Biochemistry2003,42, 1573-1580 1573

Dynamic Roles of Arginine Residues 82 and 92ksicherichia coli
6-Hydroxymethyl-7,8-dihydropterin Pyrophosphokinase: Crystallographic Sttidies

Jaroslaw Blaszczyk,Yue Li," Genbin Shi, Honggao Yar),and Xinhua Ji®

Macromolecular Crystallography Laboratory, National Cancer Institute, Frederick, Maryland 21702, and Department of
Biochemistry, Michigan State Usersity, East Lansing, Michigan 48824

Receied September 4, 2002; Reed Manuscript Recegéd December 6, 2002

ABSTRACT. 6-Hydroxymethyl-7,8-dihydropterin pyrophosphokinase (HPPK) catalyzes the pyrophosphoryl
transfer from ATP to 6-hydroxymethyl-7,8-dihydropterin (HP), the first reaction in the folate biosynthetic
pathway. Arginine residues 82 and 92, strictly conserved in 35 HPPK sequences, play dynamic roles in
the catalytic cycle of the enzyme. At 0.89-A resolution, two distinct conformations are observed for each
of the two residues in the crystal structure of the wild-type HPPK in complex with two HP variants, two
Mg?" ions, and an ATP analogue. Structural information suggests that R92 first bindsateptimsphate

group of ATP and then shifts to interact with tfigphosphate as R82, which initially does not bind to
ATP, moves in and binds t@-phosphate when the pyrophosphoryl transfer is about to occur. The dynamic
roles of R82 and R92 are further elucidated by five more crystal structures of two mutant proteins, R82A
and R92A, with and without bound ligands. Two oxidized forms of HP are observed with an occupancy
ratio of 0.50:0.50 in the 0.89-A structure. The oxidation of HP has significant impact on its binding to the
protein as well as the conformation of nearby residue W89.

6-Hydroxymethyl-7,8-dihydropterin pyrophosphokinase o o
(HPPK}) catalyzes the pyrophosphoryl transfer from ATP N N
to 6-hydroxymethyl-7,8-dihydropterin (HP, Figure 1), the HNG | 3 OH HN | \ OH
first reaction in the folate biosynthetic pathwal).(Folate )<\1 s 7 )\ 7
cofactors are essential for lif@){ Mammals have an active "N N HaN N N

transport system for deriving folates from their diet. In HP HP-1
contrast, most microorganisms must synthesize folates de

novo because they lack the active transport system. There-
fore, the folate pathway is an ideal target for developing
antimicrobial agents3-7). Inhibitors of two enzymes of )\

the pathway, dihydropteroate syntha8gdnd dihydrofolate
reductaseq), are currently used as antibiotics. HPPK is not

the target for any existing antibiotic and therefore is an ideal HP - P-3
target for development of novel antimicrobial agents. As a
small, thermostable, and monomeric proté&ischerichia coli Q
HPPK is also an excellent model system for studying the
mechanisms of pyrophosphoryl transfer, about which little ™ | j/\
is known. H Ny
HPO HPO-1

 This work was supported in part by NIH Grant GM51901 (H.Y.).  Figyre 1: Structures of 6-hydroxymethyl-7,8-dihydropterin (HP),

*The coordinates and structure factors have been deposited in theg_ ; ; oAt ) X
Protein Data Bank with the accession codes 1f9y for HFRO/HPO- ggygrgﬁ)ém:ggﬁterm (HPO), and their derivatives HP-1, HP-2,

1-MgAMPCPP, 1hqg2 for HPPK(R82AHP-MgAMPCPP, 1foh for
HPPK(R92AYHP-MgAMPCPP, 1im6 for apo-HPPK(R82A), 1kbr for

apo-HPPK(R92A), and 1g4c for HPPK(R92Mg. Three-dimensional structures in various liganded states
* Corresponding author. Phone: (301) 846-5035. Fax: (301) 846- have been reported, including apo-HPPK (PDB 1hkal @f

Gogﬁl-a't‘:igr?;”égﬁg@eﬁgg{{i&c’g- HPPK in complex with HP-2 (an HP analogue, Figure 1)
I Michigan State University. (PDB 1cbk, ref11); with Mg?" and ADP (PDB leqgm, ref

1 Abbreviations: AMPCPRy,S-methyleneadenosiné-Biphosphate;  12); with Mg?* andf3,y-methyleneadenosiné-Giphosphate
AMPPCP ,y-methyleneadenosiné-Biphosphate; BM, binding mode; ~ (AMPPCP, an ATP analog) (PDB 1eqO, r&); with HP-3

HP, 6-hydroxymethyl-7,8-dihydropterin; HPPK, 6-hydroxymethyl-7,8- ; ;
dihydropterin pyrophosphokinase; HPO, 6-hydroxymethylpterin; HPO- (an HP analogue, Figure 1), two M@lons, and ATP (PDB

1, 6-carboxylpterin; MR, molecular replacement; PDB, the Protein Data 1dy3, r9f13); \_Nith HP, two M@* ions, anda.,5-methylene-
Bank; rmsd, root-mean-square deviation. adenosine striphosphate (AMPCPP, an ATP analog) (PDB
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Ficure 2: Conformations of R82 and R92 as observed in the ternary complexes of HPPK. (a)HPRBHKIgATP (PDB 1dy3, refl3);

(b) HPPKHP-MgAMPCPP (PDB 1leqo, rei4); (c) HPPKkMgHP,A (PDB 1ex8, refl5); (d) HPPKHPO/HPO-1MgAMPCPP (PDB
19y, this paper); (e) R82AP-MgAMPCPP (PDB 1hg2, this paper); and (f) R92/#-MgAMPCPP (PDB 1f9h, this paper). Open bonds
of R82 and R92 indicate binding mode |, whereas filled bonds are for binding mode 1l (see text for details).

leqo, refl4); and with two Mdg" ions and P-(6-hydroxy- HPPK-Mg HP,A complex (PDB 1ex8, ret5). Note that the
methylpterin)-P-(5'-adenosyl)tetraphosphate (8 a bisub- pyrophosphoryl transfer reaction requires the cleavage of the
strate analog) (PDB 1ex8, r&6). These structures are critical  ester bond between the and-phosphate groups. There-
both for drug design and for elucidation of the catalytic fore, the former (Figure 2a) is most likely the catalytic
mechanism. We have summarized the structure-and-functionpinding mode (BM) of R82 and R92, which anchors both
relationship of 26 residues, among which 13 are conservedq.- andg-phosphates for the reaction to occur. For the ease
in 11 HPPK sequenced4). This study is focused on two  of discussion, the two sets of R82/R92 conformations are
arginine residues, 82 and 92, which are strictly conserved ihereafter referred to as BM | (Figure 2a) and BM 1 (Figure
in 35 HPPK proteins sequenced to date. _ 2b). To elucidate the functional roles of R82 and R92, we
The side chains of R82 and R92 appear to be parallel iy e carried out site-directed mutagenesis, biochemical (see
all known structures (see I_:lgure 2 for examples). Nonethe- the companion paper for details), and crystallographic studies.
less, two d|st|nct conformations have been observed for thes ere, we present six crystal structures of either the wild-
two side chains. In the crystal structure of HRPIR-3 type protein or the R82A and R92A mutants with and without

MgATP (1dy3, ref 13), the guanidinium group of R82 . . .
interacts witha-phosphate, and that of R92 interacts with Zound ligands at the resolutions ranging from 0.89 to 1.74

B-phosphate (Figure 2a). In the HPRP-MgAMPCPP

complex (1eqo, ret4), however, R92 interacts wiit-phos- In the 0.89-A structure of HPPK complexed with 6-hy-

phate, and R82 does not interact with ATP (Figure 2b). droxymethylpterin (HPO)/6-carboxylpterin (HPO-1), two

Similar to the former (Figure 2a), both R82 and R92 interact Mg?* ions, and AMPCPP, we observed both BM | and BM

with phosphate groups of the inhibitor (Figure 2c) in the Il for arginine residues 82 and 92 (Figure 2d), suggesting
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Table 1: Protein and Reservoir Solutions for the Crystallization of HPPK Proteins

12 2 3 4 5 6
Protein Solution
HPPK proteins wild type R82A R92A R82A R92A R92A
protein (mg/mL) 9 9 9 11 9 9
AMPCPP (mM) 15 25 25
HP (mM) 25 15 15
MgCl; (mM) 50 50 50
Tris-HCI [mM (pH)] 10(8.0) 10 (8.0) 10 (8.0) 10 (8.0) 10 (8.0) 10 (8.0)
Reservoir Solution
PEG 4000 [%(w/v)] 30 25 27 27 30 30
CHsz-COONH, (mM) 200 170 180
CHs;-COONa (mM) 180 200 200
MgClz (mM) 50 50
NacCl (mM) 100
H-COONa (mM) 700
glycerol [%(v/v)] 2 10 10
Tris-HCI [mM (pH)] 90 (8.4) 100 (8.5) 100 (8.5)
CHs3-COONa [mM (pH)] 100 (4.6) 100 (4.6) 90 (4.6)
Crystals
shape needle needle needle plate plate plate
dimension & 102 mm) 15x 15 x 35 7x7x 20 bS5x.5x 10 1x1x25 .5x 30x 30 .3x 15x 20

a1, HPPKkHPO/HPO-1IMgAMPCPP; 2, R82AHP-MgAMPCPP; 3, R92AHP-MgAMPCPP; 4, apo-R82A; 5, apo-R92A; and 6, RORAy.

that R82 and R92 play dynamic roles in the catalytic cycle of data collection and processing are summarized in Table

of HPPK. 2. All crystals diffracted to high resolution. The crystals of
three ternary complexes belong to space gré@m@nd their
EXPERIMENTAL PROCEDURES unit cell parameters are similar to those of HPHR:

Protein Expression, Purification, and Crystallization. MIAMPCPP (4). The crystals of two ligand-free proteins
Wild-type HPPK and point mutants R82A and R92A were Pelong to space group2,, and their unit cell parameters
expressed and purified according to the protocol established@re similar to those of apo-HPPH(). Although the crystal
for the wild-type protein 16). The crystallization conditon ~ 0f R92A-Mg belongs to space groupz,, the unit cell
for HPPK:-HPO/HPO-1MgAMPCPP (Table 1) was similar ~ dimensions are different from those of apo-HPRK)(
to that for HPPKHP-MgAMPCPP (4). The important Five out of six structures were determined using the

difference, which resulted in the oxidation of HP, was the jitference Fourier technique, and the structure of RO
incubation time before setting up crystallization experiments was solved using the molecular replacement (MR) program

and the time for the crystals to appear. For HPRR: Am ;
; . X oRe (18). See Table 2 for the starting model for
MAMPCPP (L4), the protein was incubated with substrate/ difference Fourier synthesis and search model for MR. All

inhibitor for ~0.5 h before setting up the vapor diffusion .
. . ligands and solvent molecules were removed from the
experiments, and the crystals appeared overnight. For the

HPO/HPO-1 complex, the protein was incubated with HP sfcarting models. 'I_'he initial refinement was carried out with
and MgAMPCPP for5 h at 19+ 1 °C and then overnight simulated anneallng_methods using CNI)( followed by

at 44 1 °C prior to setting up the crystallization drops. The the least-squares refinement using SHELXL-2@)(Model
crystals appeared in approximately one week and reachecPuilding and rebuilding were carried out using 21

the dimensions shown in Table 1 in four weeks. For apo-R82A, apo-R92A, and R92¥g, isotropic ther-

All crystals of HPPK mutant proteins were grown at 19 mal parameters for all non-hydrogen atoms were refined
+ 1 °C with the hanging-drop vapor-diffusion technique. individually. For the three ternary complexes, ordered atoms
The drops contained equal volumes of protein stock and were refined with anisotropic temperature factors, whereas
reservoir solutions (Table 1). Crystals of apo-R82A appeared disordered atoms were refined with isotropic temperature
in 3 days and after two more weeks reached the size suitablefactors. The hydrogen atoms of anisotropically refined atoms
for data collection (Table 1). Crystals of apo-R92A and \yere built geometrically at their idealized positions with
R92A-Mg appeared in a few minutes and reached the final gssigned isotropic thermal parameters equal te E8uiva-
size in 4-5 days. Crystals of R82AP-MgAMPCPP ap- ot isotropic thermal parameters of their parent atoms.

peared in 24 h and grew to the final dimensions (Table 1) in Positional : ; .
parameters of ligands and ions were refined
two more days. Small crystals of ROZAP-MgAMPCPP without geometric restraints.

appeared in 3 days and stopped growing thereafter.
Data Collection and Processing, Structure Solution and ~ Water molecules were identified in the difference Fourier
RefinementX-ray diffraction data for all six structures were Map as positive peaks above.Ihe presence of Mg and
collected at Cryogenic temperature (100 K)’ with an ADSC Cl~ ions was verified by refining the structure with assumed
Quantum-4 CCD detector mounted at the synchrotron atomic identity and observing the behavior of their temper-
beamline X9B of the National Synchrotron Light Source, ature factors. The geometry of refined structures was assessed
Brookhaven National Laboratory. Data processing was using PROCHECK Z2). The details of refinement and
carried out with the HKL2000 program suit&7). Details statistics of final structures are summarized in Table 2.
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Table 2: Summary of Structure Solution and Refinement of HPPK Structures

12 2 3 4 5 6
resolution (A) 0.89 1.25 1.50 1.74 1.55 1.65
measured reflections 451128 126 338 78 292 50 062 81783 88579
unique reflections 100 866 39 345 22 905 14272 19 262 32443
overall completeness (%) 99.6 99.3 93.1 95.9 96.3 98.7
last shell completeness (%) 75.6 99.0 94.2 93.9 92.5 98.0
overall Rmergd 0.043 0.092 0.100 0.108 0.093 0.071
last shellRmerge 0.581 0.571 0.449 0.403 0.510 0.491
overalll/o 31.0 12.3 12.1 11.4 14.6 13.9
last shelll/o 17 1.7 2.2 2.2 1.8 2.0
space group Cc2 Cc2 Cc2 P2, P2, P2,
unit cell parameters
a(h) 73.466 73.372 73.612 36.106 36.340 42.351
b (A) 37.910 37.843 37.783 47.178 46.943 47.210
c(A) 57.849 58.018 57.970 43.816 42.907 71.306
p (deg) 117.18 117.18 117.04 109.44 110.49 105.61
no. molecules/asymmetric unit 1 1 1 1 1 2
solvent content (%) 334 33.5 33.5 35.1 35.0 334
Matthews coefficient (A/Da) 1.92 1.92 1.92 1.97 1.96 1.92
starting model PDB leqgd PDB leqd® PDB leqdf PDB 1hka® PDB 1im6° PDB 1hka?
no. data in refinement: &l)/all 77 218/95772 26 465/37 252  16291/21774 10417/13121  13591/18109 22 944/30 749
no. data foRqes 20(1)/all 4145/5090 1338/1932 811/1084 577/655 708/944 1241/1659
no. least-squares parameters 15215 14 475 14 342 6187 5140 10 355
no. residues/(non-H) atoms 158/1345 158/1287 158/1275 158/1261 158/1277 316/2532
no. heterogen atoms 61 64 48 1 1 6
no. water oxygen atoms 416 333 412 279 230 425
final Ryee: 20(1)/all 0.118/0.133 0.132/0.172 0.118/0.151 0.207/0.216 0.183/0.208 0.196/0.236
final R:AZU(I)/aII 0.097/0.112 0.097/0.134 0.084/0.111 0.161/0.187 0.160/0.192 0.162/0.205
rmsd (A)
bond lengths 0.021 0.011 0.009 0.006 0.008 0.011
angle distances 0.036 0.027 0.027 0.021 0.025 0.026
estimated coordinate error (A) 0.063 0.10 0.07 0.17 0.16 0.15
Ramachandran plot (%):
most favored regions 97.1 96.3 97.1 97.1 95.6 94.5

disallowed regions 0 0 0 0 0 0

a1, HPPKkHPO/HPO-IMgAMPCPP; 2, R82AHP-MgAMPCPP; 3, R92AHP-MgAMPCPP; 4, apo-R82A; 5, apo-R92A; and 6, R9RA.
b Rmerge= Y |(I — ODI/3(1), wherel is the observed intensity Difference Fourierd Molecular replacement solution with a correlation coefficient
of 0.66 and crystallographi® factor of 0.42 for X-ray data within the resolution range of £9400 A.

RESULTS AND DISCUSSION The electron density of R92Mg revealed the presence

of two Mg?* ions bound to D95 and D97 of molecule B,
Quality of the StructuresAt 0.89-A resolution, the identity  one of the two crystallographically independent molecules

of atoms is clearly indicated by the size of their electron (Taple 2). Both Mg" ions are six-coordinated. The side chain

densities (for example, see Figure 3). The crystal structure of E16 from molecule A is coordinated with one of the two

of HPPK-HPO/HPO-IMgAMPCPP unambiguously re-  Mg?* jons. In all six structures, a Clion has been found

vealed the identities of HPO and HPO-1 (Figure 1) with an near the amide nitrogen of E139, as observed in the structure

occupancy ratio of 0.50:0.50 (Figure 3b). Residues P43, V58, of HPPK:HP-MgAMPCPP (PDB 1eqo, ref4).

S63, E68, L78, Q79, R82, V83, E87, W89, R92, D103, L111,  gtrycture and Function of R82 and R9Zhe 0.89-A

M142, and H148 exhibit two conformations of equal gicture of HPPKHPO/HPO-tMgAMPCPP reveals two
probability; the electron density for W89, R82, and R92 is ¢onformations for both R82 and R92 (Figures 2d and 3a).
shown in Figure 3. Two side chain conformations were found preyious observations have demonstrated that the two side
for S13 anq L135 with an occupancy ratio of 0.66:0.33. Three chains are always approximately parallel to each other
conformations were found for E67 with an occupancy ratio (Figure 2a-c) and assume two sets of distinct conformations,
of 0.50:0.25:0.25. Multi-conformations of side chains have BM | (Figure 2a) and BM |1 (Figure 2b). We observed both
also been revealed in the other five structures. BMs for R82 and R92 in the crystal structure of HPPK
All protein atoms, ligands, and solvent molecules have HPO/HPO-MgAMPCPP, suggesting that these two resi-
well-defined electron density, with only a few exceptions in dues play dynamic roles in HPPK catalysis.
ligand-free structures. In apo-R82A, incomplete density was  For BM |, the guanidinium group of R92 binds to the
observed for the side chains of surface residues Q48, D49,3-phosphate of ATP and that of R82 binds to thphosphate
and E67, among which Q48 and D49 are located in the of ATP (Figure 2a); whereas for BM II, the guanidinium
flexible loop 2. In apo-R92A, weak density was observed group of R92 binds to the-phosphate of ATP and that of

for residues 4650 of loop 2, 86-90 of loop 3, and solvent-
exposed K154 near the C-terminus. In R9RKy, weak

of molecule A.

R82 is not involved in direct interaction with ATP (Figure
2b). We further discovered that no matter which of the two
density was observed for side-chains of Q48, K85, and R88 arginine side chains is absent, the existing arginine always
interacts with thex-phosphate group of ATP by assuming a
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FIGURE 3: Stereoviews showing the representatig 2 F. electron density for the 0.89-A structure of HPIPHFRO/HPO-1MgAMPCPP
contoured at @ for ordered residues/substrates and atrIds disordered residues. (a) Electron densities for R82, R92, and AMPCPP. (b)
Electron density for L45, G46, W89, and HPO/HPO-1.

conformation corresponding to either BM Il (Figure 2e) or with very similar unit cell dimensions (Table 2). Superposi-
BM | (Figure 2f), suggesting that for ATP binding, the two tion of the three @ traces reveals that the two mutant
arginines have comparable significance. Because the pyro-structures are quite similar with an rmsd of 0.25 A, but the
phosphoryl transfer reaction involves the breakage of the two mutant structures are rather different from the wild type
ester bond between the and thef-phosphate groups, we  in several regions (Figure 4a). First, loop 1 of apo-HPPK
suggest that R92 is essential for catalysis by playing dual a5 two conformations, whereas it assumes only one
roles, ATP binding and ester _bond breaking. l.t bmd_s to the conformation in the mutants. Second, significant conforma-
o-phosphate group of ATP (Figure 2b) and shifts to interact tional differences are observed for loop 2, in which the
with -phosphate as R82 binds ¢ephosphate (Figure 2a) maximal Gx atom displacement reaches 5.0 A for P47. Third

when the pyrophosphoryl transfer is about to occur. This is . . )
in agreement with our biochemical data. The substitution of and Qramatlcally, -the conformation .Of loop 3 in both mutant
roteins is very different from that in the wild type, where

R82 with alanine caused a decrease in the rate constant foP -
the chemical step by a factor of380, whereas the the largest @ atom displacement reaches 9.5 A for R84.

substitution of R92 with alanine caused a decrease in theFourth and interestingly, the C-terminal region of the two
rate constant for the chemical step by a factor&5 x mutant proteins is very different from the wild type; the
10* (see companion paper for details). maximal Gx shift in this area reaches4.5 A for D153.

Point Mutations R82A and R92A and their Structural Fifth, although R82 and R92 side chains point to the opposite
Impact Figure 4a shows the superposition of the structures direction of the active center in all three proteins, their
of apo-HPPK {0), apo-R82A (this paper), and apo-R92A positions in the mutants are rather different from those in
(this paper). All three proteins belong to space gré&p the wild-type protein (Figure 4a).
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Ficure 4: Stereoviews illustrating the superposition ak @aces, ligand molecules, and side chains of R82 and R92 in (a) apo-HPPK
(green, refl0), apo-R82A (blue, this paper), and apo-R92A (orange, this paper); (b) HFPKIQAMPCPP (in green, PDB leqo, rf),
R82A-HP-MgAMPCPP (blue, this paper), and R924P-MgAMPCPP (orange, this paper); and (c) HPPIR-MgAMPCPP (green, PDB
leqo, refl4) and HPPKHPO/HPO-1IMgAMPCPP (magenta, this paper).

While significant differences exist in the apo-structures type and any mutant protein is 0.08 A for all 15&.C
of the wild-type and the mutant proteins, no significant positions (Figure 4b). The largest shift of main chain atoms
difference is found in the overall structure of their ternary is ~0.5 A between HPPKIP-MgAMPCPP (4) and R82A
complexes. Figure 4b depicts the superposition of three HP-MgAMPCPP (this paper) ane1.4 A between HPPK
ternary complex structures, including HP#PH#-MgAMPCPP HP-MgAMPCPP (4) and R92AHP-MgAMPCPP (this
(14), R82A-HP-MgAMPCPP (this paper), and R92AP- paper). All the interactions between the protein and the
MgAMPCPP (this paper). The Mg ions, the HP and ligands (Mg" ions and the HP and AMPCPP molecules)
AMPCPP molecules, and theaCtraces superimpose very are maintained in the structure of R824P-MgAMPCPP.
well between the three structures; the rmsd between the wildin the case of R92A, the loss of the hydrogen bonds between
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Ficure 5: Superposition of HPO and loop 2 residues in HPPK
HPO/HPO-1IMgAMPCPP (in atomic color: carbon black, nitrogen
blue, and oxygen red) with HP and corresponding residues in
HPPK-HP-MgAMPCPP (green, PDB 1leqo, ref4). Hydrogen
bonds are shown as dashed lines.

Biochemistry, Vol. 42, No. 6, 2003579

the guanidinium group of R92 and AMPCPP is expected,
which is partially compensated by the guanidinium groups
of R82 and R84. The guanidinium group of R82 forms one
hydrogen bond and that of R84 two hydrogen bonds with
the a-phosphate of AMPCPP. In HPPKP-MgAMPCPP,
the guanidinium group of R82 has no direct interaction with
AMPCPP and that of R84 forms one hydrogen bond with
the a-phosphate and one hydrogen bond with thiy&iroxyl
group of AMPCPP. All the other interactions between the
protein and the ligands in R92BP-MgAMPCPP (this
paper) are the same as those found in HPFRKMgAMPCPP
(14). The structures of the ternary complexes of the two
mutants suggest that the dramatic decreases in the catalytic
power of HPPK caused by the mutations are due to the
removal of the specific interactions rather than conforma-
tional perturbations.

Structure and Structural Impact of Oxidized Forms of. HP
HPO and HPO-1 are the oxidized forms of HP (Figure 1).
The oxidation occurred during the incubation before crystal-
lization experiments (see Experimental Procedures). In HP,

FiGURE 6: Stereoview depicting the superposition of HPO-1/W89 in HRMFO/HPO-tMgAMPCPP (in atomic color: carbon black,
nitrogen blue, and oxygen red, this paper) with HP/W89 in HRFKMgAMPCPP (cyan, PDB 1eqo, rd#4) and HP-3/W89 in HPPK
HP-3MgATP (yellow, PDB 1dy3, refl3). The HPO/W89 pair in HPPHIPO/HPO-1MgAMPCPP (this paper) has identical conformation
with the HP/W89 pair in HPPKHP-MgAMPCPP (cyan, refl4) and is not shown for clarity.

E16 (Mol A)

AMPCPP

E16 (Mol A)

AMPCPP

(Mol B)

FIGURE 7: Stereoview showing the Mg coordination as observed in R92Mg (in atomic color with black carbon, blue nitrogen, and red
oxygen, this paper) and in HPPKHP-MgAMPCPP (cyan, PDB 1eqo, r&#}). Water molecules involved in Mg coordination are identified

as 0-6.
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the bond distance for the single bond between C7 and N8 isnegatively charged ligand is the phosphoryl chain of
1.41 A (14). In HPO, however, this distance becomes 1.36 AMPCPP, whereas in R92Mg, it is the negatively charged
A (this paper), suggesting the formation of the double bond side chain of E16 from molecule A (Figure 7). Three water
between C7 and N8 is due to removal of the hydrogen atom molecules participate in Mg coordination in the ternary
on N8 and one of the two hydrogen atoms on C7 (Figure complex, whereas six waters are found in R92l§, among
1). Difference density revealed a positive peak abowe 3 which two are conserved in both systems (Figure 7). The
located 1.28 A away from the carbon atom of th€H,OH fact that the two M§' ions in R92AMg are both coordinated
moiety, suggesting that further oxidation-eCH,OH results with D95 and D97 as in the ternary complex HPPIR:
in the formation of a—COOH group (HPO-1, Figure 1). MgAMPCPP suggests that D95 and D97 are well-positioned
The occupancy ratio of HPO/HPO-1 is 0.50:0.50 as deter- for the assembling of the catalytic center. However, it appears
mined by nonrestrained least-squares refinement. The tem-+that only when an additional negatively charged ligand exists
perature factors for all non-H atoms in theCOOH group near D95 and D97, HPPK is able to form a stable complex
are ~7. The oxidations have significant impact on the with Mg?" ions. To date, similar Mg coordination has not
protein—substrate interaction, causing substantial conforma- been observed in any other apo-HPPK structures.
tional changes in the protein.

As illustrated in Figure 4c, the €traces of HPPKHP- ACKNOWLEDGMENT
MgAMPCPP (4) and HPPKHPO/HPO-IMgAMPCPP We would like to thank Drs. Z. Dauter and K. R.

(this paper) superimpose very well. The rmsd for all 158 paiashankar for their help during data collection and

pairs of Gx atoms is 0.12 A. However, the presence of HPO, nrcessing at the synchrotron beamline X9B of the NSLS,
instead of HP, eliminates the hydrogen bond interaction gyqokhaven National Laboratory.

between the carbonyl oxygen (acceptor) of L45 and the atom

N8 (donor) of the pterin moiety (6N distance= 2.91 A, REFERENCES

ref 14) and causes the flip of the peptide bond betwe?n L4S 1. Shiota, T. (1984Biosynthesis of folate from pterin precursors.
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