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ABSTRACT. The roles of a pair of conserved positively charged residues R82 and R92 at a catalytic loop
of Escherichia col6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase (HPPK) have been investigated
by site-directed mutagenesis and biochemical analysis. In the structure of HPPK in complex with ATP
and a 6-hydroxymethyl-7,8-dihydropterin (HP) analogue, the guanidinium group of R82 forms two hydrogen
bonds with then-phosphate and that of R92 two hydrogen bonds withsHpdosphate. In the structure

of HPPK in complex witha,5-methyleneadenosine triphosphate (AMPCPP, an ATP analogue) and HP,
the guanidinium group of R82 has no direct interaction with AMPCPP and that of R92 forms two hydrogen
bonds with then-phosphate. Substitution of R82 with alanine caused a decrease in the rate constant for
the chemical step by a factor ef380, but there were no significant changes in the binding energy or
binding kinetics of either substrate. Substitution of R92 with alanine caused a decrease in the rate constant
for the chemical step by a factor 8f3.5 x 10%. The mutation caused no significant changes in the
binding energy or binding kinetics of MgATP. It did not cause a significant change in the binding energy

of HP either but caused a decrease in the association rate constant for the binding of HP by a factor of
~4.5 and a decrease in the dissociation rate constant by a factet@fThe overall structures of the
ternary complexes of both mutants were very similar to the corresponding structure of wild-type HPPK
as described in the companion paper. The results suggest that R82 does not contribute to the binding of
either substrate, and R92 is dispensable for the binding of MgATP but plays a role in facilitating the
binding of HP. Both R82 and R92 are important for catalysis, and R92 plays a critical role in the transition
state stabilization.

6-Hydroxymethyl-7,8-dihydropterin pyrophosphokinase (a) o ATP AMP
(HPPKY catalyzes the transfer of pyrophosphate from ATP " Ny CHzOH U e orop
to 6-hydroxymethyl-7,8-dihydropterin (HP, Figure 1), the J:I j/ —— HJN\)I j/
first reaction in the folate biosynthetic pathwab).(Folate HN" NN HPPK HN TSN

cofactors are essential for lif@); Mammals have an active 6-hydroxymethyl-H,pterin 6-hydroxymethyl-Hopterin
transport system for deriving folates from the diet. In contrast, (HP) pyrophosphate (HPPP)
most microorganisms must synthesize folates de novo
because they lack the active transport system. Therefore, like HPPK + ATP el 1P ATP
other enzymes in the folate biosynthetic pathway, HPPK is ki
an attractive target for developing antimicrobial agents. HPPK.ATHHP__L__HPPK.ATPHP
HPPK belongs to a class of enzymes that catalyze ks
pyrophosphoryl transfer3( 4). While phosphoryl transfer HPPK_ATP.HP__i__ HPPK_AMP.HPPP
reactions catalyzed by kinases take place apthbosphorus ks
of nucleoside triphosphate (NTP), pyrophosphoryl transfer HPPKAMP HPPP ky HPPK + AMP + HPPP

reactions catalyzed by pyrophosphokinases takes place at th

B-phosphorus of NTP. Nucleophilic substitution at the %IGURE 1: Pyrophosphoryl transfer reaction catalyzed by HPPK

(a) and kinetic mechanism (b). Mgis required for the reaction,
but for simplicity, Mg?* is not shown in the kinetic scheme.
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* Abbreviations: AMPCPPq.5-methyleneadenosine triphosphate;  Kinases have been intensely studied for decades with respect
Ant-ATP, 3(2)-O-anthraniloyladenosine &riphosphate; HPPK, 6-ny- 4 hoth structure and mechanism, but structural and mecha-
droxymethyl-7,8-dihydropterin pyrophosphokinase; HP, 6-hydroxy- . . . . . .
methyl-7,8-dihydropterin; NTP, nucleoside triphosphate; HPO, 6-hy- Nistic studies of pyrophosphokinases have just begun in
droxymethylpterin; GST, glutathione S-transferase. earnest in recent years. Three-dimensional structures have
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been reported for phosphoribosyl diphosphate synthease ( the mutated gene was determined. The proteins of the two
and thiamine pyrophosphokinasg 7) in addition to HPPK mutants were purified as previously described for the wild-
by us 8—11) and other groupsl@, 13). Most recently, we type enzyme 17).

have shown by transient kinetic analysis that the chemical  cqnstruction and Purification of HPPKGST FusionThe
step is not rate-limiting in the reaction catalyzed by HPPK | ppk genes were subcloned into tNele | and BanH |
and that the lovkea value of HPPK reflects the slow release  gjtes of an expression vector (pET14b-3T) derived from the

of the products rather than the true catglyti(_: power of the Novagen vector pET14b. HPPK was fused to glutathione
enzyme L4). The thermodynamic and kinetic framework g _yansferase (GST) with a link that included a thrombin
derived from the work has provided the foundation for cleavage site. The fusion proteins were purified with a

g:f;e(%g?ygse roles of active site residues in substrate blndlngglutathione agarose column and digested with thrombin. The

) thrombin-digested proteins were run through a Sephadex
The structures of the ternary complexes of HPPK with a G-75 column. The HPPK fractions were located by SDS

substrate and a substrate analogue have revealed the atomiSAGE and concentrated by an Amicon cell with a YM10
maps for the possible interactions between the substrates an¢hembrane disk.

the enzymeq, 13). Among the active site residues revealed

by the structures are R82 and R92. The two residues delimi
a loop that undergoes a dramatic conformational change upo
the formation of the ternary complexes. In the structure of

HPPK in complex with an ATP analogue (AMPCPP) and . . . :
cuvette so that both protein and ligand concentrations varied

HP (9), the guanidinium group of R82 forms two hydrogen ~- " . ;
bonds with the carboxylate of the conserved E77 but noneW|th the addition of each aliquot of a stock solution. The
with AMPCPP. The guanidinium group of R92 forms two independent variable in such an experiment was the volume

hydrogen bonds with the-phosphate of AMPCPP. In the of the added stock solution. The concentrations of the protein
structure of HPPK in complex with ATP and an HP analogue and the ligands during the titration could be expressed in
(13), the guanidinium group of R82 forms two hydrogen terms of the initial concentrations of the titrated solution,
bonas with thex-phosphate of ATP and one hydrogen bond the concentration of the stock solution, and the volume of
with the carboxylate of the conserved D95 that is coordinated the added stock solution. When HPPK was titrated with a
with both bound Mg ions. The guanidinium group of R92  ligand, the concentrations of HPPK J&nd the ligand ()
forms two hydrogen bonds with thé&phosphate of ATP. ~ Were varied according to the following expressions:

The structural information suggests that the two arginine

t Thermodynamic AnalysisThe Ky values for various
Aigands were measured by fluorometric titration at’24on

a Spex FluoroMax-2 fluorometer as previously descridgd (
17). The titration experiments were performed in a single

residues may be important for substrate binding and/or _ EoVo
catalysis. To investigate the roles of the two active site a V, + AV
residues in substrate binding and catalysis, we have substi-

tuted the two residues, separately, with alanine by site- LAV,
directed mutagenesis. In this paper, we describe the mu- t=VO+—AV

tagenesis and biochemical studies of the roles of the two
residues in the catalytic cycle. In the companion paper, we
describe a 0.89 A crystal structure of a ternary complex of
the wild-type HPPK and crystallographic analysis of the two

site-directed mutants.

where k is the initial concentration of HPPK, and is the

concentration of the ligand stock solution. When a ligand
was titrated with HPPK, the concentrations of HPPK and
the ligand were varied according to the following expres-

EXPERIMENTAL PROCEDURES sions:

Materials. ATP and AMPCPP were purchased from E AV,
Sigma. 6-Hyd_r_oxymethylpterin (HPO) was synthesized_ ac- E = —Vo T AV
cording to Thijssen5) and had the same UV absorption
and NMR spectra as that purchased from Sigma. HP was LoVo

prepared from HPO by reduction with sodium dithionité)(
or purchased from Schircks Laboratories.

high-fidelity pfu DNA polymerase according to a protocol 2"d Lo is the initial concentration of the ligand.

developed by Stratagene. The forward and reverse primers To determine the dissociation constant of Ant-ATRN3

for making the R82A mutant weré-EAATTGCA GCAAG- HPPK was titrated with Ant-ATP in 100 mM Tris-HCI and
GTGCCGTCCGCAAAGCTGAACGC-and 3-GCGTTC- 10 mM MgCh, pH 8.3 (7). A set of control data was
AGCTTTGCGGACGGCA CC TTGCTGCAATTC-3re- obtained in the absence of HPPK. The data set obtained in
spectively. The forward and reverse primers for making the the absence of HPPK was then subtracted from the corre-
R92A mutant were 5GAACGCTGGGGACCAGCCACG sponding data set obtained in the presence of HPPK after
CTGGATCTCGAC-3and 3-GTCGAGA TCCAGCGTG G correcting inner filter effects. The dissociation constant for
CTGGTCCCCAGCGTTC-3respectively. The mutantwas Ant-ATP was obtained by nonlinear least-squares fit of the
selected by DNA sequencing. To ensure that there were nosubtracted data using the program Origin (Microcal) to the
unintended mutations in the mutant, the entire sequence offollowing equation:

I‘t_vO+Av
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AF

obs

AF oKy + B+ L — y(Kg + E, + L)? — 4EL)
2

(1)

whereAFpsandAF,o are observed and molar fluorescence
changes caused by binding, i& the total concentration of
HPPK, and L is the total concentration of MgARATP.
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the total volume of the added HPPK solution,i€the total
concentration of HPPK, and; is the total concentration of
HP.

Stopped-Flow AnalysisStopped-flow experiments were
performed in an Applied Photophysics SX.18MV-R stopped-
flow spectrofluorometer as previously describdd)( To
measure the binding of MgATP, a solution containing HPPK
was mixed rapidly with a solution containing ATP and MgCl

The dissociation constants for nonfluorescent nucleotidesat 25°C. HPPK and MgClwere fixed at 2:M and 10 mM,
were measured by a competitive binding assay as previouslyrespectively. ATP was varied from 2.5 to ZM. To measure

described 14). Briefly, a 2 mL solution containing 2«M
HPPK and 2«M Ant-ATP in 100 mM Tris-HCl and 10 mM
MgCl,, pH 8.3, was titrated with AMPCPP at 2€. The

the binding of MgAMPCPP, a solution containing HPPK
was mixed rapidly with a solution containing AMPCPP,
MgCl,, and HP at 25C. HPPK, HP, and MgGlwere fixed

fluorometric data were fitted by a nonlinear least-squares at 1 uM, 20 uM, and 10 mM, respectively. AMPCPP was

method using the program Origin to eq 2 derived by Wang
(18).

(e, — €)A{2y/(a® — 3b) cos@/3) — a}

Fops= €A +
3K, + 24/ (a’ — 3b) cos@/3) — a

where e and e, are the molar fluorescence intensities for
free and bound MgARtATP, respectively, A is the con-
centration of Ant-ATP, andK, is the dissociation constant
for MgANnt—ATP. Parameters, b, and6 are defined by the
following expressions:

a=K,+Kg+A+B—P

b=K,(B — P)+ Kg(A — P)+ K,Kg

— 2a°+ 9ab+ 27K Ky

2y/(a® — 3n)®

0 = ard cos

where B and P are the concentrations of a nonfluorescent

nucleotide and HPPK, respectively, akglis the dissociation
constant for the nonfluorescent nucleotide.

To determine theKy value for HP a 2 mL solution
containing 0.11uM HP and 100uM AMPCPP in 50 mM
BICINE, 10 mM MgCh, and 25 mM DTT, pH 8.3, was
titrated with HPPK {4). The concentration of the HPPK
stock solution was 2@M. The final concentrations of HP
and HPPK were 0.10 and 1M, respectively. A control
titration experiment was performed in the absence of HP.

The control data set obtained in the absence of HP was

varied from 5 to 4QuM. To measure the binding of HP, a
solution containing HPPK, AMPCPP, and Mg@las mixed
rapidly with a solution containing HP at 25C. HPPK,
AMPCPP, and MgGlwere fixed at 0.2«M, 25uM, and 10
mM, respectively. HP was varied from 0.125 tq:i4. All
concentrations referred to the concentrations right after the
rapid mixing. The rate constants were evaluated by numerical
analysis of the stopped-flow data using the program DYNAFIT
(19). The initial values for the iterative numerical analysis
were obtained by nonlinear least-squares fit of the stopped-
flow data to an exponential equation using the program
Origin.

Quench-Flow Analysill quench-flow experiments were
carried out with a KinTek RQF-3 rapid quench-flow instru-
ment as previously describetl4). All reaction components
were dissolved in 100 mM Tris-HCI buffer, pH 8.3. A trace
amount of p-3?P]-ATP was used to follow the reactions.
The reactions were initiated with Mg at 30 °C and
guenched with 500 mM EDTA. The substrates and products
were separated by thin-layer chromatography on a plastic
sheet coated with PEI-cellulose developed with 0.25 M NaH
PQO,. The radioactivity was quantified by a Molecular
Dynamics Storm 820 Phosphor-lmager. In presteady-state
experiments, the reaction mixture containedud® HPPK,
100uM ATP, 110uM HP, 25 mM DTT, 0.5 mM EDTA,
and 10 mM MgC} in 100 mM Tris-HCI buffer, pH 8.3. The
presteady-state data were first analyzed by nonlinear least-
squares fit of the data to eq 4. The amplitudes and rate
constants were then used to set the initial values for fitting
the data to the complete mechanism by numerical analysis
using the program DYNAFITX9).

[AMP)/[HPPK] = A(1 — €'t) + k,t (4)

subtracted from the corresponding data set obtained in the

presence of HP. The data were then fitted to the following
equation:

e _ Fav
sV AV

(Fp — F)(Kg + E + L — (K + E + L)? — 4EL,)
2L,

®3)

whereF; andF, are the fluorescence intensities of free and
bound HP, respectivelyqps is the fluorescence of each
titration point,V; is the initial volume of the titrationAV is

RESULTS

Thermodynamic AnalysiS.he HPPK-catalyzed reaction
apparently follows an ordered bi-bi mechanisf)( Previ-
ously, we established a thermodynamic and kinetic frame-
work for the reaction by a combination of thermodynamic
and transient kinetic analysis (Figure 1 and Tables 1 and 2)
(14). The same approach was used for the characterization
of the mutants. The equilibrium binding properties were
measured by fluorometric titration. The dissociation constant
of MgAnt—ATP, a fluorescent analogue of MgATP, was
determined by measuring the change in fluorescence upon
the formation of the complex of MgARIATP and HPPK,
and those of other nucleotides were determined by a
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Table 1: Ligand Binding Properties of Wild-Type HPPK and (,) 5,0 9,8 1‘f6 1"“:’2 2?8 2§3 3?7 S?O (M)
Mutants (@) es0000]
wT R82A R92A 600000 1
8 550000
Kd(MgAntATP) (uM) 1.6+ 005 1.7+ 004 1.7+ 001 [
Kamgatey (uM) 2.6+ 0.08 3.9+0.2 4.1+ 0.04 8 500000 -
Kamgampcrry(@M)  0.077+0.006 0.114 0.002 0.096+ 0.005 9 450000
Kaawvpy (M) 140+ 107 180+ 10 440+ 10 o 400000 ]
Ky (uM) 0.17+£0.0® 0.1840.004 0.084+ 0.007 g 350000
a i b i E ]
From Shi et al. 17). * From Li et al. (L4). 300000 ]
250000 -
Table 2: Kinetic Parameters of Wild-Type HPPK and Variants

0 20 40 60 80 100 120 140 160 180

wTe WT* ¢ R82A R92A ATP (uL)
ki(uMs™h 0.27+ 0.%01 . 0.21+ 0.001 0 0.0 039 058 0.77 0.95 1.13 1.31 1.48 (uM)
0.3+ 0.0 0.22+ 0.0 ! ! j T T T T T T
ko1 (s 0.95+ 0.001 0.88+ 0.02 (b) 550000
0.023+ 0.002 0.02+ 0.002 500000 -
ko (uMs™) 11+0.03 9.4+ 0.04 2.5+ 0.01 [0}
koo (s 2.0+0.04 2.0+£0.01 0.2+ 0.008 Q 450000 -
1 16+ 1 25+ 2 0.0664 0.02' (7.24+0.09 Q
ks (s (7.2 0,09) &3 400000
k-3 (s} 20+ 1 27+ 4 @ 350000
ks (s71) 1.8+0.1 1.3+0.1 o)
keat(s™Y) 0.76 0.61 E 300000
aFrom Li et al. (L4). ® Measured for MgAMPCPP, this pap&WT*, 250000
wild-type HPPK with four extra residues GhSer-His—Met at the 200000
N-terminus.? Measured for R82A* or R92A* with four extra residues 0 20 40 60 80 100 120 140 160

Gly—Ser-His—Met at the N-terminus. R82A (HL)

competitive binding assay measuring the fluorescent changes’fT'GURE 2: Equilibrium binding properties of R82A measured by

: uorometry. (2 A 2 mL solution containing 1M R82A and 10
caused by the displacement of MgAATP by the other M ANt-ATP in 100 mM Tris-HCI and 10 mM MgGl pH 8.3

nucleotides (Figures 2a and 3a). The dissociation ConStanG/as titrated with ATP by adding aliquot§ @ 5 mM ATP stock
of HP was measured in the presence of MgGAMPCPP, an solution at 24C. The top axis indicates the concentrations of ATP
MgATP analogue and dead-end inhibitor (Figures 2b and during the titration. The solid line was obtained by nonlinear least-

3b). The results of the thermodynamic analysis are sum- squares fit to eq 1 as described under Experimental Procedures.

. . . . (b) A 2 mL solution containing 0.14M HP and 10Q:M AMPCPP
marized in Table 1. The values of all the. d_lssouatlon in 100 mM Tris-HCI, 10 mM MgC}, and 25 mM DTT, pH 8.3
constants for mutants R82A and R92A were similar to those was titrated with R82A by adding aliquots of a 2D R82A stock

for the wild-type HPPK. The largest difference was a less solution at 24C. The top axis indicates the concentrations of R82A
than 2-fold increase in the dissociation constant of AMP for during the titration. The solid line was obtained by nonlinear least-
R92A in comparison with that of the wild-type HPPK. squares fit to eq 2 as described under Experimental Procedures.
Stopped-Flow AnalysisThe assembly of the ternary
Michaelis complex involves large conformational changes . o
in HPPK, especially in loop 3 that begins with R82 and ends HP follows an ord_er(_ad process .W'th MgAMPCPP binding
with R92 ©). Thus, it is of interest to investigate the effects first, When HP.PK Is incubated first with MgAMPCPP and
of the mutations on the kinetics of the binding of the then mixed with HP, the fluorescent change allows the
substrates. In the case of the wild-type HPPK, the binding Méasurement of the kinetics of the binding of HP. When
kinetics for MgATP was measured by the change in the HPPKis mixed with MgAMPCPP and HP at the same time,
fluorescence of the enzyme by stopped-flow analysis and the fluorescent change reflects the kinetics of the binding of
that for HP by the change in the fluorescence of the ligand P°th MGAMPCPP and HP. Because we already measured
(14). The fluorescent change caused by the binding of the rate constants for the binding of HP, and the values of
MgATP was small but sufficient for measuring the binding these rate constants were significantly different from those
kinetics. The same procedures were used for R92A (Figurefor the binding of MgAMPCPP, we could precisely measure
4). The results are summarized in Table 2. The rate constantdn€ raté constants for the binding of MGAMPCPP. The
for the binding of MgATP to R92A were very similar to fo_rward rate constant for the binding of Mg_AMPCPP to the
those for the binding to the wild-type HPPK. But the rate Wild-type HPPK was 0.3M™* s™, very similar to that for
constants for the binding of HP were significantly smaller the binding of MGATP. But the reverse rate constant for the
than those for the binding to the wild-type HPPK. The Pinding of MGAMPCPP was much smaller than that for the
forward rate constant decreased by a factordf5 and the ~ Pinding of MgATP, reflecting the higher affinity of
reverse rate constant by a factor of 10. MgAMPCPP for HPPK. The rate constants for the binding
The kinetics of the binding of HP to R82A could be ©f MGAMPCPP (Figure 5a) and HP (Figure 5b) to R82A
measured with the same procedure as that for the wild-typeWere comparable to those for the binding to the wild-type
HPPK (Figure 5b), but the fluorescent change caused by theHPPK (Table 2).
binding of MgATP to R82A was too small for accurate Quench-Flow AnalysisThe catalytic properties of the
measurement of the binding kinetics. However, we could mutants were measured by quench-flow analysis. Previously,
measure the binding kinetics of MgAMPCPP by monitoring we showed that the reaction catalyzed by the wild-type HPPK

the fluorescent change of HP. Binding of MgAMPCPP and
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0 50 98 146 192 238 283 327 370 (uM
(a) 700000 LS LA R B B AN RN S B A B A B A '(}1 ) (a) 0.8
600000 - ©
5]
2 ;
500000 - Q 06
[0)
3] o
7] 9]
@O 400000 - =
[e) L
2
L. 300000 - 04}
200000 T —————r——r——7—
0 20 40 60 80 100 120 140 160 180
ATP (uL) 0)
0 0.20 0.39 0.58 0.77 (uM) 06 |
(b) sooo0o ] .
450000 3
ol G o4
C 400000 3
0] )
(&) et
@ 350000 4 S
g T 0.2
S 300000
[T
250000 4
o pI
200000 r . : T T = .
0 20 40 60 80 0 %I_O 4.0
R92A (pL) ime (s)

. i P : Ficure 4: Stopped-flow analysis of the binding of MgATP (a)

Ficure 3: Equilibrium binding properties of R92A measured b :

fluorometry.%aA 2mL solutignpcorpl)taining 1M R92A and 10 Y and HP (b) to R92A. (a) The concentrations of HPPK and MgCl
4M Ant-ATP in 100 mM Tris-HCI and 10 mM MgG} pH 8.3 were fixed at 2uM and 10 mM, respectively. The concentrations
was titrated with ATP by adding aliquots @ 5 mM ATP stock of ATP were 5, 10, 20, and 4@M for traces from bottom to top,
solution at 24°C. The top axis indicates the concentrations of ATP R;rsg?ctlvely.f (b)d Th% é:onl\;eggat:ans ?jf 1'3PPI\KA’ AMPCF.)P'I and
during the titration. The solid line was obtained by nonlinear least- Tt? 2 were fixed at 0 H5Ié ' /6 2'5ar(]) 1 mhl, refspectlve Y
squares fit to eq 1 as described under Experimental Procedures € concentrations o were 0.25, 0.5, 1, aneM2for traces

(b) A 2 mL solution containing 0.1&M HP and 100:M AMPCPP from bottom to top, respectively. All concentrations refer to the
in 100 mM Tris-HCI, 10 mM MgC}, and 25 mM DTT, pH 8.3 concentrations right after the rapid mixing. The solid lines were

was titrated with R92A by adding aliquots of a 2M R92A stock obtained by global fitting using the program DYNAFIT9).

solution at 24 C. The top axis indicates the concentrations of R92A . d by th bi | | . h
during the titration. The solid line was obtained by nonlinear least- MOI€ly was removed by thrombin cleavage, leaving the

squares fit to eq 2 as described under Experimental Procedures. protein with four extra residues GhSer-His—Met at the

. L — . N-terminus (the N-terminal methionine is removed in the
follows classical burst kinetics, and the rate-limiting step is 4tive HPPK). The kinetics of the cleaved protein (WT*
product releaselfl). Initial quench-flow analysis of R92A  Figre 6) was very similar to that of the native HPPK. The
also showed burst kinetics (data not shown). We attributed tjme course consists of two phases, a burst phase and a

the burst kinetics to the contamination of the wild-type HPPK steady-state phase as described by eq 4. The burst phase is
because the rate constant for the linear phase was extremelgparacterized by two constants, the amplitude A and the rate
low, theEscherichia colstrain BL21(DE3) used to produce  consianti. The steady-state phase is characterized by the

the mutant proteins contained a wild-type gene for HPPK 46 constank.,. The three constants are related to the rate
in its chromosome, and the same procedure was used for;onstants in Figure 1 according to the following equations
the purification of the wild-type and the mutant proteins. (21):

The contamination was rather small and estimated to be

<0.1% based on the levels of the expression of the genes, kg(ks + K_5)
but it was sufficient to dominate the kinetics because the = (5)
mutant had an extremely low catalytic activity. The minute (ks + kgt ky)
contamination, however, did not have any significant effects
on the measurements of the ligand-binding properties of the A=kt k 3tk (6)
mutant.

To eliminate the contamination of the wild-type HPPK ko = ksky 7)
encoded by the chrosomal gene, plasmid constructs were Akt k gtk

made by fusing the HPPK gene to the gene encoding GST.

The fusion proteins were purified by affinity chromatography The amplitude and rate constants for the two phases of the
with a glutathione agarose column, thus eliminating the wild- reaction were evaluated by nonlinear least-squares fit to eq
type HPPK produced by the chrosomal gene. The GST 4. The individual rate constants were then estimated accord-
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FIGURE 5. Stopped-flow analysis of the binding of MgAMPCPP £ oc 7: Quench-flow analysis of R82A* (a) and R92A* (b).

(@) and HP (b) to R82A. (@) The concentrations of HPPK, HP, and Thg gsterisks indicate four extra residues -€8er—His—Met at

MgCl, were fixed at 2¢M, 20 uM, and 10 mM, respectively. The e N-termini of the mutants. TerM R82A* or R92A* was used

concentrations of AMPCPP were S, 7.5, 20, andWfor traces in the experiments, and the other experimental conditions were the
from bottom to top, respectively. (b) The concentrations of HPPK, same as described in Figure 6. The solid lines were obtained by
AMPCPP, and MgGlwere fixed at 0.2%M, 30 uM, and 10 mM, linear least-squares regression.

respectively. The concentrations of HP were 0.25, 0.5, 1, and 2
uM for traces from bottom to top, respectively. All concentrations .
refer to the concentrations right after the rapid mixing. The solid The Keat Values were calculated according to eq 7 and are

lines were obtained by global fitting using the program DYNAFIT also listed in Table 2. The results showed that both
(19). GSTHPPK and WT* have very similar catalytic properties
to that of the native wild-type HPPK.

" R82A* and R92A* (with four extra residues GhSer—
08 His—Met at the N-terminus) were produced by the same
procedure for HPPK*. The results of the quench-flow
™ o064 analysis of R82A* and R92A* are shown in Figure 7. No
E burst kinetics was observed for either R82A or R92A,
= 4. indicating that the chemical step is rate limiting in the
o reaction catalyzed by either mutant. The rate constants
s ) ; ,
< o2 obtained by least-squares linear regression were 0.066 s
= for R82A* and 7.2x 107 st for R92A*, respectively.
004 Because the chemical step was rate limiting in the reaction
et catalyzed by R82A* or R92A*, these rate constants for the
01 00 01 02 03 04 05 06 07 08 mutants were for the chemical step rather than for the product
Time (s) release as in the wild-type HPPK. Therefore, the substitution
FIGURE 6: HPPK burst kinetics. The reaction mixture contained Of R82 with alanine caused a decrease in the rate constant
10 uM WT* (wild-type HPPK with four extra residues GlySer for the chemical step by a factor 6380 (25 s* for WT*

His—Met at the N-terminus), 10@M ATP, 110uM HP, 25 mM vs 0.066 st for R82A*), and the substitution of R92 with

DTT, 0.5 mM EDTA, and 10 mM MgGlin 100 mM Tris-HCI ; ; ;
buffer, pH 8.3. The reaction was initiated by mixing with MgCl alanine caused a decrease in the rate constant for the chemical

1
at 30°C and quenched by mixing with EDTA. The solid lines were Stea b}/l a factor O*f\’3'5 x 10% (25 st for WT* vs 7.2 x
obtained by nonlinear least-squares fit to eq 4 as described underl0™* s7* for R92A%).

Experimental Procedures.

. i DISCUSSION
ing to egs 57 and used to set the initial values for the

numerical analysis using the program DYNAFIT9. The By site-directed mutagenesis and detailed thermodynamic
values for the individual rate constants are listed in Table 2. and kinetic analyses of the mutants, we have shown that both
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R82 and R92 are important in HPPK catalysis but play only hydroxyl group of the bound pterin compound is well-
minor roles in the binding of the substrates. Mutation of positioned for an in-line nucleophilic attack on tAephos-
either residue causes a shift of the rate-limiting step in the phorus of the NTP9g). The angle formed by the hydroxyl
reaction. The wild-type HPPK shows a classical burst kinetic oxygen of HP, thgg-phosphorus, and the bridging methylene
behavior (Figure 6), and the rate-limiting step is the release carbon in the structure of HPPK in complex with HP,
of products rather than the chemical transformatit).(In AMPCPP, and M§' ions is 174.5, very close to the ideal
contrast, both R82A and R92A show no burst kinetics value of 180 for an in-line nucleophilic attack. The distance
(Figure 7), indicating that the chemical step is rate-limiting between the hydroxyl oxygen of HP and thghosphorus
in the reaction catalyzed by the two HPPK mutants, and theis only 3.2 A, 1.7 A shorter than the so-called reaction
rate constant for the chemical step is very closk.tp The coordinate distance of 4.9 A for a fully dissociate mechanism
substitution of R82 by alanine causes a decrease in the rat€22), suggesting that the reaction may have some associative
constant for the chemical step by a factor~e880, and the character in the transition state. The fact that HPPK also
substitution of R92 by alanine causes a decrease in the rateatalyzes the hydrolysis of ATP to ADP and phosphate rather
constant by a factor o£3.5 x 10* The dramatic decreases than AMP and pyrophosphate also supports an associative
in the catalytic power of the enzyme are apparently not mechanismX1). A dissociative mechanism, however, cannot
because of conformational perturbations because the overalbe ruled out. It is quite possible that the transition state is
structures of both mutants are very similar to that of the wild- neither fully associative nor fully dissociative and is rather
type HPPK (see the companion paper for the details of the between the two extreme cases. Charge distributions in the
structural analysis). The results taken together clearly showtwo mechanisms are different and require different position-
that R92 plays a critical role in the catalysis by HPPK and ing of key catalytic groups23). In an associative mechanism,
contributes 6.3 kcal/mol to the transition-state stabilization. the bond between the hydroxyl oxygen of HP and the
Comparatively, R82 contributes less to the transition-state 3-phosphorus of ATP is largely formed, and the bond to the
stabilization (3.6 kcal/mol). leaving group is largely intact; therefore, there is a gain of
While both R82 and R92 make substantial contributions charge on thg-phosphoryl group in the transition state. In
to catalysis, their contributions to the binding of the substratesa dissociative mechanism, there is little bond formation
are small. R82 is dispensable for the binding of the substratesbetween the hydroxyl oxygen of HP and thehosphorus
because substitution of R82 by alanine does not have anyof ATP, and the bond between tifephosphorus of ATP
significant effect on the free energy or the kinetics of the and the leaving group is largely broken. Therefore, there is
binding of either substrate. R92 is not important for the a loss of charge on thg-phosphoryl group and a gain of
binding of MgATP because substitution of R92 with alanine charge on the bridging oxygen between tie and the
does not cause any significant change in the free energy off3-phosphoryl groups. Regardless of which mechanism HPPK
binding for MgATP or its kinetics. R92 does not contribute follows, R92 will be able to move to neutralize the negative
to the free energy of binding of HP because Keof HP charge developed at the transition state. On the other hand,
for R92A is very similar to that for the wild-type HPPK. R82 can only interact with the--phosphoryl group. Thus,
But R92 is involved in the binding of HP and accelerates substitution of R92 with alanine causes a dramatic decrease,
the formation of the HP complex because substitution of R92 and substitution of R82 with alanine causes a moderate
with alanine decreases the rate constant for the formation ofdecrease in the catalytic power of HPPK.
the HP complex by a factor 0f7 and the rate constant for The fact that substitution of R82 with alanine does not
the dissociation of the complex by a factor oi.6. have any significant effects on the binding of MgATP is
The contributions of R82 and R92 to catalysis as revealed consistent with the structure of HPRHP-MgAMPCPP in
by the thermodynamic and transient kinetic analyses of the which no direct interaction between the guanidinium group
mutants are consistent with the structural information on and AMPCPP is observe®) Interestingly, although R92
HPPK (see the companion paper for details). Two binding interacts witho-, 8-, or both phosphoryl groups, substitution
modes have been found for R82 and R92. In the structure of R92 with alanine does not have any significant effects on
of HPPK in complex with AMPCPP and HB); R92 forms the binding of MgATP, either. Instead, it promotes both the
two hydrogen bonds with the-phosphate of AMPCPP, and  binding and the dissociation of HP. The result suggests that
R82 has no direct interaction with the nucleotide. In the R92 is not important for the binding of MgATP, yet it does
structure of HPPK in complex with ATP and an HP analogue not mean that R92 does not contribute to the binding of the
(13), R82 forms two hydrogen bonds with tephosphate  nucleotide. As revealed by the crystal structure of R92A
of ATP and one hydrogen bond with the carboxylate of the HP-MgAMPCPP (see the companion paper for details), the
conserved D95 that is coordinated with both bound®Mg  loss of the interaction between the guanidinium group of R92
ions. R92 forms two hydrogen bonds with thghosphate and AMPCPP is compensated by the moving in of the
of ATP. Both binding modes exist in our new structure at guanidinium groups of R82 and R84. The guanidinium group
0.89 A resolution. It appears that the side chains of both of R82 forms one hydrogen bond and that of R84 forms two
R82 and R92 are rather dynamic in the catalytic cycle of hydrogen bonds with the-phosphate. The biochemical and
HPPK. The guanidinium groups of both R82 and R92 point structural data suggest that R92 is involved in but dispensable
away from the active site in the unliganded form. R92 moves for the binding of MgATP. The effects of the R92 mutation
first to interact with thea-phosphate and then thfephos- on the kinetics of HP binding is probably due to the coupling
phate of ATP. The guanidinium group of R82 can only move between the three catalytic loof.(The assembling of the
to interact with then-phosphate of ATP, and its movement catalytic center of HPPK involves dramatic conformational
is roughly parallel to that of R92 (see the companion paper changes of the three catalytic loops. Of the three loops, loop
for details). The transition state structure is not known. The 2 is directly involved in the binding of HP, but the movement
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of loop 2 is coupled to loop 3 where R92 resides. Therefore, 11
R92 also plays a role in facilitating the binding of HP and

the

assembling of the ternary complex.
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