Volume 208, number 2

FEBS 4214

The glycine-rich loop of adenylate kinase forms a giant
anion hole
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The conformation of the glycine-rich loop of adenylate kinase is described in detail. It forms a giant anion

hole for a sulfate ion, which presumably mimicks a nucleotide phosphoryl group. This loop had been called

flexible, because at pH values of 6 or below it is displaced in the crystal. In the region of this loop the adeny-

late kinases are probably homologous to the p21 proteins. Is is known that a mutation in this loop at residue

12 of p21 causes cell transformation and therefore cancer. Other potentially homologous proteins are indi-
cated.
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Adenylate kinase X-ray diffraction

1. INTRODUCTION

Adenylate kinases (myokinase, ATP:AMP
phosphotransferase, EC 2.7.4.3, AK) are small
monomeric enzymes with M; values in the range
22000-26000 [1,2] catalyzing the reaction
MgATP + AMP — MgADP + ADP. The spatial
structures of 2 species, porcine cytosolic (AK1) and
yeast cytosolic (AKy), are known [3-6]. X-ray dif-
fraction studies using substrate analogues revealed
the approximate positions of the ligands [5].
Recently, at least one of the sites could be firmly
established [6]. The glycine-rich loop of these en-
zymes has attracted widespread interest, because it
is likely to play a special role in phosphoryl binding
and it appears to be a homologous chain segment
in various nucleotide-binding proteins, among
them the p21 proteins [7—17]. Although well con-
served and deeply buried in the catalytic cleft, this
loop has been called flexible because it is displaced
in the crystal at pH values of 6.0 or below [4].
Moreover, its modification in p2l1 proteins is
known to lead to cell transformation and thus to
cancer [9,10].

The glycine-rich loop is located in the deep cleft
of AKI1 [3] and at an equivalent position in AKy
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Nucleotide-binding protein Oncogene

[6]. It seems clear that it binds one of the
phosphoryl groups of the substrates [3,5,6], but
the correct one among the 4 candidates cannot be
identified yet. Here, we report the detailed confor-
mation of this loop in AKI.

2. MATERIALS AND METHODS

AK1 was crystallized according to Schirmer et
al. [18]. The crystals were stored and mounted in
a solution of 3 M (NH4),SO4, 0.15 M Tris-HCI at
pH 7.7. X-ray data were collected from crystal
form A [4] with space group P3;21 and cell
parameters @ = b = 48.5 A, ¢ =141 A as described
earlier [19]. The structure had been solved at 3 A
resolution by multiple isomorphous replacement
(MIR) [3]. X-ray data collection from native pro-
tein crystals was then extended to 2.1 A resolution
yielding altogether 11399 independent reflections,
which is 96% of the complete set. The quality of
the data set was checked by comparing additional-
ly measured symmetry-related reflections in the / =
0 plane. The internal difference amounts to Ry =
7.7%.

Starting from the 3 A MIR model the structure
was refined using the procedure of Tronrud et al.
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Fig.1. Stereo view of the segment -Gly-Gly-Pro-Gly-Ser-Gly-Lys-Gly- (residues 15-22) and Arg-132 of AK1 in crystal

form A together with a bound sulfate ion occupying a phosphoryl binding site. The view is into the deep cleft of the

enzyme [3] towards the center of the molecule. The loop is not much exposed to solvent. The model is based on a
refinement at 2.1 A resolution.
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6
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nematode
30
G-protein [ 24] K L L L L G A G E S G K s T

Fig.2. Sequence alignment at the glycine-rich loop in the adenylate kinase family together with the normal version of
p21 protein and other mononucleotide-binding proteins [2].
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[20]. All calculations were done on a Vax 11-730
computer, which needed 5-6 h per cycle. At 8 in-
termediate stages we inspected (2-Fobs — Fraic)-
maps and at 4 stages also (Fobs — Feaic)-difference
maps on an interactive vector display and read-
justed the model. After a new fitting to the 3 A
MIR map the refinement started with an R value of
44% . It finished with a residual error of R = 19%
after a total of 340 cycles. The remaining root
mean square (rms) deviation of the model from
standard geometry was 0.02 A in bond lengths and
3° in bond angles. The final model contains 2
sulfate ions and 156 enzyme-bound water
molecules. The rms-difference between the 3 A
MIR and the refined model is 1.6 A in the
backbone and 2.6 A in the side chains.

Table 1
Conformation of the glycine-rich loop of AKI in crystal
form A

Residue @ v Atom-1 Atom-2 Dist.ance
) ) (A)
Gly-15 —171 +163 (o) 21-NZ 2.8
Gly-16 —-62 +157 0] 21-NZ 3.3
O 19-0G 2.4

Pro-17 —64 +126

Gly-18 +92 -1 N 083 3.4
N 08S2 3.7
Ser-19 -73 -14 N 08S2 3.5
oG 16-O 2.4
Gly-20 + 88 +34 N 0S4 3.0
N 082 3.1
Lys-21 -175 -30 N 082 3.0
N OS1 3.4
N 0S4 3.5
NZ 082 3.1
NZ 15-0 2.8
NZ 16-O 33
Gly-22 - 67 —47 N 0OS1 2.8
Arg-132 NHI1 0S4 3.0

NH2 0S3 2.8

The backbone dihedral angles ¢, ¥ and atom names are
defined as usual. OS1 to OS4 are the 4 oxygen atoms of
the sulfate ion
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3. RESULTS

The glycine-rich loop in the refined structure is
depicted in fig.1. In the previous 3 A MIR analysis
the exact conformation of this loop could not be
established. In the course of the refinement the
loop adopted a new conformation in which the 5
peptide hydrogens of residues 18—22 point to the
encircled sulfate as shown in fig.1. The final
(2 Fobs — Feaic)-¢electron density map confirms this
interpretation. The orientation of the sulfate ion
refined unambiguously. The resulting distances
between peptide nitrogens and sulfate oxygens are
given in table 1 together with other distances
within the loop and the backbone dihedral angles.
The 2 negative charges of the sulfate ion can be
compensated by the contacting positively charged
amino and guanidinium groups of Lys-21 and
Arg-132 as well as by the dipole field of helix
21-30 [21]. As shown in fig.1 and confirmed by
table 1 the loop forms an anion hole for the sulfate
ion reminiscent of the anion hole of the serine pro-
teases [22]. In contrast to the 2 involved peptide
nitrogens in the serine proteases, however, AKl1
uses 5 peptide nitrogens prompting us to call this
feature a ‘giant’ anion hole. The other sulfate
binds at a less conspicuous site near Arg-149.

4. DISCUSSION

Several sequences have been aligned to the
glycine-rich loop and the preceding G-strand of
porcine cytosolic adenylate kinase in fig.2. This
loop is well conserved in the family of adenylate
kinases, being one of about 6 regions of high
homology [2]. Furthermore, it appears to be con-
served in the other proteins given in fig.2. But with
none of these proteins can one detect other regions
that are clearly homologous to any one of the
known adenylate kinases. Lacking sequence
homology does not exclude, however, that the
chain folds are closely related. An extraordinary
conservation of chain fold together with the
binding mode of the dinucleotide FAD has been
reported for p-hydroxybenzoate hydroxylase and
glutathione reductase [25], where sequence
homology can only be found in the first #-strand
and in the following glycine-rich loop connecting
to an a-helix. The same applies for a number of
other dinucleotide-binding proteins.
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It should be mentioned that the conformation of
the short glycine-rich loop of dinucleotide-binding
proteins is quite different from the long glycine-
rich loop of the mononucleotide-binding adenylate
kinases. Contrary to an earlier assignment [12] we
think that the glycine-rich segment of the
mononucleotide-binding cancerogenic p2l pro-
teins can be better fitted to the latter group of
proteins.

The first observed p21 mutant causing cell
transformation had a valine instead of Gly-12
[9,10], which corresponds to the conserved Pro-17
(AK1) of the adenylate kinases (fig.2). Interesting-
ly enough, a survey of mutations of Gly-12 of p21
showed that all exchanges except to proline caused
cell transformation {26], corroborating the
similarity to the adenylate kinases.

The most prominent features of the alignment of
fig.2 are (AK1-numbering) the high #-strand form-
ing potential of residues 10—14, the glycines at
positions 15, 18, 20, and Lys-21. From table 1 we
recognize that the backbone dihedral angles of
Gly-18 and Gly-20 are forbidden for residues with
side chains, which explains the conservation of
glycines. Lys-21 forms contacts to the anion and to
residues 15—16 (table 1). A closer inspection of
Gly-15 shows that a side chain at this position
would collide with the bound anion.

The described glycine-rich loop seems to be a
very well conserved feature of mononucleotide-
binding proteins. We expect that it is intimately in-
volved in the transfer of a phosphoryl group. Con-
spicuously, the interactions in the giant anion hole
are mostly with the backbone, i.e. the basic struc-
ture of a polypeptide. Thus, this hole may reveal
an archaic way of anion-protein interactions:
adenylate kinase may allow us to visualize a
primordial encounter between nucleotides and
peptides.
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