity.

The unusual conformation of NAD bound to DT is also evident
from the RMSD values in Table 2 (1TOX in last column). In
Table 2, RMSD values are presented between each of the 24 enzyme-
bound NAD conformations (rows 1-24) and a representative
NAD(P) conformation for each of the six structural classes of
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Fig. 4. Superposition of enzyme-bound NAD(P) conformations. All NAD(P) conformations were superimposed to NAD bound to
alcohol dehydrogenase (20HX), as a common reference structure. For NADP structures, the 2’ phosphate is omitted. A: Conformations
of all enzyme-bound NAD(P)s are shown, except for NADP bound to catalase (8CAT). NAD bound to DT is shown in thick lines.
Notice that the conformation of NAD bound to DT is unusual. B: Only the conformations of NAD(P) bound to the 14 class 1 Rossmann
fold enzymes are shown. The conformation of NADP bound to 6-phosphogluconate dehydrogenase (1PGO) is shown in ball-and-stick
representation. Notice that this NADP is more extended than the other class | NAD(P) conformations. The conformation of NAD bound
to DT is also shown, in thick lines. C: Only the conformations of NAD(P) bound to the class 2 enzymes are shown. Notice that although
three of the four are highly similar (thin lines), the fourth NAD conformation, NAD bound to dihydrolipoamide dehydrogenase (1LVL),
shown in ball-and-stick, is deviant. D: The unusual conformation of NADP bound to catalase (8CAT). Notice that the NADP bound
to catalase is highly folded, with the adenine and nicotinamide rings separated by only 3.8 A. The figure was prepared using

MOLSCRIPT (Kraulis, 1991).

oxidoreductase enzymes (columns 1-6) and NAD bound to DT
(column 7). The RMSD values between the DT-bound NAD con-
formation and almost all other enzyme-bound NAD(P) conforma-
tions are clearly high (the majority are >3.5 A), compared with the
RMSD values between pairs of oxidoreductase-bound NAD(P)
conformations (the majority are <3.0 A).

The most unusual enzyme-bound NAD conformation is NADP
bound to the class 5 enzyme catalase (8CAT). The RMSD values
between the catalase-bound NADP and the other NAD(P) confor-
mations are all >3.6 A, and most are >4.0 A. The conformation
of NADP bound to catalase, shown in Figure 4D, is unusual in that
it is highly folded. The adenine and nicotinamide rings are sepa-

rated by only 3.8 A (C6N to N3A distance), whereas all other
enzyme-bound NAD(P) conformations are separated by at least
10 A. A possible explanation for the unusual conformation of
NADP bound to catalase, in terms of the function of catalase, is
discussed below.

As shown in Figure 2B, the conformations of NAD(P) bound to
the class 1 oxidoreductase enzymes, which have the Rossmann
fold, are highly similar. This similarity has been discussed in detail
previously (Rossmann et al., 1975; Branden & Eklund, 1980; Grau,
1982; Eklund & Branden, 1987). This trend has been followed by
all 14 of the Rossmann fold enzymes deposited in the Brookhaven
PDB. The class 1-bound NAD(P) conformations are highly similar
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Table 2. RMSDs in atomic positions (A) for pairs of NAD(P) molecules bound to proteins®

Class
1 2 3 4 5 6 7
PDB 20HX IGRB 1ADS IHEX 8CAT 8DFR 1TOX
1 20HX — 2.6 2.2 2.3 4.0 2.9 3.8
1 1QOR 1.8 34 2.8 2.6 3.8 3.1 39
1 2HSD 2.2 29 2.5 3.0 3.8 34 34
1 1DHR 0.6 3.0 2.6 32 4.1 3.2 32
1 1ENY 2.2 29 2.6 3.1 39 32 33
1 1GAD 2.0 2.4 23 2.6 3.8 3.5 3.8
1 IDIH 0.6 2.8 2.4 2.4 3.7 30 3.8
1 2NAD 0.6 2.9 24 24 3.8 3.0 3.8
1 1PSD 0.8 2.9 2.4 24 4.0 29 3.8
1 2DLD 1.5 32 24 24 44 2.8 36
1 1BMD 0.8 3.0 2.6 24 38 2.9 3.6
1 IHYH 0.6 30 24 2.3 39 2.8 3.7
1 9LDT 0.5 2.8 2.4 24 39 2.9 3.6
1 1PGO 21 2.4 2.2 2.2 5.2 24 4.1
2 1GRB 2.7 — 2.0 2.4 4.6 2.6 37
2 1TDF 2.6 1.0 2.2 23 4.5 2.5 335
2 2NPX 2.8 0.6 2.1 2.6 4.5 2.8 3.7
2 ILVL 34 33 33 34 4.8 3.0 2.5
3 1ADS 22 2.0 — 1.6 4.6 29 39
4 THEX 2.3 24 1.6 — 44 2.1 39
4 1IKB 29 3.1 35 2.7 4.6 2.1 2.8
5 8CAT 4.0 4.6 4.6 44 —_ 4.7 4.4
6 8DFR 2.9 2.6 29 2.1 4.7 — 3.1
7 1TOX 38 3.7 39 3.9 44 3.1 —

2The columns represent a NAD(P) molecule bound to each of the seven distinct classes of NAD(P) binding proteins.
RMSD values between two NAD(P) molecules bound to enzymes of the same structural class are in bold.

at the AMP moiety. The NMN portions are also similar and differ
primarily in that the nicotinamide ring is found to be either in the
syn (xy ~ +60) or in the anti (y ~ —120) orientation. The RMSD
values between pairs of NAD(P) conformations bound to the class
1 enzymes are among the lowest of any in Table 2 (the majority are
<2.0 A), showing the high degree of overall similarity. In Fig-
ure 2B, the conformation of NAD bound to DT is also super-
imposed, in thick lines, to show the difference between the DT-
bound NAD conformation and the conformations of NAD(P) bound
to the Rossmann fold enzymes.

One Rossmann fold enzyme, 6-phosphogluconate dehydrog-
enase (1PGO), binds a somewhat different conformation of NADP
(Fig. 2B, shown in ball-and-stick representation). This conforma-
tion of NADP is clearly more extended than the 13 other confor-
mations of NAD(P) bound to the Rossmann fold enzymes, and
could be considered an outlier. Thus, whereas the majority of class
1 Rossmann fold enzymes bind a highly similar conformation of
NAD(P), there is one outlier that is more extended.

A high degree of similarity in the conformations of bound NAD(P)
molecules is also noticed within the class 2 enzymes (Fig. 4C).
Three of the class 2 enzymes, glutathione reductase (1GRB), thio-
redoxin reductase (1TDF), and NADH peroxidase (2NPX), bind to
highly similar NAD(P) conformations, shown in thin lines. NADP
bound to thioredoxin reductase (1TDF) and NAD bound to NADH
peroxidase (2NPX) superimpose with NADP bound to glutathione
reductase (1GRB) to RMSD values of 1.0 and 0.6, respectively.
However, one of the class 2 enzyme-bound NAD(P) conforma-

tions, NAD bound to dihydrolipoamide dehydrogenase (1LVL),
shown in ball-and-stick representation in Figure 4C, is far less
similar to the other three. Although the structure of dihydrolipo-
amide dehydrogenase itself is similar in overall fold to the other
three class 2 enzyme structures, it binds to a somewhat different
conformation of NAD(P).

The class 3 enzyme aldose reductase (1ADS), which has an
(aB)g fold, binds an NADP conformation that is similar to the
conformations of NAD(P) bound to the majority of other oxido-
reductase enzymes. This can be seen by the low RMSD values in
Table 2 (most are <2.5 A) between NADP bound to aldose reduc-
tase (1ADS) and NAD(P) bound to most of the other oxidoreduc-
tase enzymes. In contrast, the aldose reductase-bound NADP
conformation is less similar to the DT-bound NAD, given that the
RMSD between these two is 3.9 A.

The conformation of NAD bound to the class 4 enzyme 3-isopro-
pylmalate dehydrogenase (1HEX) is also similar to NAD(P) bound
to the other oxidoreductase enzymes (majority of RMSDs <3.0 A),
but is not similar to the DT-bound NAD conformation (RMSD =
39 A). The class 6 enzyme dihydrofolate reductase (8DFR) fol-
lows a similar trend.

In summary, the superposition of the conformations of NAD(P)
bound to the 24 enzymes in Table 1 shows the following. (1)
The conformations of NAD(P) bound to DT (1TOX) and cata-
lase (8CAT) are particularly unusual. (2) The conformations of
NAD(P) bound to enzymes of related structure (same structural
class) are highly similar, with few outliers. This is shown by the
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class 1 enzymes with 14 members and ! outlier, and the class 2
enzymes with 4 members and 1 outlier. (3) In general, the oxi-
doreductase enzymes, regardless of structural class, bind to sim-
ilar conformations of NAD(P), as compared to DT, which binds
an unusual conformation of NAD. The RMSD values between
the DT and oxidoreductase NAD(P) molecules range from 2.5
to 4.1 A, with a mean of 3.6 A, whereas between pairs of
NAD(P) molecules bound to oxidoreductase enzymes (excluding
catalase), the RMSD values range from 0.6-3.5 A, with a mean
of 2.6 A.

Principal component analysis of enzyme-bound
NAD(P) conformations

A more objective way of comparing the conformations of NAD(P)
bound to the 24 enzymes in Table 1 is principal component anal-
ysis. Principal component analysis is particularly useful for com-
paring multi-variable systems, and was first employed for comparing
multiple protein structures by Diamond (1974). Given the super-
imposed atomic coordinates (3 X 44 atoms) of each of the NAD(P)
molecules in a 3-dimensional space, principal component analysis
projects the structures into a generalized, 132-dimensional coor-
dinate space and identifies the linear combination of coordinates
that best distinguishes the 3-dimensional structures. The result of
such an analysis for the 24 enzyme-bound NAD(P) conformations,
projected into two dimensions, is shown in Figure 5. The confor-
mational differences between NAD(P) structures is reflected by
their separations in the projection, as near as is possible in two
dimensions.
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Fig. 5. Principal component analysis: A projection of NAD(P) structures
into a generalized coordinate space. Each enzyme class is represented by a
different symbol, shown in the upper left corner of the figure. Notice that,
in the projection, the 14 class 1 enzyme-bound NAD structures cluster
together into two groups, except for PGO, which is deviant. The four class
2 enzyme-bound NAD(P) structures and the two class 5 enzyme-bound
NAD(P) structures are also close together in the projection. Also notice that
the class 5-bound NADP conformation (NADP bound to catalase) is the
furthest removed. The conformation of NAD bound to DT (TOX) is the
furthest (except for CAT) in the y direction of the projection.

C.E. Bell et al.

One obvious feature of the projection is that conformations of
NAD(P) bound to enzymes of the same structural class are clus-
tered. This is particularly true for the 14 conformations of NAD(P)
bound to the class 1 enzymes. With the exception of NADP bound
to 6-phosphogluconate dehydrogenase (PGQO), the class 1-bound
NAD(P) conformations form two tightly clustered groups. These
two groups are distinguished by the yx torsion angle: the class 1
NAD(P) conformations in the upper group, at approximately x = 4,
y = 4 (GAD, ENY, DHR, HSD), all have the nicotinamide ring in
the syn orientation, whereas the remainder of class 1-bound NAD(P)
conformations, in the lower group, all have the nicotinamide ring
in the anti orientation. The conformation of NADP bound to
6-phosphogluconate dehydrogenase (PGO), which was shown in
Figure 4B to be unusually extended, does not cluster with either of
these groups of class 1 NAD(P) conformations.

Like the class 1-bound NAD(P) conformations, the class 2-bound
NAD(P) conformations are close together in the projection. The
conformation of NAD bound to dihydrolipoamide dehydrogenase
(LVL), although close to the other three class 2-bound NAD(P)
conformations (GRB, TDF, NPX), is somewhat removed. This is
consistent with the superposition of class 2-bound NAD(P) con-
formations (Fig. 4C), which shows that the LVL NAD is an outlier
from the other class 2 members. The conformations of NAD(P)
bound to the two class 3 enzymes, 3-iso propyl malate dehydrog-
enase (HEX) and isocitrate dehydrogenase (1HEX), are also close
together in the projection.

The furthest removed NAD(P) conformation in the projection,
and thus the most deviant, is NADP bound to catalase (CAT), in
the upper right comer. This is consistent with the RMSDs in
Table 2, which show that NADP bound to catalase is the most
deviant of all of the enzyme-bound NAD(P) conformations. Of
note, the conformation of NADP bound to catalase, which is highly
folded, and the conformation of NADP bound to 6-phosphogluconate
dehydrogenase (PGO), which is the most extended, are in opposite
corners of the projection.

Although the conformation of NAD bound to DT (TOX) is not
nearly as removed as NADP bound to catalase (CAT), it is some-
what removed. The DT-bound NAD conformation is the furthest
(next to CAT) along the y direction of the projection. Thus, al-
though the DT-bound NAD conformation is not nearly as unusual
as the catalase-bound NADP conformation, it is distinctive.

In summary, principal component analysis, like least-squares
superposition, shows that, in general, enzymes that have similar
structures (belonging to the same structural class), bind to sim-
ilar conformations of NAD(P). The two exceptions, LVL (class
2) and PGO (class 1), are shown to be outliers both by principal
component analysis and by superposition. Principal component
analysis also shows that NADP bound to catalase, which is highly
folded, is the most unusual of known enzyme-bound NAD(P)
conformations.

Analysis of enzyme-bound NAD(P) torsion angles

The least-squares superposition and principal component anal-
ysis have shown that the conformation of NAD bound to DT is
distinctive, when compared to the majority of NAD(P) conforma-
tions bound to the oxidoreductase enzymes. In order to describe, in
more detail, what specific features of the DT-bound NAD confor-
mation are distinctive, we have analyzed all enzyme-bound NAD(P)
torsion angles (Fig. 6) and other conformational parameters
(Table 3).
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180 180
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180 180
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0
-50 90
180

Fig. 6. Torsion angles of the 25 enzyme-bound NAD structures. The 25 values for each torsion angle are plotted on separate pie charts.
Values for NAD from the two independently determined DT-NAD complexes are shown in thick lines, and values for the remaining
23 NAD(P) conformations are shown in thick lines. Torsion angles are defined in Figure 3.

Figure 6 shows the torsion angles of all of the enzyme-bound
NAD(P) conformations listed in Table 1. The torsion angles are
defined in Figure 3. For each torsion angle, the values for all 25
NAD(P) structures are plotted in a pie chart, with the DT-bound
NAD torsion angles in thick lines. It is important to note that the
enzyme-bound NAD(P) torsion angles are derived from relatively
low-resolution crystal structures, as compared to typical “small”
molecule crystal structures. The resolution of NAD(P)-bound en-
zyme crystal structures in Table 1 ranges from 1.6 Atw28A
Thus, in many cases, the torsion angles may not be determined
accurately. In addition, the geometrical restraints used commonly
in the refinement of most protein structures (and bound ligands
such as NAD) can have a significant affect on the geometry of the
final, refined structure. However, an estimate of the precision with
which the torsion angles can be determined from a 2.3-A crystal
structure can be assessed for the DT-NAD complex, because there
are two independently determined DT-NAD complexes of the crystal
structure (there are two monomers per asymmetric unit of the crys-
tal). The two independently determined values for each torsion an-
gle of the DT-bound NAD conformation differ by an average of 15°.

As seen in Figure 6, most of the torsion angles of the confor-
mation of NAD bound to DT are not particularly unusual. The 84,
a, LA, {Ns ans By Yn» and By torsion angles all have values that
are in regions that are preferred by the other 23 enzyme-bound
NAD(P) conformations. Three of the DT-bound NAD torsion an-
gles, however, ya, Xn» and 4, have values that are not in pre-
ferred regions.

The x, torsion angles of 69° and 77° for the two independently
determined DT-bound NAD conformations place the adenine ring
of NAD bound to DT in the unusual syn orientation. With the
exception of NADP bound to quinone oxido-reductase (1QOR)
and NADP bound to isocitrate dehydrogenase (1IKB), all of the
enzyme-bound NAD(P) conformations have the adenine ring in
the anti orientation (Yo = —90 to 180°). For purines such as
adenine, the syn conformation is disfavored due to steric overlap
between the six-membered ring of the base and the ribose (Saenger,
1984). However, this strain can be relieved partially if the ribose is
in the C2’-endo conformation, as is the case for NAD bound to DT
(1TOX) and NADP bound to isocitrate dehydrogenase (1IKB), but
not for NADP bound to quinone oxido-reductase (1QOR). From an
analysis of crystal structures of both unbound (“free”) nucleotides
as well as protein-bound nucleotides (Moodie & Thornton, 1983),
it has been shown that the anti conformation (y, = —60 to —180°)
is preferred strongly for unbound adenine nucleotides, and pre-
ferred almost exclusively for adenine nucleotides bound to pro-
teins. Thus, in DT, NAD is bound such that favorable interactions
between NAD and residues of DT force the adenine ring to be in the
unfavorable syn orientation. The syn orientation of the adenine ring
is one unusual feature of the conformation of NAD bound to DT.

The y, torsion angle of NAD bound to DT, about C3’'A-C4’A-
C5’A-0O5'A (see Fig. 3), is also unusual, when compared to other
enzyme-bound NAD(P) y, torsion angles. For the two indepen-
dent determinations of NAD bound to DT, y, is at —106 and
—121°, whereas for most of the other enzyme-bound NAD(P)
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Table 3. Conformational parameters of enzyme-bound NAD(P) conformations®

a
Class PDB PA-N9A PA-C4'A PN-NIN PN-C4'N C6A-C2N (degrees)
1 20HX 6.9 3.8 5.6 39 15.1 —55
1 1QOR 6.9 3.4 5.5 39 13.6 —15
1 2HSD 6.6 3.7 5.4 4.0 14.0 —78
1 IDHR 7.0 4.0 5.1 39 14.6 =71
1 1ENY 7.2 4.0 5.3 39 15.0 -33
1 1GAD 7.0 3.7 4.9 39 15.1 —57
1 IDIH 6.7 39 5.5 3.9 14.2 —58
1 2NAD 6.9 38 5.7 3.9 14.7 =55
1 1PSD 7.2 4.0 6.0 3.8 14.9 =71
1 2DLD 49 33 6.5 3.8 14.5 -34
1 IBMD 6.9 38 6.0 4.0 14.0 —55
1 IHYH 6.9 3.8 5.6 3.9 14.8 —56
1 9LDT 7.2 4.0 5.7 3.9 14.8 —55
1 1PGO 5.8 36 72 37 17.8 —131
2 IGRB 6.8 3.8 5.7 39 17.5 176
2 ITDF 6.9 3.8 5.4 3.8 17.6 —174
2 2NPX 7.0 38 5.6 3.9 17.3 176
2 1LVL 7.2 4.0 5.7 3.4 14.5 —159
3 1ADS 6.0 39 52 3.6 16.6 133
4 IHEX 49 4.0 59 39 15.6 158
4 1IKB 7.4 3.6 5.5 4.1 16.3 5
5 8CAT 7.2 3.9 5.1 39 8.3 11
6 8DFR 5.4 39 6.2 3.6 15.5 155
7 1TOX1 6.8 3.6 4.7 38 12.4 144
7 1TOX2 7.1 37 4.7 39 12.5 167

#These parameters (Webb et al., 1973) refer to distances (colums 3-7) between atoms shown in Figure 3 and the hypothetical torsion
angle «, defined in the text, which describes the relationship between the pyrophosphate of NAD(P) and the bases.

conformations, y, is usually near —60° or, in some cases, near 60
or 180°. For unbound nucleotides, the torsion angle +y is found near
—60, +60, or 180, resulting in a staggered configuration. The y,
value near —115° for NAD bound to DT results in the unstable
eclipsed configuration. Thus, NAD is bound to DT such that fa-
vorable interactions between NAD and the protein force the ya
torsion angle to be at an energetically unfavorable value. The
unfavorable v (—115°) and y 4 (74°) torsion angles of NAD bound
to DT are distinctive features that, in part, account for the unusual
AMP conformation of DT-bound NAD seen in the superposition in
Figure 4A.

The yn torsion angle about the N-glycosidic bond of the NMN
portion of NAD bound to DT is also unusual. For NAD bound to
DT, yn is close to 0°, with independently determined values of 4.1
and —6.4°. This places the nicotinamide ring in approximately the
syn orientation, with the carboxamide group of the nicotinamide
ring over the N-ribose. The other 23 enzyme-bound NAD(P) con-
formations have yy values ranging from 26 to 77° (syn) and from
—94 to 160° (anti). Thus, the DT-bound NAD yn ~ 0° is outside
of the preferred syn range. For unbound nucleotides, the y torsion
angles derived from high-resolution crystal structures (Saenger,
1984) show strong preferences for values near either 60° (syn) or
—120° (anti). Thus, the yy torsion angle of NAD bound to DT is
found to be unusual among both unbound and enzyme-bound nu-
cleotides, and is likely to be energetically unfavorable. Because DT
catalyzes the cleavage of NAD at the N-glycosidic bond between
N1N and C1'N, the unusual yn ~ 0° torsion angle about this bond
may be relevant to DT’s unusual function, as is discussed below.

Other conformational parameters of enzyme-bound
NAD(P) structures

In addition to the torsion angles in Figure 6, we have also analyzed
a set of five distances and a hypothetical torsion angle defined
previously (Webb et al., 1973) for each of the 24 enzyme-bound
NAD(P) conformations (Table 3). The five distances are PA-N9A,
PA-C4’A, PN-NIN, PN-C4'N, and C6A-C2N. The hypothetical
torsion angle « is defined by AN9-PA-PN-N1N, and describes the
relationship between the pyrophosphate of NAD(P) and the bases;
if the bases are on the same side of the pyrophosphate group, then
a is ~0° and if the bases are on opposite sides of the pyrophos-
phate, « is ~180°.

The PA-N9A and PN-NIN distances reflect the position of the
05’ phosphate relative to the base for each of the individual nu-
cleotides in a particular conformation of NAD(P). As seen in
Table 3 for the 24 enzyme-bound NAD(P) structures, the PA-N9A
distances range from 4.9 A (closed AMP conformation) to 7.4 A
(open AMP conformation). For the majority of enzyme-bound
NAD(P) conformations, including NAD bound to DT, the PA-NSA
distance is toward the high end [19/24 NAD(P)s have PA-N9A >
6.5 A). Thus, for most enzyme-bound NAD(P) structures, includ-
ing NAD bound to DT, the AMP portion is in a more or less
extended conformation.

In contrast, the PN-NIN distances in Table 3 for the NMN
portion of the enzyme-bound NAD(P) conformations are toward
the low end. Although the PN-NIN distances range from 4.7 to
7.2 A, 22/24 of the NAD(P)s have PN-N1N <6.2 A. Accordingly,
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for the majority of enzyme-bound NAD(P) structures, the NMN
portion is in a somewhat more closed conformation. The confor-
mation of NAD bound to DT has the shortest PN-NIN distance
(4.7 A) of all of the enzyme-bound NAD(P) conformations, and
thus the NMN portion of NAD bound to DT is in an unusually
closed conformation. The unusually folded conformation of the
NMN portion of NAD bound to DT may be relevant to DT’s
unusual function, as is discussed below.

The PA-C4'A and PN-C4’N distances, which range from 3.3 to
4.0 A, and 3.4 to 4.1 A, respectively, show little spread and are not
particularly informative.

The C6A-C2N distance, which approximates the distance be-
tween the adenine and nicotinamide rings, has been used fre-
quently as a measure of the overall extension of a particular NAD(P)
conformation (Webb et al., 1973; Rossmann et al., 1975; Eklund
et al., 1984). For the 24 enzyme-bound NAD(P) conformations
compared here, the C6A-C2N distances range from 8.3 to 17.8 A
This distance is greatest (17.8 A) for NADP bound to 6-phospho-
gluconate dehydrogenase (1PGQO), and shortest (8.3 A) for NADP
bound to catalase (8CAT). NAD bound to DT has the second-
shortest C6A-C2N distance (12.4 A). Thus, the conformation of
NAD bound to DT is unusually closed (less extended) when com-
pared to the conformations of NAD(P) bound to the oxidoreduc-
tase enzymes (except for catalase).

The hypothetical torsion angle « is also informative. This con-
formational parameter is one of the best at distinguishing the con-
formations of NAD(P) bound to enzymes of different structural
classes. The conformations of NAD(P) bound to the class 1 en-
zymes have « angles in the range of —15 to —55°. One exception
is NADP bound to 6-phosphogluconate dehydrogenase (1PGO),
which has an « angle of —131°. This NADP conformation was also
identified above by superposition and by principal component anal-
ysis as being different from the other class 1-bound NAD(P) con-
formations. The conformations of NAD(P) bound to the four class
2 enzymes have « angles in the range of —174 to 176°, except for
NAD bound to dihydrolipoamide dehydrogenase (1LVL), which
has an & angle of —159°. This NADP conformation was identified
above, by RMSD and principal component analysis, as being an
outlier from the other three class 2 NAD(P) conformations. For
NAD bound to DT, @ = 144°, indicating that the bases are roughly
on opposite sides of the pyrophosphate group.

In summary, the conformational parameters defined previously
(Webb et al., 1973), shown in Table 3, are useful for comparing the
24 enzyme-bound NAD(P) conformations. The conformation of
NAD bound to DT has unusually short PN-NIN and C6A-C2N
distances, indicating that the DT NAD conformation is unusually
folded (as opposed to extended), particularly for the NMN portion.

Discussion

In this study, we ask the question: is the conformation of NAD,
when bound to DT, relevant to DT’s function as an ADP-ribosyl-
transferease? It has been well established that the glutamic acid
residue 148 of DT plays an essential role in catalysis of the ADP-
ribosylation of EF-2 (Wilson et al., 1990), most probably through
electrostatic interactions. It is possible, however, that the confor-
mation of NAD when bound to DT could also be a contributing
factor.

There are at least two conceivable ways in which the confor-
mation of NAD, when bound to DT, could be relevant to catalysis
of the ADP-ribosylation reaction. First, in binding to NAD, DT
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could place strain on the N-glycosidic bond, between the nicotin-
amide ring and the N-ribose. For example, the N-glycosidic bond
of NAD, when bound to DT, could be elongated and hence desta-
bilized, favoring cleavage. Second, in binding to NAD, DT could
expose and orient the anomeric C1'N atom of NAD for reaction
with the diphthamide residue of EF-2.

Unfortunately, because the crystal structure of DT was deter-
mined at a resolution of only 2.3 A (typical of crystal structures of
proteins), the precise geometry (bond angles and bond lengths) of
the final, refined NAD conformation most probably reflects the
geometrical restraints put into the crystallographic refinement, to a
greater extent than the actual structure. Thus, from the 2.3-A res-
olution crystal structure of the DT-NAD complex, it cannot been
determined whether the N-glycosidic bond of NAD is elongated
when bound to DT, because the degree of elongation (0.1-0.3 A)
would not be significant compared to the mean coordinate error of
the crystal structure (~0.4 A). A determination of the precise ge-
ometry of the N-glycosidic bond of NAD, when bound to DT,
would require a crystal structure determined at exceptionally high
resolution (>1.5 A), and also with an exceptional R-factor (~15%
or below).

In the absence of a highly accurate crystal structure of the DT-
NAD complex, one approach to investigate whether or not the
conformation of NAD when bound to DT is relevant to DT’s
function as an ADP-ribosylating enzyme is by comparison with
other enzyme-bound NAD conformations. In this study, the con-
formation of NAD bound to DT has been compared to the con-
formations of NAD(P) bound to 23 enzymes that catalyze
oxidoreductase reactions. Because DT catalyzes an ADP-ribosylation
reaction involving cleavage of the N-glycosidic bond of NAD,
whereas the 23 oxidoreductase enzymes use NAD(P) as a cofactor
for hydride transfer from the C4 position of the nicotinamide ring,
one might expect to find distinctive features of the conformation of
NAD bound to DT that could be relevant to DT’s distinct function
as an ADP-ribosylating enzyme.

Two unusual features of the conformation of NAD bound to DT
stand out as being possibly relevant to catalysis: (1) the yy ~ 0°
torsion angle about the scissile, N-glycosidic bond, and (2) the
highly folded conformation of the NMN portion, with an unusually
short PN-N1N distance (Table 3). For the two independently de-
termined conformations of NAD bound to DT, the torsion angle yn
is 4.1 and —6.4°. Although the resolution of the DT-NAD crystal
structure is only 2.3 A, because these two values were determined
independently, the actual )y torsion angle for NAD bound to DT
is likely to be close to 0°. The unusual yy ~ 0° torsion angle falls
outside of the preferred syn and anti ranges, and is not seen in any
of the other enzyme-bound NAD conformations. The short dis-
tance between the PN and N1N atoms of the NMN portion of NAD
bound to DT is also unusual. For NAD bound to DT, this distance
is 4.7 A, whereas for the 23 oxidoreductase enzymes, the PN-NIN
distance ranges from 4.9 to 7.2 A, with a mean value of 5.7 A.
Thus, the NMN portion of NAD bound to DT is in an unusually
folded, or “closed” conformation.

One possible explanation for the unusual yn ~ 0° torsion angle
and the highly folded conformation of the NMN portion of NAD
bound to DT could be that such a conformation exposes and orients
the C1'N atom of NAD for nucleophilic attack by the incoming
diphthamide residue of the EF-2 substrate. Folding the nicotin-
amide ring of NAD back toward the N-phosphate, and orienting
the nicotinamide ring approximately coplanar with the N-ribose
(xn ~ 0°) could serve to expose the C1'N atom of NAD maxi-
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mally. This would allow sufficient space for reaction of the C1'N
atom of NAD with the imidazole ring of the diphthamide residue
of EF-2, and also for interaction with the carboxylate group of the
catalytic Glu 148 of DT. Indeed, in the crystal structure of DT
bound to NAD, the carboxylate group of Glu 148 is positioned
4.0 A from the C1'N atom of NAD.

A second possible explanation for the unusual yy ~ 0° torsion
angle and short PN-NIN distance in NAD bound to DT is that
NAD could be bound to DT in a strained conformation, favoring
cleavage of the N-glycosidic bond. The yy ~ 0° torsion angle
could be unfavorable energetically, due to steric overlap between
the lone pair electrons of the O4’N atom of the N-ribose, and the
hydrogen attached to the C2N atom of the nicotinamide ring. Such
steric overlap could lead to elongation of the N-glycosidic bond. In
analyses of high-resolution crystal structures of pyrimidine and
purine nucleosides and nucleotides, the N-glycosidic bond length
was found to be correlated with the yy torsion angle (Lin et al.,
1971; Lo et al., 1975; Saenger, 1984). The N-C bond distance was
found to be a minimum (1.43 A) at values of X~ near the preferred
anti and syn ranges, and a maximum (1.52 A) at yn near 0° or
180°. The lengthening of the N-glycosidic bond at yx values near
180° was attributed to steric interactions between the O4’ atom and
the hydrogen atom attached to C6 of uridine, for example (Saenger,
1984). Because similar interactions would be present in NAD,
between the hydrogen atoms at the C2- and C6- positions of the
nicotinamide ring, and 04’ of the ribose, the yy ~ 0° torsion angle
could cause a similar elongation of the N-glycosidic bond in NAD.
In this way, when NAD is bound to DT, the yy ~ 0° torsion angle
could be a factor, in addition to electrostatic interactions of the
catalytic Glu 148 of DT, which contributes to cleavage of the
N-glycosidic bond.

In addition, the observation that in NAD bound to DT the PN-
NIN distance is the shortest of known enzyme-bound NAD con-
formations could be an indication that the NMN portion of NAD
bound to DT is in a strained conformation. Thus, by imposing a
strained conformation of the NMN portion of NAD, DT could
promote cleavage of the N-glycosidic bond.

In summary, our comparative study has shown that the yn ~ 0°
torsion angle and 4.7 A PN-NIN distance are features of the con-
formation of NAD bound to DT that are not observed for the
conformations of NAD(P) bound to 23 oxidoreductase enzymes,
which do not catalyze cleavage of the N-glycosidic bond. Because
these features are unique to NAD bound to DT, and because they
affect the geometry of NAD about the scissile bond, they could
possibly be relevant to DT’s unique function as an ADP-ribosylating
enzyme. However, to show definitively to what extent these un-
usual features of the conformation of NAD bound to DT contribute
to catalysis of the ADP-ribosylation reaction, high-resolution
(~1.5 A) crystal structures of DT bound to NAD and of the ternary
complex between DT, NAD, and EF-2, are needed.

In addition to demonstrating unusual features of NAD bound to
DT that may be relevant to DT’s function, the comparison of NAD
conformations in this study shows several other important differ-
ences and similarities, not related to DT’s distinct function. As
shown in the superposition in Figure 4A and in the RMSDs in
Table 2, the overall conformation of NAD bound to DT is unusual
when compared to the conformations of NAD(P) bound to the 23
oxidoreductase enzymes. The DT-NAD conformation is most un-
usual in that it is the least extended (except for NADP bound to
catalase) of all of the enzyme-bound NAD(P) conformations
(Fig. 4A). This is seen by the unusually short C6A-C2N distance
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0f 12.5 A for NAD bound to DT (Table 3). In addition, the unusual
Xa ~ 74° and y, ~ 109° torsion angles give rise to a conformation
for the AMP portion of NAD bound to DT, which differs signifi-
cantly from the other 23 enzyme-bound NAD(P) structures, as
seen in the superposition in Figure 4A.

The unusual overall conformation of NAD bound to DT most
likely reflects the structure of DT, which is unusual among the
NAD-binding proteins. In DT, the NAD binding site is formed at
the interface of two antiparallel B-sheets (Fig. 2). NAD binds to
the surface of each of the B-sheets where they meet one another at
approximately a right angle. In contrast to DT, although the 23
oxidoreductase enzymes in Table 1 have been classified (according
to the SCOP database) into five different structural groups on the
basis of their folding topologies, they all are of the a/8 type, and
they all have a similar NAD(P) binding site. In each case, the
NAD(P) binding site is formed at the C-terminal end of a parallel
B-sheet, with the exception of the class 4 enzymes isocitrate de-
hydrogenase (11KB) and 3-isopropylmalate dehydrogenase (1HEX),
in which the B-sheet is mixed parallel and antiparallel (Fig. 1), and
the class 5 enzyme catalase, which is discussed below. Thus, the
similar NAD(P) binding sites of the majority of oxidoreductase
enzymes most probably account for the similar conformations of
NAD(P) to which they bind.

Other ADP-ribosylating enzymes, whose structures have been
determined by X-ray crystallography, have an NAD binding site
that is structurally homologous to that of DT. In the crystal struc-
ture of the catalytic domain of Psuedomonas exotoxin A (ETA)
bound to the NAD analogue 8-methylene-thiazole-4-carboxamide
adenine dinucleotide (B3-TAD), the NAD analogue adopts a con-
formation that is highly similar to that of NAD bound to DT (Li
et al., 1996). This can be seen in a superposition of the DT-NAD
complex with the ETA-B-TAD complex, shown in Figure 7. This
superposition is based only on the Ca atoms of the two catalytic
protein domains, which align to an RMSD of 2.1 A for 121 pairs.
However, because S-TAD, the NAD analogue complexed to exo-
toxin A, is significantly different chemically from NAD, it was not
possible to include the conformation of B8-TAD bound to ETA in
the comparative methods used in this study. This result strongly
suggests that all ADP-ribosylating enzymes, at least the ADP-
ribosylating toxins whose structures are homologous, will bind a
conformation of NAD that is highly similar to NAD bound to DT
and ETA.

Another important result of the comparison of enzyme-bound
NAD(P) conformations in this study is that enzymes of the same
structural class bind to particularly similar conformations of NAD(P).
Although this result is not unexpected and has been shown previ-
ously for several Rossmann fold (class 1) oxidoreductase enzymes
(Rossmann et al., 1975; Branden & Eklund, 1980; Grau, 1982;
Eklund & Branden, 1987), the comparisons in this study are based
on a greater number of structures (all deposited in the PDB), and
demounstrate more completely to what extent enzymes of related
structure bind to similar conformations of NAD. In comparing the
24 enzyme-bound NAD conformations by structural superposition,
RMSDs of atomic positions, principal component analysis, and the
hypothetical torsion angle « (Table 3), this trend is demonstrated
for 14 class 1 Rossmann fold enzymes, 4 class 2 enzymes, and 2
class 4 enzymes. Importantly, the comparisons in this study also
reveal two enzymes that are outliers, because they bind NAD(P)
conformations that are significantly distinct from the NAD(P) con-
formations bound to other eznymes of their respective structural
classes. These are 6-phosphogluconate dehydrogenase (1PGO) of
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Fig. 7. Superposition of the catalytic domain of Pseudomonas exotoxin A
(ETA) bound to an NAD analogue [PDB entry 1AER (Li et al., 1996)] and
the catalytic domain of diphtheria toxin (DT) bound to NAD [PDB entry
1TOX (Bell & Eisenberg, 1996)]. The Ca-traces of the catalytic domains
of ETA and DT are shown in thin lines. NAD bound to DT, and the NAD
analogue bound to ETA are shown in thick lines. The NAD analogue,
B-methylene-thiazole-4-carboxamide adenine dinucleotide (B-TAD), dif-
fers from NAD in that a five-membered thiazole ring replaces the nicotin-
amide ring, a C-glycosidic bond replaces and N-glycosidic bond, and a
carbon replaces the B-oxygen in the pyrophosphate. The superposition is
based only on the Ca atoms of the two proteins. For residues 18-187 of
DT, and residues 437-585 of ETA, 121 pairs of Ca atoms align to an
RMSD of 2.1 A. Notice that the conformations of NAD bound to DT, and
the NAD analogue bound to ETA are similar. Also notice that the structures
of ETA and DT are highly similar in the NAD binding regions.

class 1 and dihydrolipoamide dehydrogenase (1LVL) of class 2.
However, from this comparative study, it cannot be explained why
these two are outliers.

The principal component analysis is particularly useful for dem-
onstrating the high degree of similarity among conformations of
NAD(P) bound to enzymes of the same structural class, because
NAD conformations bound to enzymes of the same structural class
are, in general, closely positioned in the two-dimensional projec-
tion of enzyme-bound NAD(P) structures. Moreover, principal com-
ponent analysis shows the two outliers, PGO of class 1 and LVL of
class 2, as in the projection, these NAD(P) conformations are
removed significantly from the other NAD(P) conformations bound
to enzymes of the same structural class. To our knowledge, prin-
cipal component analysis has not been utilized previously for com-
paring the conformations of NAD(P) bound to enzymes, or other
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enzyme-bound substrates or cofactors, and may be useful in com-
paring enzyme-bound conformations of molecules such as ADP,
ATP, etc., where a significant number of crystal structures are
available. As a greater number of structures of enzyme—substrate
complexes are deposited in the PDB in the future, principal com-
ponent analysis may become increasingly useful for comparative
studies.

Finally, the enzyme catalase (8CAT), which binds a very un-
usual, highly folded conformation of NADP, also has a structure
that is unusual among the oxidoreductase enzymes. In catalase,
NADP is bound between an entirely a-helical domain and an eight-
stranded, antiparallel B-barrel. The conformation of NADP bound
to catalase is most unusual in that the adenine and nicotinamide
rings are separated by only 3.8 A at the closest point, between C6N
and N3A. One possible explanation for this unusual feature is the
function of the NADP cofactor for catalase. In catalase, an electron
is transferred from a bound NADPH molecule, 20 A through the
interior of the protein to a heme group. It has been suggested that
the adenine ring of NAD lies along a possible pathway of electron
transfer between the nicotinamide C4 atom of NAD and the heme
iron center (Gouet et al., 1995). This could possibly explain why
catalase binds a highly unusual conformation of NADP, in which
the adenine and nicotinamide rings are separated by only 3.8 A

Materials and methods

Al of the distinct NAD(P)-binding proteins whose structures have
been determined in complex with 8-NAD or 8-NADP and depos-
ited in the Brookhaven Protein Data Bank have been included in
this comparative study. These enzymes are listed in Table 1. In
cases where structures are available from more than one species
for a particular enzyme-NAD complex, only the highest-resolution
structure has been included in this study. For enzymes with mul-
tiple subunits, only one NAD(P) conformation has been included.
The structural classification of enzymes in Table 1 is based on
folding topologies, and was taken directly from the SCOP database
(Murzin et al., 1995). The class numbers have been assigned by the
present authors.

References for each of the 24 crystal structures listed in Table 1
are as follows: 1QOR (Thom et al., 1595); 2HSD (Ghosh et al.,
1954), 1DHR (Varughese et al., 1992); IENY {Dessen et al., 1995;
IGAD (Duee et al., 1996); 1DIH (Scapin et al., 1995); 2NAD
{Lamzin et al., 1994); 1PSD (Schuller et al., 1995); 1IBMD (Kelly
et al., 1993); IHYH (Niefind et al., 1995); 1IPGO (Adams et al.,
1994); 1GRB (Karplus & Schulz, 1989); 1TDF (Waksman et al.,
1994); 2NPX (Stehle et al.,, 1993); ILVL (Mattevi et al., 1992);
1ADS (Wilson et al., 1992); 1HEX (Hurley & Dean, 1994); 11IKB
(Stoddard et al., 1993); 8CAT (Fita & Rossmann, 1985); 1TOX
(Bell & Eisenberg, 1996). References for 20HX, 2DLD, 9LDT,
and 8DFR could not be found.

For each superposition shown in Figure 4, all NAD(P) structures
were aligned to that of NAD bound to alcohol dehydrogenase
(20HX) using a least-squares algorithm (Kabsch, 1976) imple-
mented by X-PLOR (Briinger, 1990). For the suppositions and
other calculations, the 3'-phosphate of NADP was omitted. RMSD
values in Table 2 and torsion angles in Figure 6 were also calcu-
lated using X-PLOR. Principal component analysis (Diamond, 1974)
was performed on the Cartesian coordinates of the 24 NAD(P)
conformations using locally written software. The five distances
and the hypothetical torsion angle o in Table 3 were measured
using FRODO (Jones, 1978).
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