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2.0 A X-ray structure of the ternary complex of
7,8-dihydro-6-hydroxymethylpterinpyrophosphokinase from
Escherichia coli with ATP and a substrate analogue
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Abstract The X-ray crystal structure of 7,8-dihydro-6-hy-
droxymethylpterinpyrophosphokinase (PPPK) in a ternary
complex with ATP and a pterin analogue has been solved to
2.0 A resolution, giving, for the first time, detailed information of
the PPPK/ATP intermolecular interactions and the accompany-
ing conformational change. The first 100 residues of the 158
residue peptide contain a BofBof meotif present in several other
proteins including nucleoside diphosphate kinase. Comparative
sequence examination of a wide range of prokaryotic and lower
eukaryotic species confirms the conservation of the PPPK active
site, indicating the value of this de novo folate biosynthesis
pathway enzyme as a potential target for the development of
novel broad-spectrum anti-infective agents.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Mutsio 7,8-dihydro-6-hydroxymethylpterinpyrophosphoki-
nase (PPPK, EC.2.7.6.3) catalyses pyrophosphorylation of
7,8-dihydro-6-hydroxymethylpterin (HP) to 7,8-dihydro-6-hy-
droxymethylpterinpyrophosphate. The PPPK reaction is one
of a series that form the de novo folate biosynthesis pathway
which, starting with dihydroneopterin and involving incorpo-
ration of pABA and glutamic acid, results in the formation of
dihydrofolate. Folate cofactors are required in many one-car-
bon transfer reactions, such as biosynthesis of purines, thymi-
dylate, certain amino acids as well as formyl-tRNA. The fo-
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late biosynthesis pathway is generally only present in
prokaryotes and lower eukaryotes [1]. Higher eukaryotes do
not synthesise folates but depend on dietary folates that are
taken up by a carrier system. Thus, enzymes of the folate
biosynthesis pathway represent selective sites for drug action
and are attractive targets for development of anti-microbials,
as exemplified by the extensive use of sulfonamide anti-bacte-
rial drugs which act as inhibitors of dihydropteroate synthase
(DHPS), the enzyme following PPPK in the pathway. Owing
to the development and wide-spread occurrence of resistance
to many commonly used anti-infective drugs, it has become
necessary to consider alternative targets for the development
of novel anti-microbial drugs. PPPK represents one such po-
tential target.

Inhibitors of PPPK that are close analogues of the pterin
substrate HP have been reported [2]. Such compounds, for
example 40Y67 and 87Y76 (Fig. 1), are a valuable aid to
structural characterisation of the enzyme active site. However,
their relatively low potency and unfavourable physical proper-
ties make them unsuitable candidates for development as anti-
infectives.

PPPK from Escherichia coli is a monomeric 158 residue
protein [3]. Amongst the PPPKs cloned and sequenced from
both prokaryotic and eukaryotic organisms [3-7], there is an
overall sequence conservation of approximately 30%, indicat-
ing considerable similarity of three-dimensional structures.

Crystal structures for the adjacent enzymes in the folate
pathway, dihydroneopterin aldolase [8] and DHPS [9,10],
have been determined. Recent structural studies of PPPKs
describe Haemophilus influenzae enzyme [11] in complex with
a degradation product of 40Y67 and E. coli apoenzyme [12], a
model for HP and ATP binding being proposed for the latter.
This report describes X-ray crystallographic details of ligand
binding to E. coli PPPK in a ternary complex with ATP and
87Y76 and in binary complex with 40Y67.

2. Materials and methods

2.1. PPPK crystallisation and data collection

The cloning, expression and purification of E. coli PPPK have been
described previously [3]. The enzyme was crystallised under a number
of different conditions. Crystals suitable for X-ray studies were ob-
tained when PPPK (5 mg/ml) was incubated for 3 h in the presence of
2 mM DTT, 6 mM MgCl,, 0.7 mM ATP and 0.5 mM pterin analogue
(40Y67 or 87Y76). The enzyme was set up as sitting drops using 5 pl
of enzyme with 5 pl of reservoir consisting of 0.1 M sodium citrate pH
5.6, 0.2 M ammonium acetate and PEG 3400 in the range of 27—
31%(w/v) at 4°C. Cuboidal crystals grew in a few weeks, in some cases
following seeding, having maximum dimensions of 0.3 mm and dif-
fracting to 1.5 A resolution. They belong to the orthorhombic space
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group C222; with a=41.0 A, b=69.2 A, ¢=115.7 A and contain one
molecule in the asymmetric unit. Most X-ray data were collected with
a Siemens type P1000 area detector system with Cu K, radiation from
a MacScience rotating anode generator running at 5.4 kW. A single
crystal was used to collect a first native PPPK/40Y 67 data set and was
also used as the vehicle for the subsequent evaluation of several heavy
atom soaks to about 2.5 A resolution. Isomorphous X-ray data were
collected from crystals of enzyme which bound lead acetate, trimethyl
lead acetate, potassium platinum tetranitrite, mercury chloride and
uranyl nitrate. Native and derivative data were processed using the
FRAMBO and XENGEN software [13]. A second native data set,
PPPK complexed with 87Y76 and ATP, was collected on a Molecular
Structure Corporation R-AXIS II image plate system with Cu K,
radiation from a Rigaku generator running at 5 kW and processed
with the program DENZO [14] (Table 1).

2.2. Structure solution and refinement

Heavy atom sites of the lead acetate derivative were located from
difference Patterson calculations using the program HASSP [15] and
refined with a modified version of the CCP-4 program MLPHARE
[16]. Sites of other derivatives were obtained from difference Fourier
syntheses and cross-checked against difference Patterson maps. MIR
phases from five heavy atom derivatives were used to calculate an
electron density map at 2.5 A resolution, from which ligand binding
and secondary structure features could be identified. Density modifi-
cation and phase improvement was done with the program SOLO-
MON [17]. The structure was modelled with the program O [18]. As
ATP appeared to be not present in the 40Y67-bound structure, coor-
dinates were refined against the second, 87Y76-bound, native data set
(which showed the presence of ATP) using PROFFT [19] followed by
re-building with O. The final round of refinement was done using the
maximum likelihood option of the program REFMAC [20]. Coordi-
nates will be deposited with the Protein Data Bank at Brookhaven.

2.3. Structure alignments

The PPPK coordinates were aligned with protein structures avail-
able in the Protein Data Bank using the distance matrix alignment
algorithm, DALI [21]. Two structures, ribosomal S6 protein and NDP
kinase, were subjected to more detailed comparison with PPPK. Both
were aligned using the structure homology program SHP [22] and
displayed on a Silicon Graphics Octane workstation using O [18].
Active site residues of E. coli PPPK were aligned by multiple amino
acid sequence alignment with those in other PPPKs (Table 2) using
the program PILEUP included in the GCG suite [23].

3. Results and discussion

3.1. The PPPK fold

The main features of the E. coli enzyme structure (Fig. 2)
are as described earlier for the apoenzyme [12]. However,
residues showing conformational variability in the apoenzyme
structure now appear well-defined in this ternary complex, one
such residue, Leu-45, being involved in interaction with the
HP substrate analogue. The folding at the core of PPPK, a
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Fig. 1. Structure of the pterin analogues 40Y67 and 87Y76.

four-stranded anti-parallel B-sheet with helical interconnec-
tions, Bl-al1-B2-B3-02-B4, is not unique. The first 101 residues
fit the BofPop topology already characterised [24]. The struc-
ture closest-matched to PPPK by distance matrix alignment
[21] appears to be the ribosomal S6 protein [25]. Overlapping
this with SHP software [22] gives a root mean square (r.m.s.)
distance for 82 equivalent a-carbons of 2.3 A. One other
structure matched to PPPK, a kinase of similar size, nucleo-
side diphosphate (NDP) kinase [26], gave a r.m.s. of 2.7 A for
82 equivalent residues. Comparison of the superimposed
Bafpap topologies of PPPK and NDP kinase (Fig. 3) empha-
sises their similar secondary structure, with NDP kinase
nevertheless having longer B2-B3 and o2-B4 interconnecting
loops and a different folding of the C-terminal region. Also,
whilst the ATP of the PPPK ternary complex is held between
the 02-f4 interconnecting loop and the initial loop of the C-
terminal region, the ADP bound to NDP kinase is instead
located between the o2-B4 and the P2-B3 interconnecting
loops and is orientated differently. Thus, only one phosphate
from each of the superimposed structures coincides, substrate
binding being defined more by the connecting loop structure
than by the secondary structure.

3.2. Interaction of ligands with active site residues

In the binary complex of PPPK with 40Y67, the orientation
of the ligand is clearly defined in difference electron density
maps by the prominent gem-dimethyl group. Ring stacking
interactions of the aromatic side chains of Tyr-53 and Phe-
123 sandwich the pterin of the ligand. Additional hydrophobic
contacts are made by Arg-92 and Trp-89, the latter side chain
interacting with the gem-dimethyl group. Hydrogen bonding
contacts (as for 87Y76, see Fig. 4) are made by interactions
between the pterin and Thr-42, Pro-43, Leu-45, Asn-55 and

Table 1

X-ray data collection and phasing

Data set Resolution Number of Unique data Ry Runerge Phasing power
(A) observations (% possible) (%) (%) (number of sites)

Native-1 2.5 22063 5319 (87.3) 4.35 -

Native-2 2.0 47 660 10879 (94.4) 5.00 -

Lead acetate 2.0 16758 10111 (84.5) 5.42 25.0 2.19 (2)

Tetra-methyl lead 2.0 22605 9248 (74.8) 4.84 28.0 1.66 (4)

Platinum nitrite 2.5 15692 5942 (94.9) 5.42 15.1 0.47 (4)

Mercury chloride 2.5 3038 2421 (38.7) 6.93 10.8 0.23 (3)

Uranyl nitrate 2.5 10521 4345 (69.7) 3.59 12.0 0.69 (7)

Rgym =21 —(D/ZL;, where I is the measured intensity of an individual reflection and (J) is the mean intensity of repeated measurements of this
reflection. The highest resolution shell of native-2 data (2.07-2.00 A) gave Ry, =10.2% and was 92.2% complete. Rmerge = Zi1Fpn—FpI/2F,, where
Fyp is the derivative amplitude and F, the native amplitude. In multiple isomorphous replacement phasing, data to 2.5 A were used through-
out. The phasing power is the ratio of the r.m.s. heavy atom F to the r.m.s. residual lack of closure. In structure refinement (see text),
R-factor = (ZuF,1—1F./2F,), where F, (F>20) and F, are the observed and calculated structure factors, respectively.
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Table 2
Comparison of active site residues for E. coli PPPK (Ec) [3] and
other PPPKs

Ec

R41
T42
P43
P44
L45
G46

D52
YS3
L54
NS5
A56

R88
w89
G90
P91
R92
T93
L94
D95
L96
D97
198

H115
Y116
D117

N120
R121
G122
F123
M124

Bacillus subtilis (Bs) [27], P. carinii (Pc) [7], Streptococcus pneumo-
niae (Sp) [S], P. falciparum (Pf) [28], T. gondii (Tg) [29], Mycobacte-
rium tuberculosis (Mt) [30] and Helicobacter pylori (Hp) [31]. Identi-
cal residues with respect to Ec are denoted by * and residues in
direct contact with the pterin ligand and with the B- and y-phos-
phates are emboldened. Alignment was prepared using the program
PILEUP, included in the GCG software suite [23].
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Fig. 2. Diagrammatic view of the fold of PPPK (the N- and C-ter-
mini and B-strands 1-4 are arrowed). The active site is represented
by the presence of ligands Mg-ATP and 87Y76.

several water molecules. A tetrahedrally coordinated anion
defines the o-phosphate site of the product 7,8-dihydro-6-hy-
droxymethylpterinpyrophosphate. There was no further den-
sity visible for the ATP molecule in this complex, suggesting it
had degraded.

The ternary complex data from PPPK with 87Y76 and ATP
were refined in the resolution range 10-2 A and gave a R-
factor (see Table 1, footnote) of 0.169. The r.m.s. errors in the
model of bond-length and valence-angle were 0.013 A and
1.6°, respectively. 130 Waters and two magnesium ions were
identified in addition to ligands 87Y76 and ATP. Intermolec-
ular hydrogen bonding for the ternary complex is shown in
Fig. 4. The pterin-based hydrogen bond interactions as well as
the hydrophobic interactions are similar to those described for

ndpk_155

Fig. 3. Overlap of Co traces of NDP kinase (blue) with PPPK (red). Skeletal models of the respective ligands of each, ADP (black) and 87Y76
with ATP (magenta) are also shown. The display was generated by the program QUANTA (Molecular Simulations).
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Fig. 4. Stereo view of the active site of the PPPK/ATP/87Y76 complex, showing hydrogen bond interaction. The display was generated by the

program QUANTA (Molecular Simulations).

40Y67. The presence of the phenethyl moiety of 87Y76 gives
rise to further hydrophobic contacts involving the side chains
of Trp-89 and Leu-45. Difference Fourier density clearly re-
veals the presence of ATP in this complex. The adenine inter-
acts via hydrogen bonds with the carbonyl oxygens of Leu-98
and Thr-112, the ribose is hydrogen-bonded to Arg-110, the
o~ and B-phosphates interact with Arg-82, -84 and -92 and the
Y-phosphate is hydrogen-bonded to Trp-89, Tyr-116 and Arg-
121. The side chain of the highly conserved His-115 residue is
positioned about 3.7 A from a y-phosphoryl oxygen and does
not appear to interact with an a-phosphoryl oxygen, as earlier
proposed from model-building [12]. Density peaks lying be-
tween the B- and y-phosphates on the one hand and Asp-95
and Asp-97 on the other are identified as magnesiums. It
seems likely that this arrangement of aspartates and magne-
siums could stabilise a transition state in the course of the
pyrophosphoryl transfer reaction. Absence of ATP (as in
the 40Y67 complex) appears to result in a conformational
change of a single side chain, Arg-84, to a position close to
the ribose 3’-hydroxyl site.

3.3. Conservation of the PPPK active site

Multiple sequence alignments followed by mapping 30 ac-
tive site residues on to the three-dimensional structure of E.
coli PPPK reveal invariance in the region where the magnesi-
um ions bind and lesser conservation beyond this. Variation is
often limited to a conservative change, otherwise, the residue
is involved in main-chain contact which allows greater diver-
sity of the side chain (Table 2). The level of identity or con-
servative difference between E. coli PPPK and the eukaryotic
(Pneumocystis carinii, Toxoplasma gondii and Plasmodium fal-
ciparum) PPPKs is 63-67%, within the prokaryotic PPPKs,
the level is at least 73%.

3.4. Comparison of ligand sites in PPPK and DHPS
The adjacent enzyme in the pathway, DHPS [9,10], is an 8-
stranded af3 barrel which binds pterin substrate at a location

on the barrel axis near the C-terminal pole. In both PPPK and
DHPS, the pterin moiety is similarly hydrogen-bonded
around the edges with its faces sandwiched between hydro-
phobic groups. By contrast, the phosphate binding sites on
PPPK and DHPS are significantly different. Whilst E. coli
DHPS [9] interacts directly with ligand o~ and B-phosphates
via several basic residues, the corresponding phosphate sites
of PPPK (the y- and B-phosphates of ATP) include interac-
tions involving cations, in addition to hydrogen bonding to
basic residues. Thus, the design of a single inhibitor of both
enzymes, a favourable objective in providing potent ‘double
sequential blockade’ (reducing the likelihood of resistance de-
velopment), should focus on the pterin site, avoiding the more
structurally divergent phosphate sites.

The information we report on the refined X-ray structures
of E. coli PPPK in ternary complex with ATP and a substrate
analogue is a valuable starting point for characterisation of
this enzyme in terms of its potential as a target for the devel-
opment of anti-microbial drugs. The high resolution of this
structure determination will provide a basis for the design of
novel compounds with potential broad-spectrum anti-micro-
bial activity.
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