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Abstract

The reaction mechanism of phosphoryl transfer catalyzed by (WHP-kinase fromDictyostelium discoideurwas
investigated by semiempirical AM1 molecular orbital computations of an active site model system derived from crystal
structures that contain a transition state analog or a bisubstrate inhibitor. The computational results suggest that the
nucleoside monophosphate must be protonated for the forward reaction while it is unprotonated in the presence of
aluminium fluoride, a popular transition state analog for phosphoryl transfer reactions. Furthermore, a compactification
of the active site model system during the reaction and for the corresponding complex containimgélébserved.

For the active site residues that are part of the LID domain, conformational flexibility during the reaction proved to be
crucial. On the basis of the calculations, a concerted phosphoryl transfer mechanism is suggested that involves the
synchronous shift of a proton from the monophosphate to the transferrgdrd@. The proposed mechanism is thus
analogous to the phosphoryl transfer mechanism in cAMP-dependent protein kinase that phosphorylates the hydroxyl
groups of serine residues.

Keywords: nucleoside monophosphate kinase; phosphoryl transfer; reaction mechanism; semiempirical molecular
orbital calculation; transition state analog; UMIMP-kinase

The range of phosphoryl transfer reactions in biological system$iomologous to adenylate kinase, this region is rather short inAJMP
comprises processes such as energy and signal transduction, ac@MP kinase fromDictyostelium discoideun@10 residues The
vation of metabolites, and cell growtBossemeyer, 1995; Mild- flexibility of the NMPbind and the LID domains is indicated by
van, 1997. In the latter case, the activation of nucleosides totheir high B-factors found in crystallographic studiéScheffzek
nucleoside triphosphates to be used in DNA and RNA synthesis ist al., 1996; Schlichting & Reinstein, 199@nd by a structural
mediated by monophosphate kinage$/P-kinasegthat formally ~ comparison among NMP kinas€®onrhein et al., 1996
transfer a phosphate group from one nucleoside to antYaer& For UMP/CMP-kinase fromD. discoideunthat catalyzes the
Tsai, 1999. reversible phosphoryl transfer between ATP and UMP or CMP
Common to all proteins of the adenylate kinase family are thregYan & Tsai, 1999, a significant background of experimental work
structural subunits termed CORE, NMPbind, and LID donfs@n- has been established, especially structural studies by X-ray crys-
rhein et al., 1995 The rigid CORE region includes the central tallography(Scheffzek et al., 1996; Schlichting & Reinstein, 1997,
parallel B-sheet and the P-loop that plays an important role in1999.
binding the triphosphate moiety of ATP. Likewise, the nucleoside Nevertheless, the actual reaction mechanism of phosphoryl trans-
monophosphate is bound in the NMPbind region. The catalytider in dinucleoside kinases is still not fully understood; particularly
LID domain was shown to close over the negatively charged phosthe discussion whether the mechanism is associative or dissocia-
phate groups of the two ligated nucleosides donating highly contive remains controversigMildvan, 1997; Schlichting & Rein-
served arginines. Compared to other variants of NMP kinasestein, 1997; Yan & Tsai, 1999With PO; as the transferred group,
the following arguments can be used to assign the mechanism
within two extremes(Admiraal & Herschlag, 1995 In a fully
Reprint requests to: Volkhard Helms, Max-Planck-Institute of Biophys- dissociative mechanism, thephosphate is cleaved from ATP to
ics, Kennedyallee 70, Frankfurt, D-60596 Germany; e-mail: vhelms@mpibpform a monoanionic metaphosphate in the transition state that is
frankfurt.mpg.de. then transferred to Pof the mononucleoside. This mechanism is

dAbbre.Viatio.”f]AMh Austin Model LADCT’ adec?osine diphoslghate?Azp' true if the distances from the phosphorus atom in the transition
adenosine triphosphate; cAPK, cAMP-dependent protein kinase; CMP,
cytosine monophosphate; NMP-kinase, nucleoside monophosphate kinas%t?te to the oxygen atoms on fiighosphate and on thephosphate

UMP, uridine monophosphate; UMEMP-kinase, uridinemonophosphate- are large enougte=3.3 A, respectively (Mildvan, 1997. In con-
cytosinemonophosphate kinase. trast, a fully associative mechanism involves a highly negatively
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charged metaphosphate with a pentacoordinated phosphorus. Theprotonated CMP, a similar reaction mechanism could apply to
distances between phosphorus and the apical oxygens should bBMP/CMP kinase.

around 1.7 A corresponding to covalent single P—O bonds. While The aim of this study is to elucidate the reaction mechanism of
direct experimental observation of the reaction has not been rethe phosphoryl transfer in UMEMP kinase by the means of
ported quite some effort has been spent on finding suitable inhibguantum mechanics, while our results should be of general rele-
itors or transition state analogs that mimic the corresponding stategnce for the mechanistic understanding of enzymatic phosphoryl
of the reaction(Scheffzek et al., 1996; Schlichting & Reinstein, transfer in kinases.

1997, 1999. Quantum chemical methods, on the other hand, are

ideally suited to determine structures of transition states: These a8 s ults

saddle points along a reaction coordinate and therefore well defined.

Up to only a few years ago, theoreticians have focused on a feviEnergetic optimization yielded the molecular system shown in
enzymatic model systems such as carbonic anhydMeez et al.,  Figure 1 with a net neutral charge as the most stable reactant for
1989; Aquist et al., 1998 Recent years, however, have seen anthe phosphoryl transfer. CMP is protonated atad ATP is un-
enormous increase of theoretical studies of enzymatic reactiongrotonated. Attempts to optimize the system with CMP and ATP
either using purely quantum mechanical systems, or increasinglpoth being unprotonated, starting from different geometries, re-
popular, combined quantum mechanigaholecular mechanical sulted in structures that were energetically unfavorable having the
approache$Gao, 1995. With the focus on enzymatic phosphoryl y-phosphate group placed in between the nucleosides in a transi-
transfer, Schweins et d1994, 1996 have studied ras p21 with the tion state-like manner. Moving nearby protons from Lys19, Arg42,
empirical valence bond approach. On the other hand, quantumrg93, Arg131, Argl37, or Argl48 to CMP again yielded struc-
chemical ab initio studies of phosphoryl transfer have so-far fo-tures that were significantly higher in energy. From the investi-
cused, with quite some success, on the hydrolysis of methyl phoszated residues, Lys19 is most likely to be deprotonated. However,
phate in solution. Here, a dissociative mechanism is favored oveit appears very unlikely that the proton on CMP originates from
an associative mechanism by more than 10 kcalthgHu & one of the positively charged amino acids in the active center. On
Brinck, 1999 in agreement with recent experimental data on nu-the other hand, protonation of the terminal phosphate group of ATP
cleoside diphosphate kinagaddmiraal et al., 1999 resulted in either transition state or product like geometries, indi-

In a recent crystal structure of UMBMP kinase containing cating the participation of a proton in the reaction mechanism.
AlF3 as a transition state analog, the observed distances of 2.0 and The calculated products of the phosphoryl transfer are ADP and
2.2 A between aluminum and the phosphate oxygens suggestotonated CDRFig. 2). This product complex is 6.5 kcal nol
rather associative mechanigi®chlichting & Reinstein, 1997 A lower in energy than the reactants indicating an exothermic reac-
putative strongly negatively charged metaphosphate could be stéion. The actual mechanism of the phosphoryl transfer was visu-
bilized by six positively charged amino acigsrg42, Arg93, Arg131,  alized by a two-dimensional grid calculation, similarly as previously
Arg137, Arg148, and Lysl9and the Md@" ion that coordinates performed for cAPK(Hutter & Helms, 1999 The potential en-
the 8- andy-phosphoryl atoms of ATP. A rather associative mech-ergy surface was scanned as a function of the distadgass
anism is also supported by the crystal structure of YGIAP (between they-phosphorus of ATP and the nearest oxygen of
kinase complexed with the bisubstrate inhibitdr(B’-adenosyk CMP) andd;po.y (the separation between the oxygen atom on the
P5-(5'-uridyl)-pentaphosphatéScheffzek et al., 1996 shifted PQ-group and the transferred projohe profile in Fig-

In cAMP-dependent protein kinase that transfersythosphate  ure 3 shows that the apparent reaction path proceeds from the
group of ATP to the hydroxy group of a serine residue, a secondeactantgdenoted as circ)eover the transition statédenoted as
Mg?" ion is found that is assumed to possess a regulatory functiodiamond with an activation barrier of 14.9 kcal mol toward the
(Madhusudan et al., 1994; Bossemeyer, 199%has been sug- products(denoted as circle Analysis of the transition state re-
gested that the high number of arginine residues present in/UMPvealed an imaginary frequency ef1,091 cni? that is associated
CMP kinase may stabilize a highly charged metaphosphate grouwith the movement of the shifted proton. Thus, most of the acti-
in an associative mechanisf@chlichting & Reinstein, 1997; Yan vation energy is spent on moving the proton toward its destination
& Tsai, 1999. Such a concentration of positively charged residueson they-phosphate group. The bond formation betwegraRd
is not present in, for example, cAP@adhusudan et al., 1994; CMP occurs after passing the transition state while steadily going
Mildvan, 1997. Consequently, different mechanisms of phospho-downbhill on the energy surface. Investigation of the bond orders
ryl transfer could be invoked. On the other hand, this specialshowed that bonding between thgP, bridging oxygen and Pis
environment in UMPCMP kinase may simply be required to al- not diminished until the transition state is reached.
low simultaneous binding of two negatively charged nucleosides. As observed in crystallographic studies, the side-chain frag-

Despite the structural information on heavy atom coordinatesments of Arg131, Argl37, and Arg148 show the largest move-
X-ray data at the given resolution do not reveal the positions ofments during the reaction as they are part of the flexible LID
hydrogen atoms and, therefore, no conclusive statement regardirdpmain in UMRP CMP-kinasgSchlichting & Reinstein, 1997The
their participation in the reaction mechanism can be made. Foside chains of Arg137 and Arg148 are shifted away radially from
example, the existence of a proton on thphosphate group of the  the active center by about 0.4 A to make room for the transferred
substrate CMP cannot be ruled out as the local enzymatic enviPOs-group. However, the-phosphate group is still coordinated by
ronment influences the actuakp (Warshel & Aqvist, 1991 For Arg131, which has its terminal NH®IH,), fragment rotated about
the cAMP-dependent kinase, it was shown by quantum chemicad5’. These structural rearrangements appear to be crucial for the
studies that the phosphoryl transfer does not follow a catalytic baseeaction since no product is formed if 10 times stronger constraints
mechanism, but instead involves the synchronous shift of there applied to the £atoms of Arg131, Arg137, and Arg148. The
hydroxy-hydrogen to the oxygen atom of the transferred metaphosside chains of Lys19, Arg42, and Arg93 only show slight move-
phate(Hart et al., 1998, 1999; Hutter & Helms, 199@ssuming  ments, and the magnesium ion hardly moves at all which agrees
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Fig. 1. The quantum mechanical model system derived from the crystal stru¢flw&® and 1UKB of UMP/CMP kinase showing

the reactants of the phosphoryl transfer in the forward reaction. For clarity, the eight included water molecules are not shown. Four of
them complete the octahedral coordination sphere of the magnesium ion, while the remaining ones form hydrogen bonds to Arg42,
Arg93, Aspl139, and to tha-phosphate group of CMP.

well with the crystallographic findingéSchlichting & Reinstein,

1997).

Il Alternatively, the molecular systems containing the transition
state analogs All-and AIF, instead of they-phosphate group
were investigated. We found that if CMP is protonated, bothsAlF
and AlF, adopt nonplanar configurations where aluminum is api-
cally coordinated by the oxygen of thig2phosphate. Conversely,
unprotonated CMP leads to almost planar,Adleometries, similar
to the crystal conformation&Schlichting & Reinstein, 1999

# Important interatomic distances in the computed and crystallo-
graphic structures are summarized in Table 1. First of all, the X-ray
structure containing Al (5UKD) and the corresponding com-
puted systentforth column are in a good agreement. The com-
puted distances between heavy atoms involved in hydrogen bonds
are typically longer by 0.05-0.10 A than their crystallographic
counterparts, which is within the experimental error-ed.1 A.

The strongest deviations occur for Arg137, which rotates abdut 30
to form a bifurcated hydrogen bond to the phosphate group of
CMP. Structural differences between 5UKD and the other com-
puted structures are mostly due to the decreased spacing between
P of ATP and R, of CMP, caused by the apical coordination of the
aluminum in 5UKD. This compactification leads to a more sym-
metrical transition state-like structure than our computed transition
state geometry and is also observed in crystal structures containing

ADP the homologous BeRSchlichting & Reinstein, 1997An equally

Fig. 2. The concerted phosphoryl transfer mechanism as suggested froatra|ghtfo!'\/\(ard comparlsqn of the structure containing the bisub-
the quantum chemical calculations involves the synchronous shift of strate inhibito(1UKE) to either the reactant or the product geom-

proton. etry is hampered by the effect of the additional phosphate group of

reactants

products
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Fig. 3. Two-dimensional energy hypersurface of the phosphoryl trarfferard reaction The distances distanc.op anddipo.+j
refer to the corresponding interatomic distances as shown in Figure 1. The energy is given in kéamabthe distances in A.

PL-(5’-adenosy+P°-(5'-uridyl)-pentaphosphate that causes strong To gain insight into the charge distribution of the active center
differences in the region between thg & ATP and R, of CMP. during the reaction, a Mulliken population analygisiulliken,
Compared to the reactant as well as the product geometry th&955 was performed for reactant, transition state, and product of
residues of the LID domain are shifted outward even more, parthe forward reaction. The obtained atomic charges are shown in
ticularly Arg131, while the position of magnesium is highly con- Table 2 for the transferred R@roup in UMR CMP-kinase and in
served. The distance between ATPaRd CMP-R agrees somewhat  cAPK (Hutter & Helms, 1999 From the formal description of an
better with the value calculated for the product geometry than thaassociative phosphoryl transfer mechanism, a strong negative charge
of the reactant geometrischeffzek et al., 1996 for the transferred P9group in the transition state has to be

Table 1. Comparison of important interatomic distances in the computed and in the crystallographic structures
between the nonhydrogen atoms marked boldface (in A)

Computed geometries Crystal structures
Transition
Reactants state Products Al 5UKD 1UKE
ATP-Pg <> CMP-P, 6.75 6.63 5.96 6.49 6.33 6.86
LysINZ < P,O 2.82 2.89 2.90 2.87 277 2.69
Lys1INZ < PzO 2.80 2.80 2.75 2.76 2.76 2.91
Arg42NH1 < CMP-B,0 3.02 3.02 2.96 2.90 2.95 279
Arg93NH1 <> CMP-R,O 2.73 2.71 2.81 2.93 2.81 3482
Arg93NH2 & P,0 2.88 3.03 3.08 3.01 2.96¢° 3.00¢
Arg13INH1 < ATP-P,O 2.89 2.88 2.76 2.87 2.87 3.02
Arg13INH1 < P3-O-P, 3.25 3.42 4.29 3.25 3.21 4.74
Argl3INH2 < P,O 2.93 2.95 2.88 3.00 2.9¢¢ 2.76
Argl3MH1 < P,O 3.17 3.12 3.02 4.97 2.8F 3.55
Arg13™H2 < CMP-R,O 3.36 3.36 3.42 4.52 3.08 371
Argl48\H1 < P,O 3.02 2.98 2.90 2.84 2.5¢° 2.79
Argl48\NH2 <> CMP-R,0 2.96 2.96 3.59 3.14 2.64 4.00

a5UKD and 1UKE refer to the crystal structures containing A#ad the bisubstrate inhibitor'R5’-adenosy-P®-(5'-uridyl)-
pentaphosphate, respectively.

bCMP-P, corresponds to Fof the bisubstrate inhibitor.

°P,0 corresponds to A.

dToward the correspondings® of the bisubstrate inhibitor.



Phosphoryl transfer in UMPCMP-kinase 2229

Table 2. Evolution of the Mulliken charges in the model systems for YBAPP-kinase and cAPK
during the forward reactiof

Transition
Model-system Fragment Reactants state Product
UMP/CMP-kinase Transferred RO —-0.78 —0.56 —-0.23
Shifted proton +0.31 +0.38 +0.26
Transferred P@and H —-0.47 —-0.18 +0.03
cAPK Transferred P —-0.49 -0.27 -0.17
Shifted proton +0.31 +0.39 +0.31
Transferred P@and H —-0.18 0.12 +0.14

aCharges in e.

expected. However, we calculate a significant decrease of negativalF;. Comparison with the computed AJFstructure shows that
charge of the P@fragment, particularly when taking the simul- apical coordination of aluminum by the terminal phosphate groups
taneously shifted proton into account. The trends are very similaleads to a compactification between the nucleosides. The X-ray
for both kinase systems, indicating a dissociative-like mechanismstructure, therefore, would correspond to a transition state with a
This is also supported by the sum of the distances between thmore associative like character that shows increased density of
apical oxygen atoms and,Hn the transition state geometry negative charge on the transferredRfdoup.
(4.083 A. Surprisingly, All; shows only a low binding affinity despite the
apical coordinatioriSchlichting & Reinstein, 1997 and the num-
ber of aluminum coordinating fluorides is pH-dependent in these
crystal structuregSchlichting & Reinstein, 1999 AlF, binds at
Quantum chemical investigation of the active center of CUIRP- pH 4.5 while AlR; is present at pH 8.5. At the lower pH, CMP can
kinase containing the reactants ATP and CMP shows that ATBe expected to occur protonated in solution while at the higher pH
adopts an unprotonated form while CMP is protonated despite thé is likely to be fully deprotonated. In our computational model,
presence of multiple positively charged amino acids. As all at-we obtain the crystallographically observed planar,AdJEometry
tempts failed to yield a suitable reactant geometry with both ATPonly when CMP is unprotonated, while for the phosphoryl transfer
and CMP being unprotonated, this must be regarded as a strorrgaction CMP is required to be protonated. Therefore, while being
indication of the participation of a proton in the reaction. It re- a good structural transition state analog, aluminum fluoride appar-
mains, however, unclear where this proton originates from, as alkently influences the protonation state of the coordinating nucleo-
corresponding amino acids in the active site remain protonatedide, i.e., CMP. Thus, our results also provide an explanation why
throughout the reaction. As suggested by one reviewer, measurirganar AlF; preferentially binds at pH 8.5. The binding of anionic
a steady state rate profile of Idg.,) /K against pH could provide AlIF; should be electrostatically favored in the presence of pro-
a useful experimental test of this hypothesis. On the other hand, thienated CMP at pH 4.5. Conversely, this can be regarded as an
relevant pH range is expected around 6—7 and the analysis could ledirect experimental verification of our prediction regarding the
disturbed by surrounding residues in the highly charged proteirprotonation state of CMP.
active site that may have strongly shifte&Kpvalues. Further Our calculated reactant structuig. 1) shows striking simi-
studies in our laboratory will investigate the binding energetics oflarities to the corresponding complex of ATP and the serine sub-
protonated and unprotonated nucleosides by electrostatic contirstrate in CAPK. The distana®ps.on between the nearest oxygen of
uum calculations similar to a previous study on cAPHiinen-  CMP and they-phosphorus of ATR2.442 A as well as the sep-
berger et al., 1999 The uptake of a protonated monophosphatearation between ATP and the transferred prothgp.) (1.991 A,
nucleoside from solution is by no means in disagreement withclosely resemble the values of their counterparts in cARPK96
experimental observations. and 1.992 A, respectivelyHutter & Helms, 1999 Furthermore,

The structural rearrangements of Arg131, Arg137, and Argl48&he energetic profile of the phosphoryl transfer in GNIRIP-
were found to be of importance for the course of the reaction. Thekinase(Fig. 3) and that for cAPK as published earligdutter &
either belong to the flexible LID domain ajor were shown to  Helms, 1999 look very much alike. In both cases, the phosphoryl
undergo the strongest movements in crystal structures of JUMPtransfer is accomplished by a simultaneous shift of a hydroxylic
CMP-kinase with substrates, inhibitors, and transition state anaproton to one of the oxygens of the transferred;R@oup. The
logs bound(Schlichting & Reinstein, 1997 No product at all is  exothermicity of the reaction is, however, more strongly empha-
formed when they are tightly restrained to their crystallographicsized in cAPK(—12.2 kcal mot* compared to—6.5 kcal mof*
positions. On the other hand, Lys19 and #Mgdo not move sig-  here as can be expected from the difference i, palues of the
nificantly during the reaction, in agreement with a suggestion byaccepting group$13.4 for serine and 6.5 for CMPwhile the
Schlichting and Reinsteifll997) that Lys19 and the magnesium activation barrier for the forward reactiqs-14.9 kcal mot?) is
ion provide a structural template for phosphoryl transfer. significantly lower in CMPUMP-kinase(+20.7 kcalmot? in

Our calculated transition state geometry is less symmetrical thanAPK). These calculated data are in good agreement with the
found in the crystal structure containing the transition state analogbserved reversibility of the phosphoryl transfer in GNJRP-

Discussion
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kinase. The energy difference of 8.4 kcal mbls very close tothe (see abovg this results in a net neutral charge of the model
energy of solvolysis of MgATP, which shows the consistency of system.
our computational models. To emulate the structural effect of the protein backbone, the
The electronic description of the phosphoryl transfer mechanisnerminating carbon atoms of the truncated side chains of aspartate,
again shows strong similarities to that of cAPK as the negativearginine, and lysine acids were harmonically restrained to their
charge on the transferred BQroup including the shifted proton crystallographic positions. The backbone nitrogen atoms of Gly16,
decreases along the forward reaction. Gly18, Lys19, Gly20, and Thr21 as well as the carbon atom of
In summary, the atomic charges and the distance criteria beSly90 and the ¢ atom of Thr21 were restrained in the same
tween the apical oxygen atoms and thepRosphorus in the tran-  fashion. Compared to a fully rigid fixation, this offers the advan-
sition state geometry seem consistent with a dissociative mechanistage that stationary points on the energetic hypersurfiacema
for phosphoryl transfer in UMRCMP kinase. However, we find and transition stat¢€an still be characterizeClark et al., 1997.
that phosphoryl transfer is accompanied by the synchronous shifilso, the “hardness” of each harmonic potential can be adjusted to
of a proton from CMP to the transferred R@roup as shown in  suit the environment. For the oxygen atoms of the water mol-
Figure 2. To our knowledge, this concerted phosphoryl and protorecules, a relatively weak force constant of 1.15 kcalThél—2
transfer mechanism has not been proposed previously for dinuclevas employed. For example, the four water molecules that ligate
oside kinases. The discussion of dissociative vs. associative phothe magnesium displayed a structural shift of 0.8 A root-mean-
phoryl transfer should be updated to include this novel aspect. Aquare deviation between the X-ray geometry and the AM1-
common mechanism has been established for two seemingly urptimized reactant geometry. This structural rearrangement is caused
related kinases: cAMP-dependent kinase and WOMNRP kinase. by the omission of the outer parts of the protein, but is very
Future work will show whether it can be extended to more mem-unlikely to affect the calculated energy barrier of the reaction.
bers of the kinase family. Moreover, the magnitude of this structural movement shows the
conformational freedom of the water molecules.
For the restrained atoms of the truncated amino acid side chains,
a “harder” potential of 230.6 kcal mot A=2 was used to account
The active site model system used for UMIMP-kinase(shown  for the effect of the missing protein backbone. For the restrained
in Fig. 1) contains ATP, CMP, the Mg -ion with full coordination ~ Cs atoms of Arg131, Arg137, and Arg148, however, a “softer”
shell, and 14 residues thought to be critical for phosphoryl transferpotential of 2.31 kcal mol* A~2 was used as these residues are
a total of 236 atoms all of which are treated fully quantum me-either part of the flexible LID domain aridr exhibit the highest
chanically by the semiempirical AM1 methéDewar et al., 198b structural variation between the two considered X-ray structures
All calculations were performed using a modified version of the (Monrhein et al., 1995; Schlichting & Reinstein, 1997
program package VAMP Version 6@Rauhut et al., 1997 The Instead of adding further residues to hold the adenosine and
same parameter sets for phospho(ewar & Jie, 1989 and  cytosine moiety of ATP and CMP in place in a protein-like fashion,
magnesium(Hutter et al., 1998were employed as in an earlier constraints were also applied to their N-1, N-9, Cdnd C-4
study on a related protein kinagelutter & Helms, 1998 atoms as well as the N-3 atom, respectively. This allowed us to
Initial atomic coordinates of the nonhydrogen atoms in the modelimit the number of atoms to a computable scope.
system were taken from the X-ray crystallographic structure of The Eigenvector FollowingEF) algorithm (Baker, 1986 was
UMP/CMP-kinase complexed with ADP, CMP, and the transition used throughout all calculations to optimize the model system to a
state analog Alk (Schlichting & Reinstein, 1997(5UKD). The gradient norm below 0.4 kcal mot A~2. For the two-dimensional
crystallographic water molecule numbers 198, 215, 220, and 22@rid calculation, a step size of 0.05 A was employed.
were included to complete the first coordination spheres of the
magnesium ion. Furthermore, the water molecules 208, 233, 712,
and 880 are present as they are part of the hydrogen bond netwoficknowledgment
in the active site. Not included in the model Sy.stem are the WateWe thank J. Reinstein for a critical reading of the manuscript and helpful
molecules 197, 553, and 606 as corresponding analogs are Ngiscussions and the reviewers for helpful comments.
found in the crystal structure of UMEMP-kinase complexed
with the bisubstrate P(5'-adenosy+P°-(5'-uridyl)-pentaphosphate
(Scheffzek et al., 1996 1UKE). AlF3 was replaced by P{form- References
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