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of precise measurements of quantum yield, and slight differ-
ences between the absorption spectrum of bound vs. free ligand.
Nevertheless, the approximate distance obtained does strongly
suggest that changes in protein conformation upon binding
transition-state analogues occur in areas of the protein fairly
remote from the actual binding site.

That only negligible quench is obtained with purine riboside
is not surprising since the absorption spectrum (maximum at
263 nm) does not overlap the protein emission spectrum to any
significant degree.

Conclusion. Consistent with kinetic and equilibrium data,
the conformation of adenosine deaminase changes to acco-
modate binding of analogues of the substrate transition state.
This conformation change, as reflected in the change in solvent
accessibility of residues likely to be remote from the actual
binding site, is the same for transition-state analogues which
differ greatly in their affinity. Resonance energy transfer
between emitter and ligand successfully explains the differing
abilities of the ligands to quench the enzyme’s intrinsic
fluorescence upon formation of complexes.
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ABSTRACT: A detailed analysis has been carried out of the binding of dinucleotide pyrophosphate moieties
to those proteins where helixes play an important role in the binding. For this analysis, the three-dimensional
structures and amino acid sequences of six proteins interacting with three different dinucleotides were available.
As glutathione reductase binds two dinucleotides, seven enzyme—dinucleotide complexes have been studied.
In all these complexes the pyrophosphate moiety is located near the N-terminus of at least one a-helix: the
“dinucleotide binding helix”. In dihydrofolate reductase two helixes interact with the pyrophosphate of NADP.
Only two common characteristics of all complexes are observed: (i) the occurrence of a glycine at the
N-terminus of the helix and (ii) the favorable interaction of the a-helix dipole with the negatively charged
pyrophosphate moiety. In virtually every other respect, the dinucleotide binding by dihydrofolate reductase
differs from the mode of binding by the five other proteins. The helixes of these five proteins have been
grouped together as “category I” dinucleotide binding helixes. The six category I helixes form paft of a
compact Baf unit of highly similar structure and very dissimilar sequences. Nevertheless, a characteristic
fingerprint for the sequence of this unit can be deduced. Only the ADP moieties of the dinucieotides occupy
very similar positions with respect to these compact S« units. Therefore, an appropriate name for these
units would be “ADP binding faf folds™.

D uring the last decade, intriguing observations on the sim-
ilarity in structure and in dinucleotide binding properties of
a number of enzymes that are very different in amino acid
sequence have been reported (Rao & Rossmann, 1973;

0006-2960/85/0424-1346%01.50/0

Rossmann et al., 1974, 1975; Ohlsson et al., 1974; Matthews
et al., 1979; Wierenga et al., 1983; Birktoft & Banaszak,
1985). These structural investigations have been one of the
cornerstones of the generalization by Hol et al. (1978) that

© 1985 American Chemical Society
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Table I: Summary of Relevant Data of the Six Structures Used in the Comparison

source of  resolution ref
enzyme cofactor source code M, coordinates? A) structure sequence
alcohol dehydrogenase NAD horse liver ADH 2X 41000 & 29 Eklund et Jornvall, 1970
al.,
1981
lactate dehydrogenase NAD dogfish LDH 4 X 36000 PDB (3LDH) 3 White et Taylor, 1977
muscle al.,
1976
glyceraldehyde—phosphate NAD lobster muscle GPD 4 X 36000 PDB (1GPD) 3 Moras et Davidson et al.,
dehydrogenase al,, 1967
1975
p-hydroxybenzoate FAD Pseudomonas PHBH 2 X 43000 ¢ 2.5 Wierenga Weijer et al.,,
hydroxylase [fluorescens et al., 1982
1979
glutathione reductase FAD and NADP human GRS 2 x 53000 PDB (2GRS)4 2.5 Schulz et  Krauth-Sieghel
erythro- al., et al,, 1982
cytes 1982
dihydrofolate reductase NADP L. casei DHFR 1 X 18000 PDB (3DFR)* 1.7 Bolin et Bitar et al.,
al., 1977
1982

9PDB, Protein Data Bank (Bernstein et al., 1977). PDG identifiers are given in parentheses. *The ADH/NAD coordinate set was given to us by
Drs. C.-I. Brindén and H. Eklund. ¢The PHBH coordinates were partly refined. The current R factor is 34%. 9The coordinates of NADP were
given to us by Dr. G. E. Schulz. ¢Completely refined coordinate set, R = 15%.

the a-helix dipole, interacting favorably with the negatively
charged pyrophosphate moiety, contributes significantly to the
formation of these dinucleotide—enzyme complexes. Brindén
(1980) has also discussed the remarkable similarities in the
mode of dinucleotide binding by this group of proteins and has
suggested that the occurrence of crevices near “switch points”
of B-sheets are important for the common characteristics ob-
served. These correspondences in binding crevices do still allow
variation in the position of the dinucleotides, more specifically
of the “second” or “redox-reactive” nucleotide moiety, as we
will see in this paper.

Although the helix dipole has been discussed in various
places (Blagdon & Goodman, 1975; Wada, 1976; Hol et al.,
1978; Sheridan & Allen, 1980), it may be worthwhile to briefly
summarize here some of its properties. The helix dipole or-
iginates from the individual dipcle moments of the backbone
peptide units. In the regular arrangement of an a-helix, the
peptide dipole moments are all virtually parallel to the helix
axis (Wada, 1976). The helix obtains, consequently, a large
dipole moment. Hol et al. (1978) have shown that the elec-
trostatic effect of the helix can be well approximated by placing
a half positive unit charge near the N-terminus of a helix and
a half negative unit charge near the C-terminus. The helix
dipole can consequently interact favorably with charged
moieties, and it appears that more than 20 helixes of proteins
with known three-dimensional structures are involved in
binding negatively charged phosphate moieties (Hol, 1985).
Here we focus on an important subset of these helixes: those
that bind dinucleotides.

In all enzymes referred to in the opening paragraph, the
pyrophosphate group of the dinucleotide is located near the
N-terminus of an e-helix. The structure of phosphorylase b,
complexed with two molecules of NAD, as has recently been
described by Stura et al. (1983), gives the first example of a
different binding mode in this respect. The binding of NAD
to site I is, as usually, stabilized by a favorable helix dipole-
pyrophosphate interaction; however for the NAD binding to
site N, this interaction is not involved. Apparently, the fa-
vorable helix dipole-pyrophosphate interaction has been re-
placed by other stabilizing forces.

In this paper we will only examine the structures of the
dinucleotide—protein complexes whenever helixes play an im-
portant role, except for the NAD-phosphorylase 4 complex

at site I. The main emphasis will be on the detailed inter-
actions, such as hydrogen bonds, between the pyrophosphate
and the helix N-terminus. Altogether, seven of such structural
“close-ups”, comprising six different enzymes and three dif-
ferent coenzymes, were available (Table I). In this study we
have addressed the following questions: (a) How many hy-
drogen bonds occur between the pyrophosphate moiety and
the main-chain atoms of the helix N-terminus? (b) Is there
a specific orientation of the dinucleotide with respect to its
binding helix? (c) Do the dinucleotide binding helixes belong
to a particular folding unit? (d) Does the pyrophosphate
binding helix, or folding unit, have a characteristic amino acid
sequence?

MATERIALS AND METHODS

For the analysis of the position of the pyrophosphate moiety
with respect to the N-terminus of the a-helix, we used coor-
dinates of six different enzymes: ADH,' LDH, GPD, PHBH,
GRS, and DHFR. The source of these enzymes and the origin
of the atomic coordinates are summarized in Table I. The
accuracy of the coordinates varies considerably. The DHFR
structure is known with greatest detail since it has been ob-
tained by refinement with high-resolution data. The GPD
coordinates probably have the lowest accuracy since they are
obtained from a 3-A electron density map.

The coordinates of the complexes of Bacillus stearother-
mophilus GPD (NAD) (Biesecker et al., 1977), chicken liver
DHFR (NADP) (Volz et al., 1982), and porcine sSMDH
(NAD) (Webb et al., 1973) were not available to us. It has
been reported that these structures are very similar to re-
spectively the complexes of lobster GPD (NAD), Lactobacillus
casei DHFR (NADP), and dogfish LDH (NAD).

Since in GRS the binding site of FAD as well as of NADP
is known, we were able to analyze seven different dinucleotide
binding sites. In DHFR, two helixes point toward the pyro-
phosphate moiety; therefore, the atomic arrangement at the
N-terminus of eight helixes could be studied.

1 Abbreviations: ADH, alcohol dehydrogenase; LDH, lactate de-
hydrogenase; GPD, glyceraldehyde-3-phosphate dehydrogenase; PHBH,
p-hydroxybenzoate hydroxylase; GRS, glutathione reductase; DHFR,
dihydrofolate reductase; rms, root mean square.
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OHFR {98) —o——
OHFR (42)  ———
ADH (NAD) —e——
GRS (NADP) ———
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OHFR {99)  ——o—
DHFR {42)  ———
ADH (NAD) —=——
GRS (NADP) —o——
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FIGURE 1: Determination of the first residue of dinucleotide binding
helixes. (a) Distances (A) between peptide carbonyl oxygens, O;, and
peptide nitrogens, N4, Plotted are the distances for the oxygen atoms
of two residues before and two residues beyond the beginning of four
phosphate binding helixes: DHFR (helix 99-106), DHFR (helix
42-48), ADH (helix 201-212), and GRS (NADP, helix 196-208).
The horizontal axis gives “relative” residue numbers; i.¢., the residue
corresponding to the first residue of the ideal helix obtains number
1. (b) Results of the superposition of the ideal helix (¢ = —64°, ¥
= —41°) onto four dinucleotide binding helixes. The vertical axis gives
the distances (A) between the corresponding C, atoms of the ideal
helix and the dinucleotide binding helix. It is obvious that the initial
residue of the helix in the proteins can be defined unambiguously by
means of these two plots. This appeared to be equally well possible
for the other four helixes investigated in this article.

For the comparison, these eight helixes were superimposed
onto an ideal a-helix, with ¢ = —64° and ¢ = —41°, The first
residue of each helix was defined as the first residue of which
the carbonyl oxygen atom participates in the hydrogen-bonding
pattern of the a-helix. With this criterion the beginning of
the helix could in all cases be established without doubt, as
is illustrated in Figure 1A. The main-chain atoms N, C,, and
C, as well as the carbonyl oxygen atom, were used for the
calculation of the best superposition of each a-helix onto the
ideal a-helix. The refinement of this superposition, according
to Rao & Rossmann (1973), was carried out in a number of
cycles. At the end of each cycle, those atoms that deviated
by more than 3 times the standard deviation were removed
from the calculations. Table II identifies which residues were
used for the superposition calculations; also, the root mean
square positional differences of those atoms used in the final
cycle are given.

The assignment of the first helix residue was further checked
by an analysis as illustrated in Figure 1B. This figure shows,
after superposition, the distances between corresponding atoms
of the ideal a-helix and the dinucleotide binding a-helix. The

WIERENGA, DE MAEYER, AND HOL

Table II: Helixes Used for Superposition on Ideal a-Helix

enzyme dinucleotide helix rms deviation (A)?
ADH NAD 201-212 0.3
LDH NAD 29-39 0.2
GPD NAD 9-21 0.6
PHBH FAD 11-21 0.5
GRS FAD 29-40 0.4
GRS NADP 196-208 0.4
DHFR NADP 42-48 0.2
DHFR NADP 99-106 0.1

“Deviation of C, atoms from ideal helix.

y

Z

FIGURE 2: Definition of the coordinate system of the ideal a-helix.
The helix axis coincides with the y axis; the C-terminus points toward
the positive y axis. N, the nitrogen atom of the second peptide unit,
lies on the positive x axis. u defines the angle between the positive
x axis and another vector in the XZ plane. A positive value for u
correlates with a right-handed screw around the y axis; e.g., 1 (C,,)
~ 30° and u (C,,) = 130°.

data in Figure 1B illustrate that the C, atoms of the residues
before the first helix residue deviate substantially from the ideal
helix positions.

In order to simplify the comparisons, the ideal helix had been
positioned at the origin of an orthogonal coordinate system,
such that the helix axis is parallel with the y axis, as is defined
further in Figure 2. The peptide protons of the second, third,
and fourth residue of the a-helix do not participate in the
hydrogen bonds of the a-helix and are therefore, in principle,
available for hydrogen bonds with substrate molecules.

RESULTS

The close interaction of the helix N-terminus with the py-
rophosphate moiety is clearly visualized in the gallery of stereo
pictures (Figure 3) showing the seven helix—dinucleotide
complexes that will be discussed in more detail in the next
paragraphs. We like to follow the four questions posed in the
introduction. For sake of convenience, they are repeated here
before describing the results of our comparison.

(a) How Many Hydrogen Bonds Occur between the Pyro-
phosphate Moiety and the Main-Chain Atoms of the Helix
N-Terminus? The number and lengths of hydrogen bonds
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Table III: Possible Hydrogen Bonds, Shorter Than 3.4 A, between the Pyrophosphate Oxygens and the Peptide Protons of the N-Terminus of

the Helix?

di-
enzyme nucleotide  helix Ossp Oja Oua 0O, O\ O Osen
ADH NAD 201-213 N203, 3.3; N202,

3.4

LDH NAD 29-39 N3l1, 34
GPD NAD 9-21 N1l1, 24
PHBH FAD 11-21 N13, 3.4
GRS FAD 29-40 N3, 2.7

GRS NADP  196-208
DHFR NADP 42-48 N44, 3.4
DHFR NADP 99-106 N99, 3.1; (N100, 3.8);

N101, 3.4; N102, 3.2

(N198, 3.6); (N199, 3.6)

N45, 3.2; N99, 3.0

N101, 2.9; N100, 3.2

aDistances larger than 3.4 A (in parentheses) have been added for sake of completeness.

between the pyrophosphate moiety and the o-helix N-terminus
for the six dinucleotide—enzyme complexes are given in Table
III. The nomenclature of the pyrophosphate atoms is de-
scribed in Figure 4. Except for DHFR, four common features
become evident.

First, either the O,y or the O,y atom of the nicotinamide
phosphate, Py, is closest to the N-terminal NH groups of the
dinucleotide binding helix. Second, usually only one hydrogen
bond is formed. Third, this hydrogen bond is often rather
long—over 3.2 A in about half of the cases. Fourth, the hy-
drogen bond of O;5 or O,y is consistently made with the
hydrogen atom of N3 (as defined in Figure 2), which is the
NH group of the second peptide unit of the dinucleotide
binding helix.

These four features do not hold for the protein—pyro-
phosphate interactions in DHFR. In this case, O, can make
altogether four relatively weak H-bonds with N1, N2, N3, and
N4 of helix 99-106, while O,y makes at least one good H-bond
with N3 of this helix (see also Figure 3G).

It may be pointed out that the three NAD binding proteins
all have Oy interacting with the helix, whereas both FAD and
NADP binding proteins interact with O,y. It appears that
in these cases there is no “ring” of N-terminal a-helical NH
groups that interacts in a highly characteristic way with the
pyrophosphate oxygen atoms. The number and strength of
observed H-bonds between the pyrophosphate oxygens and the
peptide NH groups of the a-helix N-terminus are clearly not
optimal. This suggests that the general interaction of the
negative charge of the pyrophosphate with the a-helix dipole
field is the driving force for the conserved position of the
pyrophosphate moiety near the a-helix N-terminus. The
negative charge on the pyrophosphate is in all these cases partly
compensated by the helix dipole field. As is shown in Table
IV only in ADH, LDH, PHBH, and DHFR, this negative
charge is further neutralized by the presence of positive side
chains. In GPD and GRS (NADP), no charged side chains
come close to the pyrophosphate moiety while in GRS (FAD)
Asp-331 is the only charged side chain nearby. Clearly, the
presence of positively charged side chains is not a conserved
feature in the mode of binding of dinucleotides to these pro-
teins.

(b) Is There a Specific Orientation of the Dinucleotide with
Respect to Its Binding Helix? In order to compare the ori-
entation of the various dinucleotides with respect to their
a-helix, this helix was superimposed onto an ideal helix whose
axis was chosen to be coincident with the y axis of a Cartesian
coordinate system (see Materials and Methods). The helixes
used for superposition have been defined in Table II. In Figure
5, six dinucleotides are shown simultaneously—rotated and
translated according to the superposition of their binding helix
onto the ideal helix—together with the actual helix of PHBH.

Table IV: Charged Side Chains within 4 A of Pyrophosphate
Oxygen Atoms

total charge

due to side
enzyme dinucleotide chains residue
ADH NAD 2+ Arg-369, Arg-47
LDH NAD 1+ Arg-99
GPD NAD 0
PHBH FAD 1+ Arg-42, Arg-44, Asp-286
GRS FAD 1-° Asp-331
GRS NADP 0
DHFR NADP 1+ Arg-44

9Schulz et al. (1982) have discussed the possible presence of metal
ions near the pyrophosphate moiety.

The constant position of the ADP moiety is striking. In
contrast, considerable variation exists in the positions of the
nicotinamide and isoalloxazine rings. Furthermore, in DHFR,
omitted from these two figures, the dinucleotide has quite
different orientations with respect to the binding helixes as
is shown in Figure 6.

A projection of four selected dinucleotide atoms on a plane
perpendicular to the helix axis for all eight dinucleotide binding
helixes is given in Figure 6. It appears that all adenine moieties
come close together in a region with u ~ 150° (Figures 2 and
6). The two dihydrofolate reductase helixes do not evidently
follow this pattern. Differences between the NADPH-DHFR
and NADH-LDH interaction have also been discussed by
Matthews et al. (1979). We will refer to the helixes of ADH,
LDH, GPD, PHBH, and GRS as “category I helixes”. As
to the nicotinamide and isoalloxazine positions bound by these
five enzymes, it appears that two values of u are preferred:
u =~ 50° and p =~ 0°. The first group of u values is found for
the NAD binding proteins and corresponds with the O,y atom
being closest to the helix. The second group of ¢ values
corresponds with NADP and FAD binding proteins and with
the O,y atom being closest to the a-helix.

For the category I helixes, it is therefore possible to speak
of two distinct classes of dinucleotide binding modes: “class
a” (u =~ 50°) and “class b” (u = 0°). Class a can be easily
converted into class b by a simple left handed rotation of about
120° around the O;—Py bond. This is shown in Figure 7. It
is evident that further studies on dinucleotide binding proteins
are required to verify this distinction into two classes—and
the simple relationship between them. Fortunately, several
structural studies on enzyme—dinucleotide complexes are under
way (Adams et al., 1983; Sheriff et al., 1982; Schierbeek et
al.,, 1983).

(¢) Do the Dinucleotide Binding Helixes Belong to a Par-
ticular Folding Unit? The six category I pyrophosphate
binding helixes in ADH, LDH, GPD, PHBH, and GRS all
belong to a highly similar Ba8 fold. The DHFR helixes are
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Table V: Pairwise Structural Comparison of Category I ADP
Binding Saf Folds®

GRS GRS
ADH LDH GPD PHBH (FAD) (NADP)
ADH .1 12 12 1.0 1.1
LDH 1.6 12 14 1.4 1.3
GPD 22 25 1.4 1.5 L5
PHBH 14 19 22 0.9 0.8
GRS (FAD) 14 24 25 12 0.9
GRS (NADP) 19 21 23 12 2.0

9The best superposition was calculated with all 27 common C,, at-
oms, as defined in the legend of Table VII. (Upper right) rms differ-
ence (A) of the 27 common C, atoms; (lower left) rms difference (A)
of the ADP moieties, after best superposition of the C, atoms.

Table VI: Pairwise Sequence Comparison of the Category I ADP
Binding S« Folds?

GRS GRS
ADH LDH GPD PHBH (FAD) (NADP)
ADH 7 5 6 7 3
LDH 1.1 9 3 8 5
GPD 1110 5 7 4
PHBH 13 12 12 6 5
GRS(FAD) 1.1 10 13 11 4
GRS (NADP) 13 1.1 13 1.2 1.0

9(Upper right) Number of identical residues of the 27 common res-
idues, as defined in the legend of Table VII; (lower left) minimum base
change per codon for the 27 common residues.

a distinct exception. Figure 8B shows the “deviating” main-
chain fold near the phosphate binding (42-48) helix in DHFR.
Figure 8A is a stereopicture of the o fold in PHBH as an
example of the six common Saf units. In this latter example,
it has been shown in sections a and b, above, that it is an
oxygen atom of the “second” phosphate, Py, that is most tightly
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associated with the a-helix. This Sag fold will therefore be
referred to as an “ADP binding 8« fold”.

The first DHFR phosphate binding helix (42-48) does form
a fBap fold, but this fold is not so compact as the ADP binding
Bap fold of PHBH (Figure 8). This is clearly the consequence
of changes at crucial positions in the amino acid sequence,
which will be discussed in the next section. The second DHFR
phosphate binding helix is not part of a Saf unit.

The structural similarities of the six compact a8 folds are
summarized in Table V. For this comparison, the S« folds
were pairwise superimposed on each other, using the 27 com-
mon C, atoms, as defined in the legend of Table VII. It is
quite remarkable that sequences that are so dissimilar (Table
VI) do form such similar folds: the average rms differences
is 1.2 A. The largest rms differences, of 1.5 A, is found
between GPD and GRS (FAD) and between GPD and GRS
(NADP). These two Baf pairs have respectively seven and
four identical residues out of 27. For PHBH and LDH with
only three identical residues out of 27 corresponding positions,
a rms difference of 1.4 A is found. Not only do the six Sa
folds superimpose remarkably well, this is also true for the
ADP moieties of the bound dinucleotides (Table V). With
the 27 common protein C, atoms for the optimal alignment,
the rms difference for the ADP atoms varies between 1.2 and
2.5 A, with an average rms difference of 1.9 A.

(d) Does the Pyrophosphate Binding Helix, or Folding Unit,
Have a Characteristic Amino Acid Sequence? The only
common feature of all eight pyrophosphate binding helixes is
a glycine at the N-terminus (Table VII). However, the amino
acid sequences of the ADP binding 8 folds of ADH, LDH,
GPD, GRS, and PHBH (Table VII) do have more common
features. Since this Saf fold provides almost all the contacts
for ADP binding, its sequence, in fact, does fulfill two re-

Table VII: Sequence Comparison of ADP Binding 8a8 Folds of Category I Dinucleotide Binding Proteins?

ref

BBBBBREB (o3 - T S« S S S T« G O
194 204

ADH (NAD) TCAVFGLGGVGLSVIMGCEK
A o a [ [ ] [ a a
22 32

LDH (NAD KITVVGVGAVGMACAISIL
A0 o [ [ ] [ ) o o
2 12

GPD (NAD) KIGIDGFGRIGRLVLRAAL
Ao u‘. [ ] [ ] o o
4 14

PHBH (FAD) QVAIIGAGPSGLLLGQLLH
A o a [ [ ] . a o
22 32

GRS (FAD) DYLVIGGGSGGLASARRAA
A O =] [ ] [ ] [ ] o o
189 199

GRS (NADP) RSVIVGAGYIAVEMAGILS
A D o ® [ ] ] =] =]

LBRBBER a0 Qa0 aaaaa

a BRBAPRSD
214 223

AAGAA-RTII Jornvall, 1970

1]
<
o
—

42 52

MKDLADEVALVDYV Taylor, 1977

22 31

SCGAQ-VVAVNDTP Davidson et al., 1967
o o e

24 32

KAGI--DNVILER Weijer et al,, 1982

42 50

ELGA--RAAVVES Krauth-Sieghel et al., 1982
o o e

209 217

ALGS=--KISLMIR Krauth-Sieghel et al., 1982
o o e

a BBRBRBBER

?The fingerprint positions, as discussed in the text, are indicated below every given sequence. Residues at fingerprint positions with deviating
properties are underlined. The 27 common residue positions used in the comparisons of the ADP binding Sag folds refer to, for example, 194-214

and 218-223 in ADH.
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Table VIII: Compilation of All Known Sequences of Enzymes Homologous to ADH, LDH, or GPD?

no. of
identical
residues
(out of
27) ref
173 183 193 201
ADH (yeast) (NAD) YVAISGAAGGLGSLAVQYAKAMGY--RVLGIDG 9 Jornvall, 1977
A D o ° 1} ° =] o o o 8
9 19 29 38
ADH (drosophila) VIFVAGLGGIGLDTSKQLLKRDLK~-NLVILDR 8 Thatcher et al., 1980;
(NAD) Kreitman, 1983
A D o ) 1} ° o =] o D 8
9 19 29 38
ADH (drosophila) YIFVADLGGIGLDTSKQLLKRDLK-NLVILDR 7 Thatcher, 1980
(NAD, inactive)
Ao o [ ] 1} [ ] o =] o o ]
9 19 29 38
ADH (rat liver) TCAVFGLGGVGLSVVIGCKTAGAA-KIIAVDI 21 Eklund et al.,, 1976
(NAD)
Ao o L] 1} ° =] o o o ]
8 18 28 38
LDH (B. RVVVIGAGFVGASY VFALMNQGIADEIVLIDA 8 Schir et al., 1979
stearothermophilus)
(NAD) A o o [ ° [} o o o o -]
8 18 28 38
LDH (B. caldotenax) RVAVVGRGFVGASYAFALMNOQGIADEIVLIDA 10 Schir et al., 1979
(NAD)
A o o [ ] 1} ° =] o =] o =]
7 17 27 37
LDH (Bacillus X;) KVALIGAGFVGSSY VFALINQGITDELVVIDL 7 Schir et al., 1979
(NAD)
Ao =] 3 [ ] L] =] o o =] (2]
20 30 40 50
LDH (mouse testes) KITVVGVGDVGMACAISILLKGLADELALVDA 24 Pan et al., 1983
(NAD)
Ao o 3 [ ] ] o =] =] o e
21 31 41 51
LDH (M, pig) (NAD) KITVVGVGAVGMACAISILMKELADEIALVDYV 26 Kilz et al., 1977
Ao =] ° [ ] ° =] =] o o e
22 32 42 52
LDH (H, pig) (NAD) KITVVGVGQVGMACAISILGKSLTDELALVDYV 23 Kilz et al., 1977
A O o] [ ] 1} ] o o o o e
3 13 23 33
GPD (B. KVGINGFGRIGRN VFRAALKN PDIEVVAVNDL 20 Biesecker et al., 1977
stearothermophilus)
(NAD) A D ] ) [ ] [ ) o =] =] =] e
2 12 22 32
GPD (T. aquaticus) KVGINGFGRIGRQVFRIIESRGVE-VALINDL 16 Hocking et al., 1976
(NAD)
Ao o [ ] [ ] [} =] o =] =] <]
2 12 22 32
GPD (yeast) (NAD) RVAINGFGRIGRLVMRIALSRPVVEVVALNTDEP 19 Holland et al., 1980
A D =] 3 1} ° o o <] o e
2 12 22 32
GPD (pig) (NAD) KVGVDGFGRIGRLVIRAAFN SGKVDIVAINDTEP 20 Harris et al., 1968
A D =] [ ] [ ] [ o =] o =] -]

9Residues at fingerprint positions with deviating properties are underlined. The third column contains the number of identical residues with respect
to the 27 common amino acids of the Saf fold (see legend to Table VII) in the homologous enzyme with known structure.
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FIGURE 4: Nomenclature of the pyrophosphate moiety: A, adenine;
N, nicotinamide; I, isoalloxazine.

quirements: it results in (1) a similar fold with (2) similar
binding properties. These two requirements impose a certain
constraint on the sequence, which made it possible to deduce
a “fingerprint” that describes its characteristics (Wierenga &
Hol, 1983). This fingerprint of the ADP binding Baf fold is
as follows:

(i) Three conserved glycine residues have the sequence
Gly-X-Gly-X-X-Gly in the region connecting the first 3-strand
with the a-helix. The first of these glycines is, so far, entirely
conserved in all known structures. It allows for a tight turn
of the main chain, with special (¢, ) angles as is shown in
Figure 9. The second of the three glycines is conserved
because steric hindrance with the bound dinucleotide would
occur with a side chain at this position. A glycine at this
position also allows for ¢ and Y values outside the range ac-
ceptable for residues with large side chains (Figure 9). In only
one case, SMDH (Birktoft et al., 1982), an alanine instead of
a glycine does occur. However, this alanine is part of an
“X-ray sequence”. So far, no chemically determined sequence
has been published. The third conserved glycine residue is

. important to provide space for a close interaction between the
B-strands and the a-helix. Only in sMDH and in the NADP
binding Baf fold of GRS does an alanine occur instead of a
glycine, In the latter case, this explains the relatively large
deviation of the main chain of GRS at this position (1.9 A)
after superposition of the GRS nucleotide binding fold onto
the PHBH nucleotide binding fold (see Table VIII; Wierenga
et al., 1983). In DHFR, the first and third glycines are re-
placed by a valine and threonine at helix 42—-49 and by an
alanine and isoleucine at helix 99-107 (Table VII). Therefore,
these helixes cannot be part of a compact Saf fold.

(ii) Six predominantly hydrophobic residues at positions
indicated by squares in Table VII form the hydrophobic core
of the Saf unit. They are usually rather small.

(iii) A conserved negatively charged residue is present at
the C-terminus of the second §-strand for the 8o units binding
NAD or FAD. This Asp or Glu residue forms hydrogen bonds
with the 2’-hydroxyl group of the adenine ribose moiety. For
NADP binding Bag units, this interaction is absent because
of the presence of the 2’-phosphate moiety. In DHFR, Arg-43
interacts, instead, with the 2’-phosphate of NADP. In GRS,
His-219 interacts with the 2’-phosphate group of NADP.

(iv) A conserved hydrophilic residue is present at the N-
terminus of the first 8-strand (In Table VII). The function
of this residue is not obvious. :

The fingerprint, discussed above, allows the localization of
the dinucleotide binding Ba folds in other proteins of known
sequence. As a further confirmation of the fingerprint, Table
VIII contains the presumed dinucleotide binding Sa8 units
of all known homologous sequences of ADH, LDH, and GPD,
together with the fingerprint identifiers. Despite the large
variation in sequence homology, only the mutated Drosophila
ADH sequence truly violates the rules of the fingerprint. In
this sequence, the first unique glycine has been replaced by

Y 99

FIGURE 3: Gallery of eight phosphate binding helixes. Included are also the positions of the charged residues, which have-atoms within 4 A
of the pyrophosphate moiety (see Table IV). (A) ADH (NAD, helix 201-212); (B) LDH (NAD, helix 29-39); (C) GPD (NAD, helix 9-21);

(D) PHBH (FAD, helix 11-21); (E) GRS (FAD, helix 29—40); (F) GRS (NADDP, helix 196-208); (G) DHFR (NADP, helix 42-48 and helix
99-106). These figures, as well as Figures 5, 7, and 8, were made by using an interactive computer graphics system (Brandenburg et al., 1981).
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FIGURE 5: Relative positions of the dinucleotides bound by the category I helixes: ADH (NAD), LDH (NAD), GPD (NAD), PHBH (FAD),
GRS (FAD), and GRS (NADP) after superposition of their phosphate binding helixes onto the ideal a-helix. Only the PHBH helix is shown.
(A) The helix axis parallel to the plane of the paper; (B) the helix viewed end on, with the N-terminus furthest away.

z

NADP(DHFR/99)

N2| _ NADP(DHFR/42)
\ FAOIGRS) o FADIPHEH)
= X
H
NADP(GRS)

N "~ NADIGPD)
=g ® NAD{LOH)
NAD(AGH)

FIGURE 6: Relative position, projected on the XZ plane defined in
Figure 2, of selected dinucleotide atoms after superposition of their
phosphate binding helixes on the ideal a-helix. N2, N3, and N4 are
the projected positions of the peptide nitrogen atoms of the ideal
a-helix. (@) N; (nicotinamide) or N, (isoalloxazine); (W) Cs*
(nicotinamide ribose or isoalloxazine ribitol); (A) Cs* (adenine ribose);
(V) Ny (adenine). & [N;, N,,of NADP (GRS), FAD] = 0°; g (N,
of NAD) = 50°; g [Ny of NAD, FAD, NADP (GRS)] = 150°.
Except for DHFR, the adenine moieties superimpose well. The NAD
nicotinamide moieties form class a (dashed lines); the isoalloxazine
rings and the NADP nicotinamide moiety from class b (solid lines,
excluding DHFR).

an aspartic acid. This replacement undoubtedly does not allow
for the tight Bag fold, which explains why this ADH is in-
active. Also, the yeast ADH sequence deviates somewhat near
residues 173-183. In the published alignment with horse liver
ADH (Jornvall, 1977), Ala-179 is considered as an insertion.
All 12 other sequences closely follow the fingerprint in
agreement with the folds predicted for these sequences in the
original litterature (see Table VIII).

Di1SCUSSION

Previously, it has been pointed out (Hol et al., 1978) that
the favorable interaction of the helix dipole with the pyro-
phosphate moiety of a dinucleotide is an important stabilizing
factor for the formation of these complexes. So far, these
interactions in the various known structures have been com-
pared only in a rather qualitative way. Therefore, we have
analyzed and determined the essential structural features of
these complexes in a much more detailed and quantitative
manner.

The eight helixes analyzed in this paper fall clearly into
different groups. Category I consists of those dinucleotide
binding helixes that are part of a compact Sa3 unit (Figure
8A). The two remaining helixes are found in DHFR; one helix
is part of a “distorted” or “loose” Baf unit (Figure 8B), while
the second one is not incorporated in a protein segment with
a supersecondary structure. It is obviously premature to assign
these two helixes to other categories.

It apears that in category I the ADP moiety of the di-
nucleotide is bound to the compact B« unit in a highly
conserved manner. More variability exists as to the binding
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FIGURE 7: Two orientations of NAD (LDH): before and after a left-handed rotation of 120° around the O;—Py bond. FAD (PHBH) and
the phosphate binding helix of PHBH are shown in thick lines. The N-terminus points furthest away. Previous to the O;-Py rotation, the
nicotinamide as bound by LDH does not coincide with the flavin ring of FAD.

FIGURE 8: Dinucleotide binding Saf fold. (A) The compact ADP binding Saf fold of PHBH (4-33). This is an example of the six structurally
related Bap folds of the category I dinucleotide binding proteins. Amino acids at fingerprint positions (Table VII) are labeled. (B) The loose

Bap fold of DHFR (35-64).

mode of the “redox-reactive” nucleotide moiety of the di-
nucleotides. Here, two classes, class a and class b, have been
defined.

Class a can be converted into class b by a left-handed ro-
tation around the O;—Py bond. Because of this rotation, the
redox-reactive moieties are at completely different positions
with respect to the SaB fold. The nicotinamide moiety of class
a is folded back toward the pleated sheet, while in class b the
redox-reactive moiety is pointing away from this parallel sheet.

In previous comparative studies, notably by Rossmann et
al. (1974) and Ohilsson et al. (1974), the conserved features
of what we have called the class a enzymes have been dis-
cussed, while Schulz (1980) and Wierenga et al. (1983) have
analyzed the class b structures. Most recently, Birktoft &

Banaszak (1985) have discussed the dinucleotide binding folds
extensively. They show that in fact a “Sp-strand” is present
in all category I enzymes. This strand is hydrogen bonded to
the first strand of the SaB fold and always has a glycine near
its C-terminus.

Combining all these observations together one might con-
clude that the common structural elements of the category I
helix containing dinucleotide binding folds form in fact an ADP
binding unit with the Sag building block as its most prominent
part. It is the pyrophosphate group of the ADP moiety that
superimposes best (Figure 5). Subsequently, it is somewhat
surprising to note in Table III that the conserved position of
the Py oxygen atom with respect to the peptide protons of the
N-terminus of the category I helix does not allow for optimal
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FIGURE 9: ¢ and ¢ values of the three unique glycines in the fingerprint
of the sequence Gly-X-Gly-X-X-Gly, indicated respectively by Gly
1 (@), Gly 2 (©), and Gly 3 (0). The six ADP binding Baf folds
are indicated by (1) GRS (FAD), (2) LDH (NAD), (3) GPD (NAD),
(4) ADH (NAD), (5) PHBH (FAD), and (6) GRS (NADP). The
abnormal Gly 2 position of GPD (NAD) might be due to inaccuracies
of the coordinates.

hydrogen bonds, such as is, for example, the case to a much
larger extent for the O, atom of NADP (DHFR) (Table III),
which is surrounded by four peptide protons. Apparently, the
general position of the pyrophosphate with respect to the helix
is more important than an optimal hydrogen-bonding ar-
rangement. This is clearly in accord with the importance of
the favorable helix dipole—pyrophosphate interaction.

Although the helix N-termini discussed in this paper occur
in active site clefts, they should be freely accessible for ligands.
In this respect, it is interesting to observe that phosphate
binding helixes aimost always begin with a glycine. In DHFR,
Gly-42 and Gly-99 are strictly conserved; their importance has
been discussed by Matthews et al. (1979). Other examples
are provided by, e.g., pyridoxal phosphate binding helixes:
Gly-107 in aspartate amino transferase (J. N. Jansonius,
personal communication) and Gly-134 in phosphorylase
(Johnson et al., 1980). In fact, also many “active site helixes”
(Hol et al., 1978; Hol, 1985) start with a glycine, e.g., Gly-298
in PHBH (Weijer et al., 1983), Gly-219 in subtilisin (Drenth
et al., 1971), and Gly-23 in papain (Drenth et al., 1976). In
all cases, the absence of a side chain at these positions probably
allows for a close approach of the substrate to the helix N-
terminus.

The accessibility of helix termini is obviously also influenced
by the course of the loops of the main chain running into and
out of the helix. For dinucleotide binding helixes, the main
chain near the N-terminus does not obscure the helix axis
(Figures 3, 6, and 8), but the loop at the C-terminus covers
the helix axis. Dinucleotide binding helixes have apparently
an “open” N-terminus.

Two major conclusions emerge from this study: (i) in all
cases examined the general position of the pyrophosphate with
respect to the helix N-terminus is highly conserved, while
details of the interaction, such as H-bonds, show greater
variability; (ii) the six category I helixes all belong to a com-
pact Baf fold, with a characteristic amino acid sequence
fingerprint, to which only the ADP moiety of the dinucleotide
is bound in a highly conserved manner.

WIERENGA, DE MAEYER, AND HOL
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Rate-Limiting Step in the Actomyosin Adenosinetriphosphatase Cycle: Studies

with Myosin Subfragment 1 Cross-Linked to Actin
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ABSTRACT: Although there is agreement that actomyosin can hydrolyze ATP without dissociation of the
actin from myosin, there is still controversy about the nature of the rate-limiting step in the ATPase cycle.
Two models, which differ in their rate-limiting step, can account for the kinetic data. In the four-state model,
which has four states containing bound ATP or ADP-P;, the rate-limiting step is ATP hydrolysis (A-M-ATP
= A-M-ADP-P;). In the six-state model, which we previously proposed, the rate-limiting step is a con-
formational change which occurs before P; release but after ATP hydrolysis. A difference between these
models is that only the four-state model predicts that almost no acto-subfragment 1 (S-1)-ADP-P; complex
will be formed when ATP is mixed with acto-S-1. In the present study, we determined the amount of
acto-S-1-ADP-P, formed when ATP is mixed with S-1 cross-linked to actin [Mornet, D., Bertrand, R., Pantel,
P., Audemard, E., & Kassab, R. (1981) Nature (London) 292, 301-306]. The amount of acto-S-1-ADP-P;
was determined both from intrinsic fluorescence enhancement and from direct measurement of P, We found
that at g = 0.013 M, the fluorescence magnitude in the presence of ATP of the cross-linked actin-S-1
preparation was about 50% of the value obtained with S-1, while at u = 0.053 M the fluorescence maghitude
was about 70% of that obtained with S-1. If the ATP hydrolysis step were rate-limiting, the fluorescence
magnitude should be less than 10% of that with S-1 alone. Control studies showed that almost none of
the fluorescence increase was due to ATP binding. Furthermore, direct measurement of P; corroborated
the fluorescence studies. These results suggest that at both low and high ionic strength, the ATP hydrolysis
step is not the rate-limiting step. Instead, the data are consistent with the rate-limiting step occurring before
P, release and after the ATP hydrolysis step, as proposed in the six-state kinetic model.

It is now generally accepted that muscle contraction is driven
by the cyclic interaction of the two muscle proteins, actin and

Present address: Department of Cardiology, State University of New
York at Stony Brook, Stony Brook, NY 11794.

myosin, in the presence of ATP. Studies using the soluble
proteolytic fragment of myosin, subfragment 1 (S-1),! have

! Abbreviations: S-1, subfragment 1 of myosin; acto-S-1, complex of
actin with S-1; EDC, 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide;
MES, 2-(N-morpholino)ethanesulfonic acid.
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