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ABSTRACT: 6-Hydroxymethyl-7,8-dihydropterin pyrophosphokinase (HPPK) catalyzes the transfer of
pyrophosphate from ATP to 6-hydroxymethyl-7,8-dihydropterin (HP), leading to the biosynthesis of folate
cofactors. HPPK undergoes dramatic conformational changes during its catalytic cycle, and the
conformational changes are essential for enzymatic catalysis. Thus, the enzyme is not only an attractive
target for developing antimicrobial agents but also an excellent model system for studying the catalytic
mechanism of enzymatic pyrophosphoryl transfer as well as the role of protein dynamics in enzymatic
catalysis. In the present study, we report the NMR solution structures of the binary complex
HPPKeMgAMPCPP and the ternary complex HPIRKgAMPCPRDMHP, wherea,3-methyleneadenosine
triphosphate (AMPCPP) and 7, 7-dimethyl-6-hydroxypterin (DMHP) are the analogues of the substrates
ATP and HP, respectively. The results suggest that the three catalytic loops of the binary complex of
HPPK can assume multiple conformations in slow exchanges as evidenced by multiple sets of NMR
signals for several residues in loops 2 and 3 and the very weak or missing NH cross-peaks for several
residues in loops 1 and 3. However, the ternary complex shows only one set of NMR signals, and the
cross-peak intensities are rather uniform, suggesting that the binding of the second substrate shifts the
multiple conformations of the binary complex to an apparently single conformation of the ternary complex.
The NMR behaviors and conformations of the binary complex HRRKAMPCPP are significantly
different from those of HPPK in complex with Mgy-methyleneadenosine triphosphate (MgAMPPCP).

It is suggested that the conformational properties of the binary substrate complexsM&FKP be
represented by those of HPRMgAMPCPP, because MgAMPCPP is a better MgATP analogue for HPPK
with respect to both binding affinity and bound conformation.

6-Hydroxymethyl-7,8-dihydropterin pyrophosphokinase o ATP  AMP o
(HPPKY) catalyzes the transfer of pyrophosphate from ATP HN)IN\j/CHZOH N HN)IN\ CH,OPP
to 6-hydroxymethyl-7,8-dihydropterin (HP, Figure 1), leading HZNJ%N N HPPK 4 NJ\\N ! Nj/
to the biosynthesis of folate cofactory) (Folate cofactors H 2 H
are essential for lifeq). Mammals have an active transport  6-hydroxymethyl- 6-hydroxymethy|-7,8-dihydropterin
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the enzyme is smal18 kDa), stable, and amenable to both substrate complex during the catalytic cycle of HPPK are

X-ray crystallographic and NMR analysis. not simply from one conformation to another but involve
Comparative analysis of the crystal structures of ligand- multiple conformational equilibria.

free HPPK and its ternary complex has revealed that the

complete active center of HPPK is assembled only after both EXPERIMENTAL PROCEDURES

substrates bind to the enzym@).(The assembling of the

active center involves large conformational changes, par-. : . ; -

ticularly in three catalytic loops. Of the three catalytic loops, " the Supporting Information) was synthesized by a modified

loop 3 undergoes the most dramatic conformational changesProcedure of Wood and Stuaty). The original Wood and

As expected, the loop moves in to close the active center Stuart procedure was based on a classical method for the

upon the formation of the ternary comple®).(However, ~ Preparation of 7,8-dihydropteridine€), condensation of

the loop moves away from the active center upon the binding o-aminoketone with halopyrimidinone followed by reductive

of MgADP or the MgATP analogue Mijy-methylenead-  cyclization. DMHP was prepared by the condensation of
enosine triphosphate (MgAMPPCR) (Recently, it has been ~ 2-@Mino-5-nitro-6-chloropyrimidin-4-onalX with 3-amino-
shown that loop 3 also moves away from the active center 1-hydroxy-3-methyl-butan-2-one under basic conditions. The
upon the completion of pyrophosphoryl transfer, to the same SYNthesis of the keyo-aminoketone was  troublesome,
extent as that upon the binding of MGADP or MgAMPPCP however, and a number of modlflc.:at_lo.ns of this strateg_y were
(5). By site-directed mutagenesis, it has been shown that loopd€Veloped 17). Because the pyrimidine component is not
3 is required for the assembling of the full active center, stable and _easny undergqes hydro_ly5|s, In-our modified
plays an important role in the stabilization of the ternary procedure, it was synthesized by direct nitration of com-
complex and the transition state of the reaction, and is Mercial 2-amino-6-chloropyrimidin-4-one according to a
essential for catalysiss( 7). The dramatic conformational '€cent method by De Jong and co-workers and their finding

; ; that converting it into ammonium salt significantly increases
changes during the catalytic cycle of HPPK as revealed b
g 9 ytic cy ythe stability of this compoundl@). We observed that the

these structures can be described by an induced fit model. . . .
However, NMR analysis suggested that the three catalytic €thYldiisopropylammonium salt @fprovides the best result

loops of the apo HPPK undergo conformational exchanges'” the condensat?on. The amin_oketone compon@)wtn(as
because the backbone resonances of many residues in the eparec'i.by starting from 3,3-d|methylallyl aIcoh;b) With
loops show no cross-peaks or very weak or@}sA more the addItI'Or.] ofin situ generated nltrqsyl chlonde from
recent molecular dynamics simulation study also suggested'Seamy! nitrite and HCI followed by aminolysis. Condensa-

that a population shift model is more appropriate for the Uon Of 3with the ethyldiisopropylammonium salt dfwas
conformational transitions associated with ligand binding in patalyzed by\l-methylmorphql|n¢ as a base. _Sod|um d|th|9n-
HPPK (). ite-promoted reductive cyclization resulted in the formation

The HPPK-catalyzed reaction follows an ordered kinetic of DMHP (8). All analytical d.ata (Uv absoeron, NMR, :
mechanism with ATP binding to the enzyme firé0( 11). and mass spectrometry) are in agreement with those previ-
Atomic structures have been determined for nearly every ©USIY reported.
stage of the catalytic cycle3¢5, 12—14). Currently, Sample PreparatioPAMPCPP was purchased from Sigma.
representing the binary complex with the substrate ATP is HPPK was isotopically labeled and purified as previously
the NMR solution structure of the binary complex with described§). The NMR samples were dissolved in a buffer
Mgp,y-methyleneadenosine triphosphate (MgAMPPCP), with made with 95% HO/5% D,O. The buffer contained 20 mM
loop 3 assuming an unusually open conformation (pdb sodium phosphate, 15 mM MgChnd 50uM 2,2-dimethyl-
code: 2F65)4). MgAMPPCP was used for the NMR study 2-silapentane-5-sulfonate (as an internal chemical shift
because MgATP can be hydrolyzed to MgADP in the standard)atpH 7.4 (pH meter reading). Both the binary and
presence of HPPK4j. However, subsequent biochemical ternary complex samples contained 1.6 mM HPPK and 10
and structural studies indicated that &g-methylenead- MM AMPCPP; the ternary complex sample also contained
enosine triphosphate (MgAMPCPP) is a better analogue for ~2.1 mM DMHP, sufficient for saturating the enzyme. The
MgATP for HPPK with respect to both binding affinity and  *°N,**C-labeled samples were placed in Shigemi microcells.
bound conformation3, 11, 14). NMR SpectroscopyAll NMR data were recorded on a

In this article, we report the NMR solution structures of Varian 600 MHz INOVA spectrometer at 2&. The NMR
the binary complex of HPPK with the MgATP analogue data were processed using NMRPid®)(and the spectra
MgAMPCPP and the ternary complex with MgAMPCPP and analyzed using NMRView20). The sequential backbone
the HP analogue 7,7-dimethyl-6-hydroxymethylpterin (DMHP; and C resonance assignments were made from a combined
see Figure 1 for its chemical structure). The results indicate analysis of the HNCACB and CBCA(CO)NH spectra. The
that in the binary complex HPRKIQAMPCPP, loops 2 and  assignments of the binary complex were also confirmed by
3 can assume multiple conformations in slow exchange onthe!H-®N HSQC spectra of the protein samples labeled with
the NMR chemical shift time scale as evidenced by multiple *N-Ala, Gly/Ser, Leu, or Val. Side-chain proton and carbon
sets of NMR signals. The loop conformations of the major chemical shift assignments were made from the combined
species of the binary complex HPRMgAMPCPP are analysis of HCCH-TOCSY, H(CCO)NH-TOCSY and (H)C-
significantly different from those of HPPK in complex (CO)NH-TOCSY spectra, and aided and confirmed by the
with MgAMPPCP. In the ternary complex HP®RMg- analysis of NOEs from 30°N- and *C-edited NOESY
AMPCPRDMHP, these loops assume an apparently single spectra. The protons of the aromatic side chains were
conformation. Thus, the NMR studies suggest that the achieved by the analysis of NOEs from 3BC-edited
conformational transitions from the apo enzyme to the ternary NOESY spectra{ *H}-1°N Heteronuclear NOEs were mea-

Synthesis of DMHPDMHP (Figure 1 and in Scheme 1
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sured from an interleaved pair of 2BPN-'H gradient All expected backbone amide resonances were assigned,
sensitivity enhanced correlation spectra with and without 3 except those of residues T1, S13, E16, R82, W89, G90, and
s proton saturation2(l). The recycle delay for the NOE L94, which were missing. Great efforts were made to assign
experiments was 5 s. as many side-chain resonances as possible, particularly for
Structure CalculationThe programs ARIA (version 1.2)  those residues with missing or weak amide resonances. For
(22—24) and CNS (version 1.026) were used to compute ~ example, the cross-peak of E80 was missing in'#€°N
the solution structures. The restraints used to calculateHSQC spectrum, but its side chain proton and carbon
structures included dihedral angles and NOEs. Dihedral angleresonances could be assigned by the combined analysis of
restraints were derived from secondary chemical shifts usingHNCACB, CBCA(CO)NH, and HCCH-TOCSY spectra. For
the program TALOS Z6). All NOE cross-peaks from 3D P91, because it has no NH group and the NH group of the
15N- and 13C-edited NOESY spectra and chemical shift following residue R92 showed a very weak cross-peak, its
assignments were used as inputs for ARIA, and as manyC*C’ chemical shifts could not be identified directly, but
artifact peaks as possible were deleted manually. The NOEthe side chain resonances of P91 could still be assigned by
peak lists were unassigned and not calibrated with respectcomparison with the resonance assignment of the ternary
to distance. complex HPPKMgAMPCPRDMHP, to be described later.
For the ternary complex, a global fold was obtained from In the end, only four residues remained without any
an extended structure with random side-chain conformationsfésonance assignment: S13 in loop 1 and R82, W89, and
based on the aforementioned dihedral angles, chemical shiftG90 in loop 3. The nearly complete sequential assignment
assignments, and NOE peak lists, but the convergence ofProvided a solid f_oundauon for using ARIA to calculat_e the
the structures was poor. The global fold was similar to that Structure of the binary complex HPRIKAMPCPP, which
of the previously reported crystallographic structure. There- mostly relies on the completeness and accuracy of the
fore, the crystal structure was used as the template structurd€Sonance assignment.
for ARIA to make NOE assignments. The unambiguously A significant finding of the sequential assignment was that
assigned restraints obtained from ARIA, together with the Most residues in loop 2 showed two sets of NMR signals, a
previously obtained NMR restraints, were then used for a Major and a minor cross-peak corresponding to a major and
new round of ARIA calculations. This algorism was suc- @ minor conformation, respectively, as illustrated in Figures
cessful, and an ensemble of well converged structures were2 and 3. Figure 2 shows the two sets of sequential
obtained. A similar strategy was used for the structure connectivities for residues P44 to Q50. Figure 3 shows the
calculation of the binary complex with additional hydrogen two cross-peaks for G46 in the HSQC spectrum of the binary
bond restraints. The hydrogen bond restraints were derivedcomplex of HPPK selectively labeled witiN-glycine/serine.
from the secondary chemical shift analysis using the program Of the six serine residues in HPPK, S9in loop 1 had a very
TALOS (26) and manually assigned NOEs. In total, 47 Weak cross-peak, and S13, also inloop 1, had no cross-peak,
hydrogen bonds were assigned, 164sheets and 31 in  Whereas four other serine residues had cross-peaks of normal
a-helices. With these additional hydrogen bond restraints, intensities. Of the eight glycine residues, G46 in loop 2 had
an ensemble of well converged structures was obtained. IntWo cross-peaks labeled G46 and G4fhd G90 in loop 3
the final round, 100 structures, instead of the ARIA default had no cross-peak, whereas the other six glycine residues
of 7, were calculated, and 20 structures with lowest energiesShowed cross-peaks of normal intensities. The intensity ratio
and minimal NOE violations were selected and further Of the major and minor cross-peaks was about 10:1 for G46
refined by a short simulated annealing run with an explicit Put dropped to 4:1 for D49, suggesting that loop 2 might
water shell. assume more than two sets of conformations in slow
exchange on the NMR chemical shift time scale, which is
determined by the rate of conformational exchange relative
to the chemical shift difference. Two sets of NMR signals
NMR Analysis of the Binary Complex were also obsgrved for A86 and E87 in Ioop_ 3 (Fig_urg S1).
HPPKeMgAMPCPP That these residues had two sets of NMR signals indicated
that loop 3 in the binary complex also has at least two
Resonance Assignment and Conformational Heteroge-conformations. Conformational exchanges were probably the
neity. As mentioned earlier, the HPPK-catalyzed pyro- cause of missing or very weak cross-peaks for the loop 3
phosphoryl transfer reaction follows an ordered kinetic residues E80, R82, V83, R88, W89, G90, R92, and L94 in
mechanism. The first complex in the catalytic cycle is formed the!H-N HSQC spectrum. No multiple sets of NMR signals
by HPPK and MgATP. However, the binary substrate were observed for the residues in loop 1, which is coupled
complex is not stable enough for prolonged NMR experi- to both loops 2 and 33]. However, residues S9A12
ments because the enzyme has a low level of ATPaseshowed only very weak cross-peaks, and S13 had no cross-
activity, and the bound ATP can be hydrolyzed to ARW. ( peak in thetH-1"N HSQC spectrum, suggesting that loop 1
However, MgAMPCPP is an excellent MgATP analogue for also undergoes a conformational exchange.
HPPK on the basis of biochemical and structural studes ( Structure DeterminationThe solution structure of the
11, 14). The sequential resonance assignment of the binarybinary complex HPPKMgAMPCPP was calculated using
complex HPPKMgAMPCPP was achieved by the concerted ARIA (22, 23) with an input file containing chemical shift
analysis of a set of double and triple resonance NMR spectraassignments, NOE peak lists, dihedral angles, and hydrogen
and the HSQC spectra of the binary complex of four bond restraints. For residues with multiple sets of NMR
selectively*®N-labeled proteins as described in the Experi- signals, only the major NMR signals were used for the
mental Procedures section. structure calculation. A total of 100 structures were calcu-

RESULTS
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[ ' A
_ the largest RMSD values in the ensemble of the 20 refined
'9: .." a : 2| Ped-o || © structures from the minimized mean structure, has one
951 \ﬂj‘" - [ ]| o o A ambiguous and three unambiguous long-range NOE re-
P ' a " =l * straints, two medium range, six sequential, and seven
[ =1T° intraresidue NOE restraints.
To further investigate the internal motions of these loops,
heteronucleaf *H}->N NOE data were acquired for the

binary complex as shown in Figure 5b (blue). Heteronuclear

85 85 7980 85 8586 86 76 76 {1H}-*N NOEs are sensitive to motions on the picosecond
HN (ppm) (psy-nanosecond (ns) time scal@7(-32). Overall, the

protein is rather rigid with an average NOE of 0.80.

Ficure 2: Strip plots of the 3D HNCACB and CBCA(CO)NH  HOWevVer, loop 2 and the-terminal region show significant
spectra of the binary complex HPFMGAMPCPP for residues ~ Motions on the psns time scale. The NOE values of G46
P44-Q50 in loop 2. These residues have two sets of resonancesin loop 2 and L155 in theC-terminal region are 0.22 and
as illustrated by panels (a) and (b). Each residue has two strips0.39, respectively, among the lowest of all residues. Interest-
(o oot S acocs s o e s 10 althouh loop 3 certainy undergoes mulipe confr-
Cﬁgconnectivities between the residues. Tﬁe arrows indicate the mational exchanges, its motion on the-s time scale is
starting or ending residues of the connected fragments. not as prevalent as one would expect. Of the two measured
residues in loop 3, one (R84) has a NOE of 0.58, which is

lated, and the 20 structures with lowest energies and NOEsignificantly below average, and the other (E87) has a NOE
violations are shown in Figure 4a. The NMR restraints and of 0.88, which is above average. The two residues im-
statistics of the structures are summarized in Table 1. As mediately adjacent to loop 3 also have high NOE values.
indicated by the RMSD values (Figure 5a, blue), the G81 adjacent to the beginning of loop 3 has a NOE of 0.82,
structures are well defined except for the three catalytic loops and T93 adjacent to the end of loop 3 has a NOE of 1.0,
and the loop (residues 13440) connected to thé-terminal both above average. The incompleteness of the heteronuclear
short helix. As expected, the core structure consists of aNOE data due to the missing or very weak signals, however,
central-sheet and two helices on each side of fhgheet hinders the precise description of the loop 3 motion on the
(Figure 4b). ps—ns time scale. Both the measured residue (N10) in loop

The high RMSD values of the residues in the three 1 and the residue adjacent to loop 1 (G8) have NOE values
catalytic loops are undoubtedly due in part to the multiple that are above average, indicating that loop 1 is rigid on the
conformations that these loops may assume, as indicated byps—ns time scale, although this loop also undergoes con-
the multiple sets of NMR signals and weak or missing NMR formational exchange on a slower time scale. The result
signals for many of the loop residues. However, the loops suggested that the psis conformational dynamics may be
are not completely unrestrained or disordered. For example,unrelated to the slower conformational exchanges as indi-
even E87 in the middle of loop 3, which possesses one of cated by the multiple sets of peaks.
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Table 1: Statistics for the Ensembles of the Solution Structures of
the Binary Complex HPP¥gAMPCPP and the Ternary Complex
HPPKeMgAMPCPRDMHP

binary complex ternary complex

Structural restraints

unambiguous NOEs 3069 3557
ambiguous NOBEs 1204 1396
¢ andy dihedral angles 154 175
hydrogen bonds 47 none
Ensemble RMSD (&)
secondary structure (backbone) 0-5®.049 0.44+ 0.052
secondary structure (heavy) 1.420.072 0.87+ 0.075
all backbone 1.230.16 0.70+0.11
all heavy atoms 1.980.16 1.32+0.14
Average Violations per Structure
NOEs and/or H-bonds 2.9 2.0
dihedrals 0.9 15
RMSD (Covalent Geometry)
bonds (A) 0.0048t 0.0002 0.0046 0.0003
angles (deg) 0.686 0.045 0.66H4 0.030
impropers (deg) 2.06:0.15 1.88+ 0.10
Ramachandran Space ®b)
most favored region 674 3.4 72.6+2.8
additionally allowed 26.3 3.3 21.4+3.0
generously allowed 43117 45+1.2
disallowed 1.8£1.0 1.4+ 0.8

aObtained using Aria 1.2 Obtained using TALOSS Output by
ARIA, calculated by CNS using the ensemble of 20 lowest energy
structuresd Calculated with PROCHECK. The percentages are com-
puted over all 20 lowest energy structures.

@) ]

Loop-3

3 Loop-2

RMSD

Ficure 4: Ensemble of 20 NMR solution structures of the binary 2] Loop-1

complex HPPKMgAMPCPP (a) and its energy-minimized mean
structure (green) superimposed with the energy-minimized mean Ly
NMR solution structure of the binary complex HPé#MgAMPPCP

(magenta) (b). The ribbon diagram was created with the programs
Molscript (40) and Raster3D41, 42). 0 20 40 80 80

() 1]

NMR Analysis of the Ternary Complex

HPPKeMgAMPCPRDMHP 0.8-

Because the substrate HP tends to oxidize even in the
presence of reducing agents such as DTT and tris(2-
carboxyethyl)phosphine (TCEP), the substrate analogue , | .
DMHP (see Figure 1 for its chemical structure) was used in
the NMR analysis of the ternary complex. In contrast to the 0.2- .
binary complex HPPKMgAMPCPP, the'H->N HSQC ——

8
Z 0

T T T T T T T T
100 120 140 160

spectrum of the ternary complex HPSMgGAMPCPRDMHP 0 o 4 5 8
showed not only excellent chemical shift dispersion but also
uniformity in peak intensity (Figure 6). Although one residue

Residue Number

FiGURE 5: Backbone heavy atom RMSD (a) afitH}-15N NOE
(b) distributions of the binary complex HPRIKIJQAMPCPP (blue)

in loop 1 and four residues in loop 3 were missing and many and the ternary complex HPRMgAMPCPRDMHP (red). The
residues showed very weak cross-peaks iftth€N HSQC RMSD values (A) are the average of those of the ensemble of 20
spectrum of the binary complex, all of the backbone amide r€fined solution structures of each complex from its energy-
resonances in the three catalytic loops showed up ifHhe ~ MniMized mean structure.
5N HSQC spectrum of the ternary complex. The resonance structures with lowest energies and minimal NOE violations
assignment of the ternary complex was straightforward, aswere selected for structural analysis. The NOE restraints and
described in the Experimental Procedures section. statistics of the structures are also summarized in Table 1.
The solution structure determination of the ternary com- An overlay of the @ traces of the 20 solution structures is
plex was achieved with iterative calculations using ARIA shown in Figure 7a. The solution structure of the ternary
with an input file containing chemical shift assignments, complex HPPKMgAMPCPRDMHP is very well defined,
dihedral restraints, and a list of NOE peaks. Twenty except for loop 3, which has an average RMSD of 1.6 A for
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Ficure 6: IH-15N HSQC spectrum of the ternary complex
HPPKsMgAMPCPRDMHP recorded at 25C and alH frequency

of 600 MHz with coherence selection by pulsed field gradients and
sensitivity enhancement. Sequential assignments are indicated with
residue numbers.

the backbone heavy atoms (Figure 5a, red). The solution
structure of the ternary complex HPBMgAMPCPRDMHP
is superimposed well with the crystal structure of the ternary
complex HPPKMgAMPCPRHP (3). The differences are
located in loops 2 and 3 (Figure 7b). The conformational
differences between the two structures may be due to the
use of the HP analogue DMHP. Similar conformation
differences were also observed between the crystal structures
of HPPKsMgAMPCPRHP (3) and a ternary complex with
an HP analogueld).

In contrast to the binding of MgAMPCPP, the formation
of the ternary complex by the binding of DMHP rigidifies
the protein, as evidenced by the uniformity of the cross- FIGURE7: Ensemble of 20 NMR solution structures of t_he_ ternary
peak intensities and the conversion of the multiple sets of complex HPPKMgAMPCPRDMHP (a) and its energy-minimized

. . . : mean structure (green) superimposed with the crystal structure of
NMR signals for the residues in loops 2 and 3 to a single the ternary complex HPRIIGAMPCPRHP (magenta) (b). The

motions of the ternary complex, heteronuclghi}->N NOE Raster3D 41, 42).

data were acquired as shown in Figure 5b (red). The average

of the {*H}-*>N NOEs of the ternary complex was 0.83, sented by that of HPR#IgAMPPCP for the historic reasons
indicating that the protein overall is rigid on the-pss time as described in the Introduction section. The result of the
scale. In comparison with the binary complex, the core present work revealed that the two binary complexes,
structure of the protein remains rigid, and loop 2 and the HPPKeMgAMPCPP and HPP¥MgAMPPCP, have signifi-
C-terminal region are rigidified. Interestingly, loop 3 remains cantly different properties.

mobile on t.he psns time scale, with A86 in the middle of First, the NMR properties of HPRKIQAMPPCP (a
loop 3 having & *H}-**N NOE value of only 0.33. previous study4, 8)) and HPPKMgAMPCPP (this work)
are quite different. Specifically, thiél-15N HSQC spectrum

DISCUSSION of HPPKsMgAMPCPP showed two sets of cross-peaks for

HPPK undergoes dramatic conformational changes duringsome residues and missing or very weak cross-peaks for
its catalytic cycle, and the conformational changes are others in the catalytic loops, but only one set of cross-peaks
important for catalysis. The enzyme has emerged as anwas found for HPPKMgAMPCPP. The results suggest that
excellent model for studying the role of protein dynamics the catalytic loops of HPP#MgAMPCPP undergo slow
in enzymatic catalysis. The major thrust of this work is to conformational exchange on the NMR chemical shift time
determine the solution structure of HPRKgAMPCPP, scale, but those of HPRKIGAMPCPP do not show such a
which is a better mimic of the binary substrate complex conformational exchange. Second, loops 2 and 3 assume
HPPKeMgATP, because MgAMPCPP is a better MgQATP quite different conformations in the two binary complexes
analogue for HPPK with respect to both structure and binding (Figures 4b and S2). Considering that the binary complex
affinity. The structure of HPP®YMgATP is currently repre- HPPKeMgAMPCPP can assume multiple conformations, a
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minimized mean structure may be too simplistic to represent The multiple conformational equilibria shift to an apparently
the conformations of this binary complex. Therefore, we also single conformation after the binding of HP.

performed a pairwise comparison of the ensemble of the There are two types of general models that have been
conformers of HPPKMgAMPCPP with that of HPPKMg- proposed for conformational transitions associated with
AMPPCP, and found that loops 2 and 3 assume different |igand binding, the classical induced fit mod&B( 34) and
conformations in the two binary complexes (Figure S3). the more recent population shift or selected fit mod&
B_ecause the NMR properties and conformations of the two 39). Unlike a lock-and-key model, which presumes a rigid
binary complexes HPRfIgAMPCPP and HPPKMVg- protein molecule, both the induced fit and population shift
AMPPCP are significantly different (this work) and Mg- models agree that protein molecules are flexil38-37).
AMPCPP is a better MgATP analogue for HPPE (1, However, the induced fit model presumes that a protein
14), we suggest that the conformational properties of the assumes an apo conformation prior to ligand binding and
binary substrate complex HPRKMgATP be represented by  changes to a bound conformation only after ligand binding
HPPKeMgAMPCPP rather than by HPRKIGAMPPCP. (33, 34). In contrast, the population shift model presumes
Atomic structures are available for nearly every stage of that the apo protein assumes multiple conformations and that
the catalytic cycle ofE. coli HPPK @—5, 12, 14). The ligand binding shifts the multiple conformational equilibria
structures of the various complexes have been obtained within favor of one conformatior36—37). The major difference
substrates, products, and their analogues, mostly by X-raybetween the two models is that in the induced fit model, the
crystallography. The conformational transitions during the conformation of the complex does not exist prior to ligand
catalytic cycle can be described by an induced fit model, binding, and the bound conformation is induced by the ligand
that is, one conformation to another. The present work, alongbinding, whereas in the population shift model, the confor-
with the previous NMR study8), however, supports a model mation of the complex is one of the conformations that a
for the conformational transitions that involve multiple protein can assume in the absence of the ligand, and ligand
conformation equilibria as described below. binding only shifts the conformational equilibria to that of

First, the catalytic loops of the apo enzyme possess the bound form.
multiple conformations. The crystal structure of the apo  Because the apo enzyme and the binary substrate complex

enzyme reveals two conformations for loop1R); Further- both assume multiple conformations, the conformational
more, 16 residues showed no cross-peaks or very weak onesransitions in HPPK cannot be described by the classical
in theH-’N HSQC spectrum of the apo enzyn®.(Seven induced fit model of one conformation to another. The

of these residues are located in the catalytic loops, Q48 in conformational transitions do exhibit features of the popula-
loop 2 and R82, V83, A86, W89, G90 and R92 in loop 3, tion shift model, but it is not certain whether the conforma-
and six residues, E77-Q80, T93, D95, and L96, are in the tions of the ligand-bound forms exist in the absence of the
vicinities of loop 3, suggesting that both loops 2 and 3 ligands because the solution conformations of the apo
assume multiples conformations exchanging on the inter- enzyme have not been determined, and the solution confor-
mediate NMR chemical shift time scale. Second, the results mations of the binary complex HPRMgAMPCPP reported

of this work indicate that the binary substrate complex of in this work are only those of the predominant species. The
HPPK can assume multiple conformations on the slow NMR conformation of the ternary complex is probably not a
chemical shift time scale, as evidenced by multiple sets of preexisting one because both the MgATP and HP binding
NMR signals for several residues in loops 2 and 3 and the sites are sealed and inaccessible to the two substrates. In
very weak or missing NH cross-peaks for several residuesother words, the conformation of the ternary substrate
in loops 1 and 3. Third, the ternary complex shows only complex is induced by the binding of HP to the binary
one set of NMR signals, and the cross-peak intensities aresubstrate complex HPRKIgATP. Furthermore, the hydro-
rather uniform, suggesting that the binding of the second gen bond network that couples the three catalytic loops may
substrate shifts the multiple conformations of the binary play a critical role in the conformational transitior®.(In
complex to an apparently single conformation of the ternary this sense, the conformational transitions in HPPK are best
complex. The ternary complex is also rigid on the-ps described by the combined features of the population shift
time scale, except for loop 3, which remains mobile on the and induced fit models.

ps—ns time scale. HPPK catalyzes a two substrate reaction, and the reaction
Therefore, it is quite possible that the apo HPPK assumestakes place only after the formation of the ternary substrate
a range of conformations. Some of the conformations becomecomplex. The kinetic mechanism of the HPPK-catalyzed
more populated upon the binding of the first substrate, asreaction is an ordered one with MgATP binding to the
evidenced by the multiple sets of NMR signals for the loop enzyme first 10, 11). The fact HP cannot form a stable
2 and loop 3 residues in the binary complex HRRIg- binary complex with HPPK is not because the HP binding
AMPCPRP. It is unlikely that the same ligand, MgGAMPCPP, site is blocked12). It is probably because the conformational
induces several different conformations; rather, MgAMPCPP transition required for the population shift cannot occur
may form complexes with several different preexisting without the binding of the first substrate MgATP. Rather
conformers. Although the binary complex is still flexible, than shifting the multiple conformational equilibria to a single
the binding of the first substrate partially rigidifies HPPK conformation, the binding of the first substrate only alters
to a narrower range of conformations undergoing slower the dynamics of the enzyme to facilitate the binding of the
conformational exchange. Thus, a redistribution of confor- second substrate HP to form the ternary complex. The
mational populations occurs in the formation of the binary structure of the binary complex is, thus, best represented by
complex, although not just a single conformer is selected. an ensemble of conformations.
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