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High-resolution structures of adenylate kinase from
yeast ligated with inhibitor ApsA, showing the
pathway of phosphoryl transfer
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Abstract

The structure of adenylate kinase from yeast ligated with the two-substrate-mimicking inhibitor ApsA and Mg?*
has been refined to 1.96 A resolution. In addition, the refined structure of the same complex with a bound imidaz-
ole molecule replacing Mg?* has been determined at 1.63 A. These structures indicate that replacing Mg?* by im-
idazole disturbs the water structure and thus the complex. A comparison with the G-proteins shows that Mg?* is
exactly at the same position with respect to the phosphates. However, although the Mg?* ligand sphere of the
G-proteins is a regular octahedron containing peptide ligands, the reported adenylate kinase has no such ligands
and an open octahedron leaving space for the Mg2* to accompany the transferred phosphoryl group. A superposi-
tion of the known crystalline and therefore perturbed phosphoryl! transfer geometries in the adenylate kinases dem-
onstrates that all of them are close to the start of the forward reaction with bound ATP and AMP. Averaging all
observed perturbed structures gives rise to a close approximation of the transition state, indicating in general how
to establish an elusive transition state geometry. The average shows that the in-line phosphoryl transfer is associa-
tive, because there is no space for a dissociative metaphosphate intermediate. As a side result, the secondary dipole

interaction in the a-helices of both protein structures has been quantified.
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Adenylate kinases catalyze the transfer of a phosphoryl group
according to: ATP-Mg?* + AMP = Mg?** + ADP + ADP.
They are ubiquitous; several amino acid sequences are known
and can be related to each other (Schulz, 1987). Adenylate ki-
nases are monomeric and have been subdivided into small and
large variants with M, of about 21,000 and 24,000, respectively.
Moreover, adenylate kinases have a significant relationship with
a series of other nucleotide binding proteins, in particular
G-proteins (Pai et al., 1990; Noel et al., 1993; Coleman et al.,
1994), showing a particularly high similarity in the central part
of the sheet that contains the giani anion hole with the finger-
print sequence -Gly-x-x-Gly-x-Gly-Lys- (Schulz, 1992). Refined
high-resolution structures had been reported for adenylate ki-
nases from pig muscle cytosol (AK1; Dreusicke et al., 1988),
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Abbreviations: AK,, adenylate kinase from Escherichia coli; AK,
adenylate kinase from yeast; ApsA, P! P3-bis(5'-adenosyl)pentaphos-
phate; B-factor, crystallographic temperature factor; Im, imidazole; Im-
structure, crystalline complex AKys:ApsA:Im; Mg-structure, crystalline
complex AKyq :ApsA:Mg; NMP, nucleoside monophosphate; PEG, poly-
ethyleneglycol; ¢, standard deviation.

from the bovine mitochondrial matrix (AK3; Diederichs &
Schulz, 1991), and from Escherichia coli (AK.,; Miller &
Schulz, 1992; Berry et al., 1994); a low-resolution structure is
known for the enzyme from carp (Reuner et al., 1988).

Here we report two refined structures of the adenylate kinase
from yeast, which is a large variant and consists of 220 amino
acid residues with an M, of 24,077 (see Kinemages 1 and 2;
Tomasselli et al., 1986; Magdolen et al., 1987; Proba et al.,
1987). In one crystal form that has been elucidated at 1.96 A res-
olution, AK, is ligated with the two-substrate-mimicking in-
hibitor ApsA and Mg?*. This structure had been reported at
medium resolution with some insufficiently defined loops by
Egner et al. (1987). In the other crystal form that has been de-
termined at 1.63 A resolution, AK,, is ligated with ApsA and
an imidazole molecule at the Mg?* site. The structures improve
our knowledge of the catalytic mechanism.

Results and discussion

Model accuracies

The main parameters for the two refined structure models are
listed in Table 1. In both models the polypeptide chain consists
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Table 1. Crystallographic data and qualities
of the resulting models

AKy:ApsA:lm AK:ApsA:Mg
Resolution range (A) 10-1.63 10-1.96
Number of unique reflections 25,745 15,477
Completeness (%) 97.4 99.2
Crystallographic R-factor (%) 19.4 17.6
RMS bond length deviations (A) 0.007 0.010
RMS bond angle deviations (deg) 1.3 1.4
Coordinate error estimate® (A) 0.22 0.22
Coordinate error estimate® (A) 0.24 0.26
Real space correlation coefficient® 0.89 0.90
Number of modeled atoms
Polypeptide 1,675 1,675
ApsA 57 57
Ligand S 1
Solvent 131 153
Average B-factor
Main chain 30 27
ApsA 15 14
Adenosine at ATP site 18 17
Adenosine at AMP site 12 12
Ligand 29 15
Solvent 45 40

4 According to Luzzati (1952).
® Derived from ox-plots following Read (1986).
¢ Polypeptide average according to Jones et al. (1991).

of residues 3-220; both N-termini are disordered. The coordi-
nate errors are about 0.24 A (Table 1), which is confirmed by
the C* distance plot (see below Fig. 2A) if the mobile domains
LID and NMPbind are disregarded. The correlation coefficients
between density and model (Jones et al., 1991) were about 90%
for both models and thus satisfactory (Table 1).

As another accuracy check, we inspected the (x,, x») scatter
plots for the 21 Leu and the 15 Ile residues and found them con-
centrated at the usual staggered positions. After excluding Leu 9,
which is affected by Im binding, the average deviations from
stagger were 8° for the Im-structure and 9° for the Mg-structure.

Chain fold

Like the other adenylate kinases, AKy, consists of a five-
stranded parallel 8-sheet with surrounding «-helices. The chain
folds of the two reported structures are similar enough to be
both well described by the ribbon plot in Figure 1 (see also Ki-
nemage 1). Both structures are likely to deviate from the natu-
ral conformation around the additional phosphate P, of the
inhibitor ApsA. The Im-structure has a further perturbation
because it has the bulky Im ring at the position of the small
Mg?* ion. The polypeptide had been subdivided into three do-
mains: CORE (here residues 5-33, 64-130, and 169-218) com-
prises the central parallel 3-sheet and adjacent helices, NMPbind
(34-63) encloses the bound AMP, and LID (131-168) covers the
bound ATP and the phosphoryl transfer region (Schulz et al.,
1990).

In order to elucidate the differences between the two struc-
tures, we superimposed them on their C* atoms of CORE,
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Fig. 1. Ribbon-plot of AK with inhibitor ApsA and imidazole drawn
with MOLSCRIPT (Kraulis, 1991). The sites of the substrates ATP and
AMP are labeled. The domains CORE, LID, and NMPbind are indi-
cated. See Figure 3 for names of secondary structures.

which is the central rigid part. The best superposition was
achieved after a relative 1.5° rotation of the CORE domains,
indicating a slight packing rearrangement in the crystals. The
superimposed CORE domains have an RMS C% deviation of
only 0.21 A (Fig. 2A), which is below the general error estimate.
With this superposition, the NMPbind domains show an RMS
C* deviation of 0.30 A, indicating a minor motion relative to
CORE. The LID domain movement is larger as the correspond-
ing RMS C“ deviation amounts to 1.25 A. However, a separate
superposition of the LID domains reduces this deviation to
0.45 A after a relative rotation of 5°. LID rotations of similar
magnitude had been observed with AK.., after introducing
bulky side chains into the glycine-rich loop near the Mg?* site
(Miiller & Schulz, 1993). The relatively large residual C* devi-
ation of 0.45 A in the LID comparison is probably caused by
the high mobility of this domain indicated by high B-factors
(Fig. 2B).

Chain conformations

A Ramachandran plot of the higher resolution structure
AK, :ApsA:Im shows none of the residues in a forbidden re-
gion. There are two non-glycine residues with well-defined elec-
tron densities, His 29 and Met 153, in the left-handed «-helical
region around (+50°, +30°). In several other adenylate kinases,
the equivalent residues are glycines. A manual secondary struc-
ture assignment is given in Figure 3 together with the amino acid
sequence. Noticeable are the two 3,,-helices around residues 82
and 185.

The side-chain dihedral angles x; of the Im-structure are dis-
tributed as usual (Dunbrack & Karplus, 1993) over the staggered
positions g*, ¢, and g . There are five residues close to eclipsed
positions: Leu 9 (x; = 222°) is affected by the bound Im; Ser 64
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Fig. 2. Main-chain deviations. Secondary structures are given as black
bars with 3-strands slightly above «-helices. A: Residual C* distance
between AK, :ApsA:Im and AK,,:ApsA:Mg after best superposition
of the CORE domains (C* atoms 5-33, 64-130, and 169-218). The dot-
ted line corresponds to a superposition of the LID domains (C* atoms
131-168). B: Main-chain B-factors of AK :ApsA:Im (solid line) and
AKy:ApsA:Mg (broken line). In the final refinement rounds, the RMS
B-factor deviations were 1.5 A for neighboring atoms and 2 A2 for two
atoms connected via a third one. Relative maxima are labeled.

(x; = 129°) forms hydrogen bonds to Asp 65-N as well as ile 67-N;
Arg 165 (x; = 252°) is pushed away by the additional phos-
phate P, of ApsA; and Glu 185 (x; =220°) and Lys 216 (x, =
260°) form salt bridges to His 181 and Asp 212, respectively. An-
gle x, was only scrutinized for Leu and Ile as described above.
Altogether, the model behaves properly.

The Mg-structure AK, :ApsA:Mg has a Ramachandran plot
very similar to the Im-structure; the RMS difference is 9° in
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each of the angles ¢ and . The secondary structure assignments
are identical (Fig. 3). The ¥, distributions correspond to each
other, except for Leu 9, which is here staggered in g*. During
manual o-helix assignment, we realized that the amides have a
second hydrogen bond acceptor atom at distances around
3.4 A. Although this secondary acceptor is much worse posi-
tioned than the primary acceptor, it is still likely to affect the
primary hydrogen bond. A scatter plot (Fig. 4) shows that the
lengths of primary and secondary bonds are coupled, there is
a continuous transition from «-helix (upper left) to 3,,-helix
(lower right). This secondary interaction should be considered
when discussing hydrogen bond energies in a-helices and 3-sheets.
The bonds between B-strands are on average about 0.1 A shorter
(Baker & Hubbard, 1984), but not necessarily stronger as they
lack the secondary interaction.

Chain mobility and solvent

Atom mobilities are described by crystallographic temperature
factors, the distributions of which agree well for the two re-
ported structures (Fig. 2B). The most rigid part is the CORE do-
main and in particular the five central 3-strands. The highest
B-factors occur at the chain termini and in the LID domain,
which explains the chain fitting problems of Egner et al. (1987)
in this domain. The second largest peak is around residue 80,
where an «-helix tapers out to a 3,4-helix.

It should be noted that the mobility peaks at the chain termini
as well as at positions 26, 45, 83, 106, and 194 (Fig. 2B) are all
close together at one side of the enzyme, i.e., at the bottom of
Figure 1 and Kinemage 1. It is conceivable that this surface is
used for an association with another component of the cell. Such
an association would occur far away from the active center and
would be unlikely to interfere with catalysis.

The Im-structure contains 131 water molecules sorted accord-
ing to electron density (numbers start at 501). They constitute
16% of all crystal water. The Mg-structure contains 22 more wa-
ter molecules (Table 1). Part of this difference is caused by the
lack of visible water at the LID domain of the Im-structure,
which could be a consequence of its higher mobility. The larg-
est mobility increase occurs at Gly 139-O (data not shown),
which is well connected via water molecules around ApsA in
the Mg-structure, but only loosely bound in the Im-structure (see

60 70 80 90 100 110
| | 1 | | i

SSESIRMVLIGPPGAGKGTQAPNL QERFHAAHLATGDMLRSQIAKGTQLGLEAKKIMD QGGLVSDD IMVNMIKDELTNNPACKNGF ILDGFPRTIPQAEKLDQMLKEQGT

EEEEEE HHHHH HHHHHH EEEEHHHHHHHHHHH HHHHHHHHHHHH HHHHHHHHHHHHHH GGGGGEEEEE HHHHHHHHHHHHHH
p1 ol B2 o2 o3 oA B3 oS
120 130 140 150 160 170 180 190 200 210 220

1 1 | | | !

PLEKAIELKVDDELLVARITGRL IHPASGRSYHKIFNPPKEDMKDDVTGEALVQRSDDNADALKKRLAAYHAQTEP IVDF YKKTGIWAGVDASQPPATVWAD ILNKLGKN

EEEEEE HHHHHHHHEEEE EEEE EE

EEEE

HHHHHHHHHHHHHHGGGHHHHHHHH EEEEEE — HHFHHMHHIHIIH

pa «6  Bri PLz Bz Bra

o7 o8 Bs o
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below, Fig. 6). Apparently, the bulky imidazole disturbs the nat-
ural water structure.

In both structures, we find that 15% of all assigned water mol-
ecules have B-factors below the main-chain average and densi-

Table 2. Crystal contacts
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ties above 30, such that they can be considered as integral parts
of the protein (Karplus & Schulz, 1987).

Crystal packing

Both structures belong to space group P1, with closely resem-
bling molecular packings that are depicted in Figure 5 and de-
scribed in Table 2. The major contacts I, II, and III have similar
sizes and they connect the molecules along the unit cell axes a,
b, and c, respectively. This uniform contact distribution agrees
well with the globular habit of the crystals. In addition, there
are two small “diagonal” contacts, IV and V. Relating the crys-
tal contact areas of a given molecule to its total solvent-acces-
sible surface area, we find 2,690 A2/10,250 A% = 26% for the
Im-structure and 2,480 A2/9,910 A% = 25% for the Mg-struc-
ture, resembling those of other adenylate kinases.

Binding of ApsA

The inhibitor ApsA can be considered as an ATP molecule cou-
pled to an AMP via the additional phosphate P,. Because
ApsA is a covalently symmetrical molecule, its binding mode
fails to distinguish between the ATP and the AMP site. The site
assignment (Fig. 1; Kinemage 1) was done with homologous
structures containing only one nucleotide (Diederichs & Schulz,
1990; Stehle & Schulz, 1990) and with mutation data (Tsai &
Yan, 1991); it was recently confirmed by an adenylate kinase
structure containing an ATP analog and AMP (Berry et al.,
1994).

The inhibitor binds tightly as demonstrated by its low B-factors
(Table 1). The polar contacts between ApsA and the polypep-
tide are listed in Table 3. The binding mode is similar to ApsA
bound to AK.., (Miiller & Schulz, 1992). Only the additional

Buried surface?®

Contacts (AY) Residues involved®
Id 340 (365) a-b,
340 (365) b-a,
11 430 (390) c-d,
430 (390) d-c,
1 365 (325) e—fs
365 (325) JS-¢e
v 115 (65) g-hy
115 (65) h-gg
\% 95 (95) i-jy
95 (95) J-=fo

Distance®
Polar contacts® (A)

Lys 45-NZ- - -Glu 185-OE|1 3.22 (3.75)
Glu 52-OE1 - - - Ala 207-N 2.96 (2.91)
Glu 52-OEl- - - Thr 208-N — (3.33)
Glu 52-OEl - - - Thr 208-0G1 — (2.69)
Asn 70-ND2- - - Asn 229-ODl1 — (3.16)
Glu 123-O- - -Lys 106-NZ — (3.10)
Thr 130-0G1- - -Glu 107-O 3.46 (2.81)

® Contacting molecules 1-10 are related by the following 10 translations: 1 = (1,0,0); 2 =(-1,0,0); 3 =(0,1,0); 4 =(0,—-1,0); 5=(0,0,1); 6 =
0,0,—1); 7=(1,0,1); 8 = (—1,0,~1); 9= (1,—1,0); 10 = (~1,1,0). Using a 4.5-A distance criterion the contacting residues in the Im-structure are:
a=(44-45,78); b = (122,181,185,192-193); ¢ = (48-49,52,64,66-67,70); d = (147,205-208,211-212,215,220); e = (123,126-127,130,144-145,170);
J =(83,106-110); g = (153); h = (193,195); i = (151); j = (175). In the Mg-structure, the contacts contain the following additional residues: (80,160),

b(124,189,197), c(73), g(154), h(194).
“Using a 3.5-A distance criterion.
¢ This contact is divided into two areas.
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Fig. 5. Crystal packing in AKy:ApsA:Im. AK, is given as a C* chain fold; ApsA is omitted for clarity. A: a-b plane, a is

horizontal. B: a-c plane.

phosphate P, varies, indicating that the yeast enzyme found an
alternative way for accommodating this intruder. The ApsA
differences between the Im- and Mg-structures are minor; they
appear to be explained by the size difference between Im and
Mg?+,

The adenosine B-factors in Table 1 show that the ATP site is
less well defined than the AMP site. The same information can
be deduced from Table 3, which shows only one hydrogen bond
to the ATP-adenosine but five to the other. Even the sketch in
Figure 1 points out that the ATP-adenosine is rather exposed to
the solvent, whereas the AMP-adenosine is completely buried.
We therefore conclude that the AMP site is a normal deep
pocket formed after an appreciable induced-fit movement of do-
main NMPbind (Schulz et al., 1990) in agreement with the ob-
served high specificity for this substrate. In contrast, ATP is
predominantly fixed at its 3-phosphate in the giant anion hole
(Dreusicke & Schulz, 1986).

Imidazole binds with its N1 atom at the position of the Mg?*
ion (Table 3). Its N3 atom forms a hydrogen bond to the highly
conserved Asp 89, which normally holds two water ligands of
Mg?*, The binding arrangements of Im and Mg?* are depicted
in Figure 6. Mg?* is identified by the correspondence of its

B-factor with those of the neighboring phosphates. Mg?* binds
between phosphates P, and P; (8- and y-phosphates of ATP).
A similar binding position had been reported by Egner et al.
(1987), who identified the approximate Mg?* location of this
site at low resolution by soaking with 10 mM MnCl,.

Figure 6A and Kinemage 2 show an extensive water cluster in
the active center in the Mg-structure that connects to the LID
and NMPbind domains via water molecules 551 and 603, respec-
tively. The intruder Im shown in Figure 6B and Kinemage 2 re-
places three and displaces one of these water molecules. A
superposition of the active centers is given in Figure 7 and Ki-
nemage 2, showing an appreciable displacement of the LID do-
main in agreement with Figure 2A. The additional fourth
phosphate undergoes the largest change of the phosphate chain;
apparently it is moved around because it has no established bind-
ing site.

Phosphoryl transfer

Because one cannot stabilize an active enzyme:substrate com-
plex, all crystal structure data refer at best to states that are close
to this natural complex. For the adenylate kinase family, we
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Table 3. Hydrogen bonds between Aps;A and polypeptide

I)...‘AC D..'.AC

ApsA? Contacting atom® A) Ap;sA? Contacting atom® A)
NI1A Arg 128-NH1 3.42(3.57) OP3S Gly 14-N 3.70(3.50)
NI10A Gln 204-O 2.75(2.71) Arg 132-NH1 2.86(2.71)
OPIR Gly 18-N 3.32(3.31) Arg 132-NH2 3.42(3.23)
Thr 19-N 2.99(3.01) Arg 176-NH1 2.76(2.77)
Thr 19-OG1 2.75(2.70) OP4R Lys 17-NZ 2.73(2.92)
OP1S Arg 132-NH2 2.91(2.93) Arg 93-NH1 3.03(3.05)
Ser 141-0G 3.10(2.89) Arg 93-NH2 2.98(2.89)
0O12 Arg 132-NH2 3.43(3.47) OP48 Arg 176-NH1 2.95(3.02)
OP2R Ala 15-N 3.22(3.38) OP5S Arg 40-NH1 2.89(2.93)
Gly 16-N 2.80(2.86) Arg 40-NH2 3.07(3.05)
Lys 17-N 2.91(2.94) Arg 165-NH1 3.43(3.31)
OP2S Gly 18-N 2.95(2.91) Arg 165-NH2 3.42(3.28)
Im-N1 2.72 OP5R Arg 93-NHI1 2.85(2.74)
023 Gly 14-N 3.14(3.18) O5RB Arg 93-NH1 3.59(3.48)
OP3R Arg 132-NH2 3.08(3.09) NIiB Gln 97-NE2 3.04(2.96)
Arg 165-NH2 2.91(2.88) N3B Val 63-N 3.17(3.09)
Im-N1 2.69 NI10B Gly 90-O 2.98(2.94)
Gln 97-OE1 3.13(3.06)

2 The letters A and B at the adenosine atoms refer to the ATP and AMP sites, respectively. Phosphates are numbered 1-5, starting from the
ATP site. Values for the Im-structure are given directly; those for the Mg-structure are in parentheses.

b For AK,:ApsA:lm there are 7 contacting water molecules (3.5 A criterion), whereas there are 11 contacting water molecules in
AKy:ApsA:Mg. i )

¢ Hydrogen bonds are defined by donor - - -acceptor distances below 3.5 A and D-H- - - A angles above 90°. Violations of these criteria are marked
by underscores.

Fig. 6. Binding of Im and Mg?* in
AK,q ligated with ApsA. Most residues
and two water molecules are labeled.
Chain cuts are marked by dots. A: Posi-
tion of Mg2* (dot) in an extended water
cluster. Detailed environment of Mg?*
is shown in Figures 8B and 9. B: Bind-
ing of Im as suspended between the third
phosphate and Asp 89. Imidazole dis-
turbs appreciably the water network at
the active center.
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know now several approximations that can be compared for
working out common and variant features. A superposition on
the CORE domains brings all ATP and AMP moieties to closely
equivalent positions with mutual deviations below about 1 A
(data not shown). In the more local comparison given in Fig-
ure 8A, we superimposed only the phosphates 1, 2, and 5 com-
mon to all structures, but included in the figure a// phosphates
as well as side chains participating in the reaction.

First, Figure 8A reveals a dramatic positional variation of the
fourth phosphate, demonstrating that all enzyme:ApsA com-
plexes assume structures closer to the start of the forward re-
action (ATP and AMP) than to the backward reaction (starting
with ADP and ADP). Furthermore, the positional spread of the
third phosphate is much larger than for the first, second, and
fifth ones, indicating that this transferred phosphate is much
looser than the others.

The positionally well-defined phosphates 1, 2, and 5 suffice
for the construction of a trigonal bipyramid between oxygen at-
oms 023 and 045 of ApsA that circumscribes the transition
state of the transferred phosphoryl group for the forward and
the backward reaction (Miiller-Dieckmann & Schulz, 1994). As
can be visualized in Figure 8A, none of the “transferred” third
phosphates and also not the “transferred” 8-phosphate of the
ADP at the NMP site of uridylate kinase are oriented exactly
along the central line of this bipyramid. The average angular de-
viation of the O23- - -P3 bond is 14°. These deviations reflect
the perturbations that are caused by the fourth phosphate in the
ApsA complexes, by the imide bond in AMPPNP, and by the
crystal contacts in the uridylate complex (Miiller-Dieckmann &
Schulz, 1994). We are dealing with smallish random changes that
are likely to average out when comparing more structures, such
that the natural arrangement emerges after extensive averaging.
Here, we find that, although the average of the single deviations
is 14°, the average of the 023 - -P3 vectors deviates by merely
7° from the central line.

Apart from the angular deviations of the “transferred” phos-
phate, we determined the length of the bipyramid, i.e., the
023 --045 distance, as 4.7 + 0.2 A, where the error is the RMS
distance deviation among all structures depicted in Figure 8A.
This length is the sum of the O23- - -P3 bond length of 1.6 A
and of 3.1 A for the van der Waals distance between P3 and the
attacking oxygen atom O45. This leaves no space for an in-line

U. Abele and G.E. Schulz

Fig. 7. Superposition of the phosphates, the
active center water molecules, and the surround-
ing polypeptide residues in AK,,:ApsA:Mg
{solid lines) and AK, :ApsA:Im (dotted lines).
The superposition is based on the CORE do-
mains (defined e.g., in Fig. 2). The uppermost
water molecules near residue 165 overlap almost
completely. The Mg?* ion is close to N1 of Im,
which is the ring atom nearest to phosphate P3.

dissociative mechanism with a metaphosphate as the intermedi-
ate because this would require a 023 - - - 045 distance of more
than 6 A.

The superposition of Figure 8A shows, furthermore, that the
conserved residues Asp 89 (holding Mg?* via two water mol-
ecules, see below Fig. 9) and Arg 132 (binding the third phos-
phate) are at rather conserved locations relative to phosphates
1, 2, and 5. A more peculiar situation is observed with the highly
conserved fingerprint residue Lys 17 that assumes a number of
different conformations in the evaiuated structures, although
it plays a major role in the phosphoryl transfer. The conforma-
tional spread points to plenty of allocated space. We therefore
suggest that the e-amino group of Lys 17 accompanies the trans-
ferred negative charge, which runs in the opposite direction of
the phosphoryl transfer (from O45 to 023 in the forward reac-
tion). Accounting for the rather large distance to the transferred
phosphory! group, it seems unlikely that the e-amino group ac-
companies the third phosphate during transfer.

Among the known adenylate kinase structures, the Mg re-
quired for the phosphoryl transfer has only been located in the
reported Mg-structure. The Mg2* position is also known in
G-proteins, two of which were taken from the Brookhaven Pro-
tein Data Bank. In Figure 8B we superimposed the three equiv-
alent phosphates of the high-resolution structure of H-ras-p21
(Pai et al., 1990) with those of the Mg-structure. This brought
the Mg?* ions to almost identical positions. The same is true
for the other available G-protein structure (Noel et al., 1993;
data not shown). Whereas the G-proteins have ideal octahedral
Mg?* ligand spheres (Fig. 8B), this does not apply for the ad-
enylate kinases containing only a rather distorted half of an oc-
tahedron. Remarkably, the superposition of Figure 8B also
brings the attacking water molecule-7 of the G-protein close to
045, the attacking, oxygen in the adenylate kinases.

The Mg?2* environment of the adenylate kinases is depicted
in further detail in Figure 9. The empty sixth ligand site and the
lack of any peptide ligands like in the G-proteins (Pai et al.,
1990; Noel et al., 1993; Coleman et al., 1994) conveys a rather
dynamic picture. Most likely, Mg?* accompanies the trans-
ferred phosphoryl group by moving along the indicated line ver-
sus OPSS. There is plenty of space for this motion and no
hindrance from the two water molecules suspended by the highly
conserved Asp 89 and by the third water ligand, which is merely
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Fig. 8. Phosphate superpositions for the analysis of the phosphoryl transfer. A: Superposition of phosphates 1, 2, and 5 (or
equivalents) for AK,:ApsA:Im, AK, :ApsA:Mg, AK..,:ApsA (molecules I and Il with molecule-1 in two conformations;
Miiller & Schulz, 1992), AK..,:AMPPNP:AMP (molecules 1 and 2; Berry et al., 1994), and uridylate kinase in complex with
2 ADP (dotted line; Miiller-Dieckmann & Schulz, 1994). All other phosphates are depicted as well as the highly conserved resi-
dues Lys 17, Asp 89, and Arg 132. The connecting line (thick, dashed, ends encircled) between the average positions of 023
and 045 is the central line of the trigonal bipyramid circumscribing the transition state. B: Superposition of phosphates 1, 2,
and 3 of AK,:ApsA:Mg with those of GMPPNP in H-ras-p21 (Pai et al., 1990). Mg?™* in the adenylate kinase is given as a
black dot connected by dashed lines to its ligands. The additional fourth phosphate of ApsA is marked by dashed lines. All fea-
tures of H-ras-p21 are depicted as dotted lines, including the attacking water molecule-7 and the two Mg?* ligating water mol-
ecules (all crosses) as well as ligands Thr 61-O and Ser 40-O (crosses with circles, left to right). The Mg?* ligand sphere in

H-ras-p21 is a perfect octahedron.

held by a water network (Fig. 9). This gives a reasonable expla-
nation for the forward reaction, which is approximated by all
ApsA complexes (see above, Fig. 8A).

More difficult is the delineation of the backward reaction, be-
cause there is no appropriate water structure for holding Mg?*
at its expected position. Presumably, the starting structure for
the backward reaction is less stable and therefore avoided in the
ApsA complexes. Unfortunately, the uridylate kinase complex
with two ADP molecules, which could be closer to the backward
reaction structure, also fails to contain an appropriate water ar-
rangement. It should be noted that, in this structure, the phos-
phate to be transferred in the backward reaction (3-phosphate

of the ADP at the NMP-site) is not fully occupied and some-
what displaced (Miiller-Dieckmann & Schulz, 1994), indicating
also that this complex structure approximates the start of the
forward reaction.

Materials and methods

Crystals

Two types of crystals were produced and analyzed, which even-
tually turned out to differ by a bound Mg?* ion versus a bound
Im molecule at the catalytic center. Initially, the Mg crystals were



1270

_165-NH2\F3

X, I

139-0 ¥ )\/ 57

U. Abele and G.E. Schulz

1390 WX )\/ =

Fig. 9. Ligand sphere of Mg?* in AKys:ApsA:Mg, which is formed by OP2S, OP3R, and water molecules 503, 505, and 506.
The sphere forms half an octahedron with a hatched base plane; the apical ligand is OP2S (connected by a thin solid line). On
transfer, the Mg?" is likely to accompany the transferred third phosphate by moving along the inserted solid line toward OPSS,
which in turn could be the apical ligand of a half octahedron for the back reaction ‘starting with ADP and ADP. It should be
remembered that among the depicted phosphates of ApsA, P1, P2, and P3 correspond to those of substrate ATP and PS5 to
AMP. P4 is the additional phosphate; it does not correspond to the second phosphate of ADP at the AMP site in the back reaction.

obtained with enzyme prepared from wet baker’s yeast (Red
Star, Universal Foods Co., Milwaukee, Wisconsin) according
to Ito et al. (1980). The crystals were grown using hanging drops
starting with 12 mg/mL protein, 1.1 mM ApsA, 26% PEG-
8000 in 60 mM Im buffer at pH 7.2 in the drop and about 30%
PEG-8000, 60 mM Im, pH 7.2, in the reservoir (Egner et al.,
1987). The crystals were then transferred to a storage buffer con-
taining 1.5 mM MgCl, in 26% PEG-8000, 100 mM NacCl, 1.2 mM
ApsA, 1.0 mM NaNj;, 40 mM Tris-HCl at pH 7.2, where they
remained for about 2 days.

Also the Im crystals were obtained from wet baker’s yeast, but
from a different supplier (Fala, Strasbourg). The purification
procedure was that of Berger et al. (1989) up to the Cibacron-
blue affinity column, which was then followed by hydroxylap-
atite chromatography and dialysis against 2.5 mM phosphate
buffer (Muller, 1989). The crystallization conditions were the
same as with the Mg crystals. The crystals invariably disinte-
grated, however, when being transferred to a Mg?*-containing
storage buffer. For X-ray analysis they were mounted directly
from the mother liquor.

Presumably, the Ito et al. (1980) preparation procedure left
some Mg2™ in the enzyme solution, which was incorporated in
the Mg crystals, allowing them to survive 1.5 mM MgCl, in the
storage buffer. In contrast, the other procedure with the final
hydroxylapatite column had probably removed Mg?* to such
an extent that its site was occupied by an Im from the buffer.
These crystals broke on exposure to Mg?* because the Mg?*-Im
exchange affects crystal contacts (Tables 2, 3).

Both crystal forms contain ApsA and belong to space group
P1. They are isomorphous but distinct from each other. The Im
crystals have cell parameters a =36.3 A, b=40.5A, c=45.7A,
o =110.8° 8 =109.0° and y = 63.3° and diffract to a maxi-
mum resolution of about 1.5 A. The cell parameter deviations
of the Mg crystals are Ag = —0.3 A (that means @ = 36.0 A),
Ab=—-0.1A,Ac=—0.2A, Aa=—-0.1°,A8=—0.2° and Ay =
+1.4°.

Data collection

The native data set of AK,:ApsA:Im was collected from four
crystals with sizes of about 600 x 450 x 400 um? using an

area detector (model X1000; Xentronics/Siemens) with a
rotating anode (model RU200B; Rigaku). Each data frame
covered a 0.25° oscillation range measured within 3 min. X-ray
intensities were processed with program XDS (Kabsch, 1988).
The data collection yielded a total of 120,979 reflections with
an upper resolution limit of 1.56 A. Data processing reduced
these to 25,713 unique reflections with Ry, = 23 pes [ it (J) —
Lyiepd| 7 2, it Tnga (J) = 6.6% . In order to restrict the analysis to
high quality data, the resolution limit was lowered to 1.64 A,
resulting in 23,780 reflections with a completeness of 91%. This
data set was used for the initial refinement. At a later stage, the
area detector data (weight = 75%) were merged with 12,993 re-
flections in the range 2.0 to 1.63 A (weight = 25%), measured
on a diffractometer (model P2,, Nicolet/Siemens). The differ-
ence between diffractometer and area detector data was Ry =
2-2|F, — F,| /2 (F, + F,) = 17.5%. The final data are speci-
fied in Table 1.

The native data set of AKySL:ApSA:Mg is based on diffrac-
tometer data collected to 1.96 A resolution from seven crystals.
Furthermore, it contained diffractometer data collected by
Egner (1986) out to 2.3 A resolution. The final set is described
in Table 1.

Structural refinement

Initially, the structure of the Mg crystals had been solved by mul-
tiple isomorphous replacement at 3 A resolution and subjected
to a preliminary refinement at 2.6 A resolution that was stopped
at an R-factor as high as 27.4% (Egner et al., 1987). The result-
ing model was essentially correct, but some loops in domain LID
were grossly displaced. Using crystals from the same batch, the
data collection was then extended to 1.96 A resolution. There-
after, we tried to include data from newly prepared crystals but
experienced that these differed slightly but distinctly. A sepa-
rate analysis of the new crystals revealed the bound Im.

As a consequence, we kept the data sets separate and refined
the crystal forms AK,,:ApsA:Mg and AK,:ApsA:Im inde-
pendently from each other. In both refinements we used
XPLOR (Briinger et al., 1987) with protocols similar to Stehle
et al. (1991). At the end, the structure factors were modified by
an overall anisotropic B-factor refinement, which in both struc-
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tures reduced the R-factor by 0.9%. Incorporation of the new
parameter files of Engh and Huber (1991) halved the RMS bond
length and angle deviations (Table 1) but increased the R-factor
by 0.2% in AK,,:ApsA:Im, whereas the R-factor went un-
changed in AK,:ApsA:Mg. The coordinates of the two re-
ported structures are deposited in the Brookhaven Protein Data
Bank.
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