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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), which follows an ordered bi-bi kinetic mechanism with ATP
binding to the enzyme first. HPPK undergoes dramatic conformational changes during its catalytic cycle as revealed
by X-ray crystallography, and the conformational changes are essential for the enzymatic catalysis as shown by
site-directed mutagenesis and biochemical and crystallographic analysis of the mutants. However, the dynamic
properties of the enzyme have not been measured experimentally. Here, we report a 15N NMR relaxation study of
the dynamic properties of Escherichia coli HPPK from the apo form to the binary substrate complex with MgATP
(represented by MgAMPCPP, an ATP analogue) to the Michaelis complex (ternary substrate complex) with MgATP
(represented by MgAMPCPP) and HP (represented by 7,7-dimethyl-6-hydroxypterin, an HP analogue). The results
show that the binding of the nucleotide to HPPK does not cause major changes in the dynamic properties of the
enzyme. Whereas enzymes are often more rigid when bound to the ligand or the substrate, the internal mobility of
HPPK is not reduced and is even moderately increased in the binary complex, particularly in the catalytic loops. The
internal mobility of the catalytic loops is significantly quenched upon the formation of the ternary complex, but
some mobility remains. The enhanced motions in the catalytic loops of the binary substrate complex may be required
for the assembling of the ternary complex. On the other hand, some degrees of mobility in the catalytic loops of the
ternary complex may be required for the optimal stabilization of the transition state, which may need the instantaneous
adjustment and alignment of the side-chain positions of catalytic residues. Such dynamic behaviors may be
characteristic of bisubstrate enzymes.

6-Hydroxymethyl-7,8-dihydropterin pyrophosphokinase
(HPPK)1 catalyzes the transfer of pyrophosphate from ATP
to 6-hydroxymethyl-7,8-dihydropterin (HP, Figure 1a), lead-
ing to the biosynthesis of folate cofactors (1). Folate cofactors
are essential for life (2). Mammals have an active transport

system for deriving folates from the diet. In contrast, most
microorganisms must synthesize folates de noVo, because
they lack the active transport system. Therefore, like other
enzymes in the folate biosynthetic pathway, HPPK is an
attractive target for developing antimicrobial agents.

Protein dynamics is thought to play an important role in
enzymatic catalysis (3-7). While the role of protein dynam-
ics in the chemical step of bond cleavage and formation is
still controversial (8, 9), it is no doubt that protein dynamics
plays an important role in the physical steps of the as-
sembling of the Michaelis complex and product release.
Although structural studies have provided ample evidence
for protein conformational changes through a catalytic cycle,
there are only a few systematic experimental studies of the
dynamic properties of enzymes through their catalytic cycles
and their roles in the conformational transitions that are
required for enzymatic catalysis (see ref 4 for an excellent
recent review). Our understanding of the role of protein
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dynamics in enzymatic catalysis lags far behind our knowl-
edge of the structures and chemical mechanisms of enzymes.
With great progress in structural genomics and structure-
function relationship studies, elucidating the role of protein
dynamics in enzymatic catalysis becomes one of the greatest
remaining challenges for biochemists and biophysicists.
Escherichia coli HPPK has emerged as an excellent model
for studying the role of protein dynamics in enzymatic
catalysis, because the enzyme is small (∼18 kDa), stable,
and amenable to both X-ray crystallographic and NMR
analysis. Atomic structures have been determined for nearly
every stage of the catalytic cycle, and protein dynamics has
been shown to be important for HPPK catalysis (10-24).

The HPPK-catalyzed reaction follows an ordered kinetic
mechanism with ATP binding to the enzyme first (15, 18).
Comparative analysis of the crystal structures of ligand-free
HPPK and its ternary complex has revealed that the complete
active center of HPPK is assembled only after both substrates
bind to the enzyme (14, 21). The assembling of the active
center involves large conformational changes, particularly
in the three catalytic loops (Figure 1b). Of the three catalytic
loops, loop 3 undergoes most dramatic conformational
changes. As expected, the loop moves in to close the active
center upon the formation of the ternary complex (14).
However, the loop moves away from the active center upon
the binding of MgADP or an MgATP analogue (16).

Recently, it has been shown that loop 3 also moves away
from the active center upon the completion of pyrophos-
phoryl transfer, to the same extent as upon the binding of
MgADP or an MgATP analogue (21). By site-directed
mutagenesis, it has been shown that loop 3 is required for
the assembly of the full active center, plays an important
role in the stabilization of the ternary complex and the
transition state of the reaction, and is essential for catalysis
(22, 23).

While the crystal and NMR structures have provided the
snapshots of the catalytic cycle, the dynamic properties of
HPPK at various stages of the catalytic cycle have to be
studied, in order to fully understand the relationship between
protein dynamics and catalysis in HPPK. In the present work,
we investigate the backbone dynamic properties of E. coli
HPPK by 15N relaxation measurements focusing on the
assembling of the Michaelis complex, i.e., from the apoen-
zyme to the binary substrate complex to the ternary Michaelis
complex. Model-free analysis of the 15N NMR relaxation
data together with the weak or missing signals from loop 3
revealed that the three catalytic loops are mobile at different
time scales in the absence of ligand. Surprisingly, the binding
of the nucleotide to HPPK does not cause major changes in
the dynamic properties of the enzyme. Whereas enzymes are
often more rigidified upon the binding of a substrate or a
ligand, the internal mobility of HPPK is not reduced and is
even moderately increased in the binary complex, particularly
in the catalytic loops. The enhanced motions in the three
loops may be required for the assembling of the ternary
substrate complex. The internal mobility of the catalytic loops
is significantly reduced upon the formation of the ternary
complex, but some mobility remains. Some degrees of
mobility in the catalytic loops of the ternary complex may
be required for the optimal stabilization of the transition state,
which may need the instantaneous adjustment and alignment
of the side-chain positions of catalytic residues. Such
dynamic behaviors may be characteristic of bisubstrate
enzymes.

MATERIALS AND METHODS

Sample Preparation. The overexpression and protein
purification protocol was similar to that previously described
(13). Briefly, BL21(DE3) E. coli cells containing pET17b-
HPPK were grown in LB media. When OD600 reached 1.0,
the cells were collected and resuspended in M9 media
containing 15NH4Cl and [13C6]-D-glucose as the sole nitrogen
and carbon sources, respectively, when necessary (25).
Induction by 100 mg/L IPTG was started 1 h later and lasted
4 h. The cells were then harvested by centrifugation (6000
rpm, 20 min), washed with 20 mL of buffer A (20 mM Tris-
HCl, pH 8.0), and kept at -80 °C until use. The frozen
bacterial paste was thawed at 42 °C and then sonicated on
ice. Following the initial purification by ion-exchange
chromatography, fractions containing HPPK were concen-
trated to ∼3 mL by an Amicon concentrator and then applied
to a gel filtration column (Sephadex G-75) equilibrated with
buffer B (20 mM sodium phosphate, pH 7.4). The column
was developed with the same buffer. The purified HPPK
fractions were lyophilized. NMR samples were prepared by
dissolving the required amount of protein powder in buffer
B made with 5% D2O/95% H2O. Great care was taken to

FIGURE 1: The HPPK-catalyzed reaction (a) and a ribbon diagram
of the crystal structures of HPPK showing the conformational
changes of the three catalytic loops during several stages of its
catalytic cycle (b). The apoenzyme (PDB code 1HKA) is in green,
the ternary substrate complex (PDB code 1Q0N) with HP, AMPCPP
(a substrate ATP analogue), and Mg2+ in blue, the ternary product
complex (PDB code 1RAO) with HPPP and AMP in orange, and
the binary product complex (PDB code 1RB0) with HPPP in
magenta. Loop 1 of the apoenzyme has two conformations.
AMPCPP, HP, and two Mg2+ ions are drawn to illustrate the
location of the active center. Panel b was made with PyMOL (45).
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adjust and to keep the pH at 7.4 during NMR experiments.
Five 15N-labeled apo-HPPK samples were prepared with the
protein concentrations at 0.1, 0.25, 0.5, 1.0, and 2.0 mM.
One 15N/13C-labeled apo-HPPK sample was prepared with
the protein concentration at ∼0.5 mM for sequential reso-
nance assignment. Two samples of the binary complex of
15N-labeled HPPK and MgAMPCPP were prepared, one
containing 0.5 mM HPPK, 5 mM AMPCPP, and 20 mM
MgCl2 and the other containing 1.0 mM HPPK, 10 mM
AMPCPP, and 40 mM MgCl2. The dissociation constant of
the HPPK ·MgAMPCPP complex (Kd of 77 nM) suggests
that, under this condition, the protein is saturated with
MgAMPCPP (18). The ternary complex of HPPK was
prepared using AMPCPP, 7,7-dimethyl-6-hydroxypterin
(DMHP, an HP analogue), 15N-labeled HPPK, and Mg2+ as
previously described (24). The NMR sample contained 0.5
mM HPPK, 5 mM AMPCPP, ∼2 mM DMHP, and 20 mM
MgCl2.

Sequential Resonance Assignments. The backbone NMR
assignment of the HPPK protein was previously done in the
apo state (12) and in complex with MgAMPCPP (24). The
backbone resonance assignment of the apo-HPPK was further
extended at a lower concentration of protein (0.5 mM).
HNCA and CBCA(CO)NH experiments (26) were acquired
for the 15N/13C-labeled apo-HPPK sample on a Bruker
Avance 800 MHz and a Bruker Avance 500 MHz spectrom-
eter equipped with a cryoprobe. The NMR data were
processed with NMRPipe (27) and analyzed with NMRView
(28).

15N Relaxation Measurements. 15N relaxation experiments
were carried out at 25 °C on a Bruker Avance 600 MHz
spectrometer for the apo-HPPK and the binary complex
HPPK ·MgAMPCPP and on a Varian INOVA 600 MHz
spectrometer for the ternary complex HPPK ·MgAMPCPP ·
DMHP. Standard pulse sequences were used to obtain the
longitudinal and transverse relaxation rates R1 and R2, as well
as {1H}-15N heteronuclear NOEs (29). The decays of the
15N longitudinal and transverse magnetizations for the apo-
HPPK and the binary complex were sampled by typically 9
(10, 100, 300, 500, 800, 1200, 1500, and 2000 ms in random
order) and 10 points (6, 14, 42, 62, 70, 82, 102, 122, 142,
and 162 ms in random order), respectively. The first points
of both experiments were duplicated at the end of the
experiments to verify the stability of the sample and to
estimate the intensity error. The time points were 11, 44,
167, 389, 666, 944, 110, 1443, and 1998 ms for the R1

measurement of the ternary complex and were 17, 35, 52,
70, 87, 104, 122, and 139 ms for the R2 measurement of the
ternary complex. The third points of both experiments were
repeated for error estimation. The delay τcp between 15N
inversion pulses in the CPMG module in R2 experiments was
set to 1 ms. A recycle delay of 2.5 s was used for both R1

and R2 experiments. The residue-specific {1H}-15N hetero-
nuclear NOE was measured by dividing the peak intensity
in two 2D spectra recorded with and without a 3 s proton
presaturation achieved by 120° 1H pulses following a 5 s
delay (30). The experiments were duplicated at each protein
concentration to estimate the uncertainty. All of the 2D
spectra were recorded with 1024 complex data points and
128 complex increments for the apo-HPPK and the binary
complex and with 1994 complex data points and 100
complex increments for the ternary complex. The number

of transients was 16 for all relaxation experiments except
the {1H}-15N heteronuclear NOE experiment of the ternary
complex, which was 64. The spectral widths were set to 8389
and 1460 Hz for the apo-HPPK, 8389 and 1581 Hz for the
binary complex, and 9000 and 1720 Hz for the ternary
complex in the direct 1H and the indirect 15N dimensions,
respectively.

The relaxation data were processed with NMRPipe (27)
and analyzed with NMRView (28). For the relaxation data
of the apo-HPPK, a Lorenz-to-Gauss window function was
applied in both dimensions, and for those of the binary
complex, a cosine-bell window function was applied. A
forward-and-backward linear prediction and zero filling were
typically used to extend the indirect dimension by a factor
of 2. The peak intensities of the relaxation rate measurements
were extracted using the NvRatePrintHeight subroutine of
NMRView (28). Intensities below the noise level were
typically removed, and the exponential decay curves were
fitted to a two-parameter exponential equation using an in-
house modified version of RELAXFIT (31). The uncertain-
ties on the relaxation rates were estimated by 500 Monte
Carlo simulations. The HetNOE subroutine of NMRView
was used to calculate the heteronuclear NOEs. The final
values were extracted from the duplicates.

Rotational Diffusion and Model-Free Analysis. Rotation
diffusion was analyzed using the R2/R1 values of well-ordered
regions of the structure deemed free of either fast internal
motion or chemical exchange. Hydrogen atoms were added
to the crystal structure (PDB code 1HKA) of the apo-HPPK
(10) by using MOLMOL (32). The mean structures of the
NMR ensembles of the binary complex HPPK ·MgAMPCPP
(PDB code 2F65) (24) and the ternary complex HPPK ·
MgAMPCPP ·DMHP (PDB code 2F63) (24) were taken as
the representative structures of the complexes. The optimiza-
tion of the rotational diffusion tensor against the experimental
data was achieved by using ROTFIT (33) and TENSOR2
(34). HYDRONMR (35) was used to predict the rotational
diffusion tensors of the three forms of HPPK based on their
structures.

The microdynamic parameters under the Lipari-Szabo
formalism (36-38) were extracted using the TENSOR2
program (34). Briefly, the 15N relaxation data were interpreted
in terms of motion of the N-H bond. Five models of
increasing complexity were tested including model 1 (S2),
model 2 (S2, τe), model 3 (S2, Rex), model 4 (S2, τe, Rex), and
model 5 (S2, τe, S2

f), where S2 is the squared order parameter,
τe is a correlation time describing the internal motion
(picosecond to nanosecond time scale), assumed to be
independent of the overall tumbling, S2

f is a second squared
order parameter describing the fast internal motion on the
picosecond to nanosecond time scale, and Rex is the chemical
exchange contribution to R2. The F-test statistics was then
used to select the model that satisfies the data with the lower
number of parameters. Standard errors in the model-free
parameters were evaluated by 100 Monte Carlo simulations.

RESULTS

Extension of Backbone Resonance Assignments of the Apo-
HPPK. HPPK consists of 158 amino acid residues, 12 of
which are prolines. The sequential resonance assignment of
the apo-HPPK has been previously achieved at 1.5 mM
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protein concentration (12). Several residues could not be
assigned due to missing 1H/15N cross-peaks in the 15N-HSQC
spectra of apo-HPPK under these conditions. Additional 15N-
HSQC spectra were collected at lower concentrations (0.1,
0.25, 0.5, 1 mM). Overall, the 15N-HSQC cross-peaks were
sharpened with decreasing the protein concentration. Several
additional cross-peaks could be observed at 0.5 mM that were
absent at 1 mM concentration, and concomitantly, 10 cross-
peaks showed small chemical shift variations (|∆1H|max < 0.04
ppm and |∆15N|max < 0.5 ppm). Below 0.5 mM protein
concentration, the spectra were exactly superimposable. Two
triple resonance experiments (HNCA and CBCACONH)
were acquired on a 0.5 mM 13C/15N-labeled apo-HPPK
sample to extend the backbone resonance assignment. Seven
additional residues could be assigned (Figure 2): E77, L78,
Q79, and Q80 in the C-terminal extremity of helix R2, D95
and L96 in strand �4, and E109 at the turn of the �-hairpin
�5-�6. About 10 weak 1H-15N correlation peaks in the 15N
HSQC could not be unambiguously assigned. They likely
correspond to residues Q48 in loop 2, R82, V83, A86, W89,
G90, R92, and T93 in loop 3, and Y116 between strand �6
and helix R3, which remain unassigned.

15N Relaxation Data and Indications of Weak Self-
Association of the Apo-HPPK. Initial NMR studies indicated
that the 15N relaxation parameters of the apo-HPPK were
protein concentration dependent, which is usually indicative
of self-association. To ascertain the effects of the self-
association on the relaxation parameters, we collected the
residue-specific 15N R1, R2, and {1H}-15N heteronuclear
NOE data of apo-HPPK at four protein concentrations: 0.1,
0.5, 1, and 2 mM. Because of peak overlaps, unassigned
residues, and weak signals leading to decay curves of poor
quality, 15N relaxation data could be obtained for 118, 118,
112, and 104 residues out of the 146 nonproline residues

for 0.1, 0.5, 1, and 2 mM samples, respectively. Fewer data
were obtained at high concentrations, because of line
broadening and peak disappearance. Figure 3 shows the
distribution of these data as well as the R2/R1 ratio versus
the amino acid sequence at the four concentrations. The mean
R1 values were 1.12 ( 0.06, 1.14 ( 0.06, 1.06 ( 0.05, and
0.76 ( 0.06 s-1 at 0.1, 0.5, 1, and 2 mM, respectively, and
the corresponding mean R2 values were 13.15 ( 1.82, 14.32
( 2.38, 16.24 ( 2.90, and 26.30 ( 4.21 s-1. The mean R1

value decreased significantly whereas the mean R2 value
increased significantly at 1 and 2 mM HPPK compared with
the values at 0.1 and 0.5 mM, suggesting a significant self-
association at higher concentrations.

On the individual residue basis, all of the secondary
structure elements had R1, R2, and NOE values near the mean
values at each concentration, except the C-terminal extremity
of the helix R2 (residues R75-Q80) and the N-terminal
extremity of the strand �4 (residues L94 and D97), both of
which are linked to loop 3 and had higher R2 values. Loop
1 also contained higher than averaged R2 values. In contrast,
residues in loops 2 and 3 have a lower than averaged R2

together with low NOE values. The NOE values at different
concentrations were quite similar, except some variations in
loops 1, 2, and 3, indicating that protein concentration does
not have significant effects on the internal motions of the
protein on the picosecond to nanosecond time scale.

The averaged R2/R1 values were used to obtain the estimate
of the isotropic correlation times (τc) of the protein. At 0.1
mM, the uncertainties in the relaxation data were relatively
high so that the isotropic diffusion model (τc ) 10.48 (
0.25 ns) was statistically sufficient to describe the rotational
diffusion properties of HPPK. At 0.5, 1, and 2 mM
concentrations, the rotational diffusion of HPPK was esti-
mated to be fully anisotropic. The ratios of the estimated
principal components were quite similar at each concentration
(1:0.83:0.76, 1:0.79:0.73, and 1:0.81:0.75, at 0.5, 1, and 2
mM, respectively), and the corresponding τc values were
10.87 ( 0.31, 12.28 ( 0.42, and 19.30 ( 0.71 ns. The
rotational diffusion tensors at 0.1 and 0.5 mM concentrations
were in excellent agreement with that predicted by HY-
DRONMR (35) on the crystal structure of the monomeric
form of the apo-HPPK (PDB code 1HKA, ratios of the
principal components of 1:0.80:0.70 and averaged correlation
time of 10.22 ns). The significant increases in τc at 1 and 2
mM are likely due to the self-association of HPPK at high
concentrations.

The changes of 1H and 15N chemical shifts and peak
intensity in the 15N-HSQC spectra of HPPK were also
monitored at five concentrations: 0.1, 0.25, 0.5, 1, and 2 mM.
The chemical shift changes were not significant in the
0.1-0.5 mM concentration range whereas the chemical shifts
of quite a few residues were found to vary at protein
concentrations higher than 1 mM. The changes were
relatively small for most of these residues, however. Attempts
were made to determine the Kd value for the self-association
from the cross-peaks with the largest chemical shift changes.
However, as the 1H and 15N chemical shifts changed in a
linear fashion with the protein concentration (Supporting
Information Figure S1), it was not possible to estimate the
Kd value for the self-association. These results nevertheless
indicated that the self-association of HPPK is weak in the
studied concentration range.

FIGURE 2: The 1H-15N-HSQC spectrum of HPPK in the apo state
(black) and in complex with MgAMPCPP (red). The spectra were
acquired on a Bruker 600 MHz spectrometer at 25 °C and 0.5 mM
proteinconcentration.Themostshiftedcross-peaksuponMgAMPCPP
complexation are labeled according to their corresponding residue
number in the sequence, and the arrow joins the cross-peaks in
apo and bound states. In addition, newly assigned cross-peaks of
the apo-HPPK are labeled with a star.
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Taken together, the results of the relaxation, rotational
diffusion tensors, and chemical shift analysis over the four
studied samples suggested that the apo-HPPK is prone to
self-associate in the millimolar range concentration. How-
ever, the self-association of the apo-HPPK is insignificant
at 0.1 and 0.5 mM protein concentrations.

15N Relaxation Data Analysis of the Binary Complex
HPPK ·MgAMPCPP. MgAMPCPP was used as an analogue
for the substrate MgATP, as HPPK had a low level of
ATPase activity. MgAMPCPP is an excellent MgATP
analogue for HPPK with respect to both structure (14) and
binding affinity (18). Binding of MgAMPCPP caused
significant changes in the 15N-HSQC spectrum (Figure 2).
All expected backbone resonances were previously assigned
at 1.6 mM protein concentration, except those of residues
T1, S13, E16, R82, W89, G90, and L94, which were missing
(24). Several residues in loops 2 and 3 showed two or more
sets of cross-peaks, including L45-Q50 in loop 2 and A86-
E87 in loop 3 (24). Additional 15N-HSQC spectra were
acquired at both 0.5 and 1 mM concentrations of the
HPPK ·MgAMPCPP complex. No significant change in
chemical shifts was observed. For the relaxation study, we
extracted the relaxation data for the most populated isomer.
15N R1, R2, and {1H}-15N heteronuclear NOEs were mea-
sured for 130 and 129 residues at the 0.5 and 1 mM
concentrations of the complex, respectively. The results are
shown in Figure 4. At 0.5 mM, the mean R1 and R2 were
1.29 ( 0.20 and 12.64 ( 3.50 s-1, respectively, and the
corresponding values at 1 mM were 1.16 ( 0.10 and 14.83
( 4.60 s-1. Similar to the apoprotein, a small increase in R2

was accompanied by a decrease in R1, suggesting that the
binding of MgAMPCPP does not completely prevent the
weak self-association of HPPK, as the derived τc values
slightly increased between 0.5 mM (9.26 ( 0.30 ns) and 1
mM (10.25 ( 0.20 ns) concentrations. However, these τc

values were shorter than the τc value predicted by HY-

DRONMR (10.42 ns) on the basis of the mean structure of
the HPPK ·MgAMPCPP complex, suggesting that the mon-
omeric form of the complex is highly predominant at both
concentrations. The R2/R1-derived anisotropic rotational
diffusion model at 0.5 mM complex concentration had ratios
of the principal components of 1:0.95:0.78, similar to those
predicted based on the mean NMR structure of the
HPPK ·MgAMPCPP complex (1:0.89:0.81). Taken together,
both the chemical shift and the rotational diffusion tensor
data indicated that the self-association of HPPK is weakened
upon the binding of MgAMPCPP and that the self-associa-
tioncanberegardedasinsignificantfor theHPPK ·MgAMPCPP
complex at 0.5 mM concentration.

15N Relaxation Data Analysis of the Ternary Complex
HPPK ·MgAMPCPP ·DMHP. Except the first residue, se-
quential resonance assignment has been made for all residues,
including those from the three catalytic loop region (24).
15N relaxation data could be obtained for 135 residues (Figure
5), 5 more residues than the binary complex. The mean R1

and R2 were 1.32 ( 0.06 and 11.51 ( 0.94 s-1, respectively.
While the mean R1 was similar to that of the binary complex,
the mean R2 of the ternary complex was significantly smaller,
with a much smaller standard deviation as well. The
uniformity of the R2 values was consistent with the unifor-
mity of the intensities of the 1H-15N-HSQC cross-peaks of
the ternary complex, indicating that the protein is rigidified
upon the formation of the ternary complex. The τc value of
the ternary complex was estimated to be 8.88 ( 0.01 ns based
on the averaged R2/R1 ratio, shorter than the τc value
predicted by HYDRONMR (10.42 ns) based on the mean
structure of the ternary complex. The R2 data and the
correlation times indicated that the ternary complex has a
more compact structure than the apo-HPPK and the binary
complex. The ratios of the estimated principle components
were 1:0.87:0.89, similar to those calculated using the mean
NMR structure of the ternary complex (1:0.86:0.92).

FIGURE 3: 15N relaxation parameters obtained for the apo-HPPK at 25 °C at four concentrations: 0.1 mM (red), 0.5 mM (blue), 1 mM
(green), and 2 mM (magenta). For matter of clarity, the estimated uncertainties are not represented at 0.1 and 1 mM concentrations. The
secondary structure of the apoprotein is represented at the top of the figure. (a) R1 relaxation rates; (b) R2 relaxation rates; (c) {1H}-15N
NOE values; and (d) R2/R1 ratio.
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Model-Free Analysis of the Three Forms of HPPK. The
microdynamic parameters of the apo-HPPK were extracted
in the model-free framework (36-38). HPPK is in rather
low abundance in ViVo and therefore most likely functions

in a monomeric form (39-41). Therefore, our analysis was
performed on the relaxation data obtained at 0.5 mM protein
concentration, because the data acquired at this concentration
had excellent quality and the self-association of the protein

FIGURE 4: 15N relaxation parameters obtained for the binary complex HPPK ·MgAMPCPP at 25 °C at two concentrations: 0.5 mM (blue)
and 1 mM (red). The secondary structure is represented at the top of the figure. (a) R1 relaxation rates; (b) R2 relaxation rates; (c) {1H}-15N
NOE values; and (d) R2/R1 ratio.

FIGURE 5: 15N relaxation parameters obtained for the ternary complex HPPK ·MgAMPCPP ·DMHP at 25 °C. The secondary structure is
represented at the top of the figure. (a) R1 relaxation rates; (b) R2 relaxation rates; (c) {1H}-15N NOE values; and (d) R2/R1 ratio.
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was insignificant. The model-free parameters S2, τe, and Rex

could be extracted for 118 residues and are presented in
Figures 6 and 8. The mean S2 was 0.88 ( 0.08. All residues
in the secondary structure, except T35 in the distorted strand
�2, had S2 values higher than 0.8, indicating that the
secondary structure elements are rigid. The four helices were
slightly more rigid than the central �-sheet with mean S2

values of 0.92 and 0.86, respectively. In addition to T35,
the following residues had significantly lower S2 values than
the mean: L45, G46, Q50, R85, N103, V105, R110, F139,
F152, L155, and N156. Residues L45, G46, and Q50 are
located in loop 2 (Figure 1); R85 is located in loop 3; N103,
V105, R110, and D139 are located in short turns; and F152,
L155, and N156 are in the C-terminal region. Twelve
residues required the introduction of a significant Rex term
(higher than 2 s-1) for the model-free analysis: S9, L11, A12,
Q17, F39, T42, L78-Q80, N103, R121, and F123. Residues
S9, L11, and A12 are located in loop 1; Q17 is located in
the N-terminal region of helix R2 connected to loop 1; F39
is in the C-terminal region of the distorted strand �2
connected to loop 2; T42 is in loop 2; L78-Q80 are in the
C-terminal region of helix R2 connected to loop 3; R121 is
in the loop connected to helix R3; and F123 is in the
N-terminal region of helix R3.

The microdynamic parameters of the binary complex
HPPK ·MgAMPCPP are also summarized in Figures 6, 7,
and 8 for comparison with those of both the apo-HPPK and
the ternary complex. The mean S2 was 0.84 ( 0.07, similar
to that of the apo-HPPK. Significant chemical exchange
(higher than 1.5 s–1) was introduced for 17 residues: G8,

S9, L11, A12, L15, and Q17 around loop 1, T42, D49, and
L54 around loop 2, E77, L78, Q79, E87, R92, T93, and L96
around loop 3, and N103 in loop �4-�5. The dynamic
properties of the HPPK ·MgAMPCPP complex are similar
to those of the apoenzyme with some regions becoming even
more mobile upon the binding of the nucleotide.

The microdynamic parameters of the ternary complex
HPPK ·MgAMPCPP ·DMHP are summarized in Figures 7
and 8. The mean value for S2 was 0.88 ( 0.04, similar to
those of the apo-HPPK and the binary complex. However,
only five residues were below two standard deviations of
the mean value: Q48, A86, A151, F152, and D153. Q48 and
A86 are located in loops 2 and 3, respectively, and residues
151-153 in the C-terminal region. Only four residues
required a significant Rex term (higher than 1.5 Hz) for the
model-free analysis: D49, V83, K85, and R92; the Rex values
were significantly smaller than those of the binary complex.
Residue 49 is located in loop 2 and residues 83, 85, and 92
are located in loop 3. The results indicated that the C-terminal
region is mobile as in the apo-HPPK and the binary complex;
the catalytic loops are significantly rigidified upon the
formation of the ternary complex. However, loops 2 and 3
retain some degrees of mobility.

In general, several physical phenomena are prone to give
rise to chemical exchange. In the case of HPPK, self-
association represents a potential source of chemical ex-
change. Although the results from model-free analysis are
known to be affected when self-association is severe (42),
we estimated the chemical exchange Rex from the data
obtained on HPPK in the apo form at all concentrations (data

FIGURE 6: Comparison of the model-free parameters versus residue number between the apo-HPPK (red) and the binary complex with
MgAMPCPP (blue) at 0.5 mM protein concentration. The secondary structure is represented at the top of the figure. (a) Squared order
parameter S2; (b) correlation time (τe) of internal motion; (c) chemical exchange contribution Rex; (d) CR atom B-factors of the crystal
structure of the apo-HPPK (in red); and (e) backbone rms deviations of the NMR structure of the binary complex with MgAMPCPP (in
blue).
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not shown). We did not observe any significant systematic
trend in Rex over the four concentrations that could be
associated with self-association (as discussed in ref 43). As
a consequence, the contribution of self-association to the
chemical exchange was judged to be insignificant. In
addition, the fast exchange between the apo and the bound
states of the protein can also induce chemical exchange, if
the chemical shifts of a given spin differ significantly in the
two states. In such a situation, the chemical exchange can
be estimated to be proportional to the product of the two
populations in exchange (44). Given the dissociation constant
of the binary complex (77 nM) (18) and the high concentra-
tion of AMPCPP, the contribution of the dissociation of the
binary complex to the chemical exchange was judged to be
insignificant. Taken together, we concluded that the chemical
exchanges observed in both the apo and the nucleotide-bound
states were mainly associated with the intrinsic internal
mobility of the monomeric forms of the apo-HPPK and of
the binary complex.

DISCUSSION

HPPK undergoes dramatic conformational changes
during its catalytic cycle, and the conformational changes
play important roles in HPPK catalysis (Figure 1b)
(10-12, 14, 16, 21-24). In order to fully understand the
roles of conformational dynamics in HPPK catalysis, we
carried out the first direct experimental measurement of
backbone dynamics of HPPK by NMR, focusing on the
formation of the Michaelis complex. Our analysis was,
however, complicated by the weak self-association of
HPPK at high concentrations. Therefore, we made 15N
relaxation measurements at four protein concentrations for
the apo-HPPK and at two concentrations for the binary
complex HPPK ·MgAMPCPP. Based on the chemical

shifts, relaxation parameters, and correlation time analysis,
we concluded that self-association is insignificant for the
apo-HPPK and for the binary complex HPPK ·MgAMPCPP
at 0.5 mM protein concentration. Therefore, we focused
our analysis on the relaxation data acquired at this
concentration on both states of HPPK using the model-
free formalism (36-38).

In the model-free framework, the squared order parameter
S2 reflects the amplitude of internal motions on the picosec-
ond to nanosecond time scale, the internal correlation time
τe gives an estimation of the time scale for these motions,
and Rex reflects conformational exchange on the microsecond
to millisecond time scale. Overall, the core structure of the
enzyme remains highly rigid on the picosecond to nanosec-
ond and microsecond to millisecond time scales in all three
forms. This region includes one-half of the cleft forming the
active site, which contains the residues in strands �4, �5,
and �6 that are in contact with the nucleotide, and was
previously referred as the rigid wall (10). This observation
is consistent with the published structures, which indicate
that the core structure of HPPK region is mostly structurally
invariant (with very small backbone rms deviations) with
respect to ligand binding or mutations (10-12, 14, 16, 21-24).
We also notice that the C-terminal region of the protein is
flexible on the picosecond to nanosecond time scale in all
three forms, in consistence with elevated rms deviations of
this region when the structures of the various forms of the
wild-type and mutant HPPKs are superimposed. Since the
C-terminal extremity is in contact with strand �2, near
the HP substrate binding site, mobility in this region may
be required for the fine adjustment of the local conformation
of the HP-binding site during the catalytic reaction. Because
the major conformational changes during the catalytic cycle
are localized in the three catalytic loops, we will focus our

FIGURE 7: Comparison of the model-free parameters versus residue number between the binary complex HPPK ·MgAMPCPP (blue) and
the ternary complex HPPK ·MgAMPCPP ·DMHP (black) at 0.5 mM protein concentration. The secondary structure is represented at the
top of the figure. (a) Squared order parameter S2; (b) correlation time (τe) of internal motion; (c) chemical exchange contribution Rex; and
(d) backbone rms deviations.
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discussion on the dynamic properties of these loops and their
changes in the conformational transitions from the apo-HPPK
to binary substrate complex to the Michaelis complex.

Based on the S2 values, loop 1 of the apo-HPPK is rigid
on the picosecond to nanosecond time scale (Figures 6a and
8). Its mean S2 value is 0.90 ( 0.06, comparable to those of
the four helices and the central �-sheet, which have mean
S2 values of 0.92 and 0.86, respectively. On the other hand,
the model-free analysis of the relaxation data introduced a
chemical exchange term for three residues of this short loop
(S9, L11, and A12) (Figures 6c and 8), suggesting that loop
1 undergoes conformational exchange on the microsecond
to millisecond time scale. The crystal structure of the apo-
HPPK reveals two conformations for this loop with moderate
B-factor values (Figure 1b) (10). The dynamic properties of
loop 1 determined in this NMR work therefore suggest that
the two conformations are likely in exchange on the

microsecond to millisecond time scale. Upon the binding of
the nucleotide, loop 1 undergoes conformational exchange
on the microsecond to millisecond time scale to a similar
extent to that of the apo-HPPK. Nevertheless, loop 1 becomes
significantly more mobile on the picosecond to nanosecond
time scale. Indeed, the mean S2 value of the loop is 0.71 for
the binary complex and 0.90 for the apo-HPPK.

The model-free parameters indicate that loop 2 is signifi-
cantly mobile on the picosecond to nanosecond time scale
in the apo-HPPK, with a mean S2 value of 0.62 ( 0.20
(Figure 6a and 8). Due to the presence of four proline
residues (P43, P44, P47, and P51), missing or overlapping
cross-peaks, the dynamic properties of only four residues of
loop 2 (P43-D52) were accessible. The S2 values of L45,
G46, and Q50 are 0.72, 0.36, and 0.59, respectively, and
that of D52 (0.82) is close to the average S2 value of the
enzyme (0.88). The S2 values of the loop residues vary
greatly with the middle region (around G46) having the
lowest S2 values. It is also noticed that the two residues that
delimit the loop are rigid on the picosecond to nanosecond
time scale with S2 values of 0.93 and 0.98 for T42 and Q53,
respectively. Surprisingly, although two residues (F39 and
T42) in the twisted strand �2 that precedes loop 2 required
an Rex term for the model-free analysis, none of the loop 2
residues required an Rex term (Figure 6c and 8), suggesting
that loop 2 does not undergo significant conformational
exchange on the microsecond to millisecond time scale.

Upon the binding of MgAMPCPP, loop 2 remains highly
flexible on the picosecond to nanosecond time scale with an
only minor increase in S2 compared with the apoprotein. In
contrast to the apo-HPPK, mobility on slow time scales
(slower than the microsecond time scale) could be observed
in loop 2 in the complex. Indeed, significant chemical
exchange was detected in loop 2 (for residue D49, Rex of
6.1 ( 1.5 s-1), and the existence of (at least) two sets of
cross-peaks for many consecutive residues in loop 2 (24)
may suggest that this loop also undergoes conformational
isomerization at an even slower exchange rate (at the NMR
time scale). Furthermore, the intensity ratios of the major
and the minor peaks are significantly different for some
residues, suggesting that loop 2 may assume multiple
conformations. It is possible that the slow conformational
exchanges are due to a cis-trans isomerization of the four
proline residues (P43, P44, P47, and P51), but no NMR
indication for a cis configuration was observed for any of
the four proline residues and all are in a trans configuration
in the NMR and crystal structures. The mobility of loop 2
in the HPPK ·MgAMPCPP complex is consistent with the
structures of HPPK in complex with nucleotides. Indeed, the
backbone rms deviations of loop 2 in the NMR structure of
the HPPK ·MgAMPCPP complex are significantly higher
than other regions of the protein (24) (Figure 6e). The
increased mobility of loop 2 is further supported by the loss
of electron density for a significant part of the loop (residues
44-48) upon binding of MgADP (16).

The dynamic properties could be directly obtained only
for two residues in loop 3 for the apo-HPPK. This is mainly
due to the weakness or absence of NMR signals for the NH
groups of residues R82, V83, A86, W89, G90, and R92,
which clearly indicates that loop 3 is flexible and undergoes
conformational exchange at an intermediate rate (at the
chemical shift time scale). In addition, conformational

FIGURE 8: Mapping of the dynamic parameters S2 (left panel) and
Rex (right panel) to the structures of the apo-HPPK (top), the binary
complex (HPPK ·MgAMPCPP, middle), and the ternary complex
(HPPK ·MgAMPCPP ·DMHP, bottom). The S2 values are scaled
by a color gradient with the smallest value in red and the largest
value in blue. The Rex values are scaled by a color gradient with
the smallest value in cyan and the largest value in red, and residues
without an Rex term are colored in blue. Residues without the
measured dynamic parameters, i.e., 12 proline residues and other
residues with missing or overlapping NH cross-peaks, are in gray.
The figure was made with PyMOL (45).
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exchange occurring on the microsecond to millisecond time
scale was detected for several residues at the extremity of
helix R2 linked to loop 3 (Figure 8). Similar to the apo-
HPPK, the weak intensity of most cross-peaks corresponding
to residues in loop 3 precluded the accurate measurements
of therelaxationparameters inloop3intheHPPK ·MgAMPCPP
complex. This indicates that loop 3 remains highly mobile
on the intermediate time scale upon the binding of the
nucleotide. The existence of internal mobility of loop 3 is
also enforced by the presence of chemical exchange on the
microsecond to millisecond time scale for residues at the
bottom of the loop and for E87 in the middle of the loop
(Figures 6c and 8) and by the multiple chemical shifts
observed for A86 and E87, suggesting that, like loop 2, loop
3 also undergoes conformational exchange on an even slower
time scale.

In summary, the binding of the nucleotide does not quench
the internal motions of HPPK on the picosecond to nano-
second, microsecond to millisecond, and millisecond to
second time scales, as evidenced by the S2 and Rex values,
weak and missing cross-peaks, and multiple cross-peaks with
different intensity ratios. The mobilities of the three catalytic
loops remain the same or are even enhanced upon the binding
of the nucleotide. The result is consistent with the biochemi-
cal data indicating that the entropy of binding is in favor of
the formation of the HPPK ·MgATP complex (13). It is also
consistent with the structural data revealing that the catalytic
loops of the enzyme can assume different conformations
upon the binding of a nucleotide (16, 24).

The motions of the three catalytic loops are significantly
quenched upon the formation of the ternary complex (Figures
7 and 8). Loop 1 is represented by S9, L11, and A12.
Although the S2 values of S9 in the binary and the ternary
complexes (0.83 and 0.88, respectively) are similar, S9 has
a significant Rex term (4.3) in the binary complex but not in
the ternary complex. The S2 values of L11 and A12 increase
significantly from the binary complex (0.71 and 0.72,
respectively) to the ternary complex (0.88 and 0.87, respec-
tively), and meanwhile, both residues have a significant Rex

term (5.5 and 17.6, respectively) in the binary complex but
not in the ternary complex. For loop 2, T42, L45, G46, and
Q48 have significantly higher S2 values in the ternary
complex (0.86, 0.89, 0.85, and 0.76, respectively) than in
the binary complex (0.66, 0.77, 0.52, and 0.64, respectively).
Other residues have similar S2 values in the two states. Two
residues have a significant Rex term (5.6 for T42 and 6.1 for
D49) in the binary complex, whereas only one residue (D49)
has a significant Rex term (4.8 s–1). For loop 3, relaxation
data could be obtained for only three out of ten non-proline
residues in the binary complex, because of weak or missing
cross-peaks, but for all non-proline residues in the ternary
complex. Of the three residues measured for both complexes,
the S2 value of R92 increases significantly from the binary
complex (0.71) to the ternary complex (0.89), whereas those
of the other two residues (R84 and E87) are similar between
the two complexes. E87 and R92 in the binary complex have
Rex values of 14.7 and 3.3 s–1, respectively, whereas only
R92 has a significant Rex term of 2.0 s–1 in the ternary
complex.

While the motions of the three catalytic loops are
significantly quenched upon the formation of the ternary
complex, the two large loops that are directly involved in

the binding of the substrates retain some degrees of mobility.
The S2 values of Q48 in loop 2 (0.76) and A86 in loop 3
(0.59) are lower than the mean value by more than two
standard deviations. Furthermore, D49 in loop 2 and V83,
K85, and R92 in loop 3 have a significant Rex term, ranging
from 2.0 to 4.8 s–1.

The dynamic properties of HPPK may be characteristic
of bisubstrate enzymes. The hallmarks of enzymatic catalysis
are the formation of enzyme-substrate complexes and the
maximization of transition state stabilization, which have
conflicting structural requirements. The formation of an
enzyme-substrate complex requires an open active center
so that the substrate(s) can get in. On the other hand, the
maximization of transition state stabilization requires a closed
active center that maximizes the favorable interactions
between the enzyme and the transition state. The conflicting
structural requirements can be resolved by a flexible active
center that can sample both open and closed conformational
states. For a bisubstrate enzyme like HPPK, the Michaelis
complex consists of two substrates in addition to the enzyme.
The enzyme must remain flexible upon the binding of the
first substrate so that the second substrate can get into the
active center. The active center is fully assembled and
stabilized only when both substrates bind to the enzyme.
However, the side-chain positions of the catalytic residues
in the Michaelis complex are still not optimally aligned for
the stabilization of the transition state, which lasts only
approximately 10-13 s. The instantaneous and optimal
alignment of catalytic groups for the transition state stabiliza-
tion requires a dynamic enzyme, not an enzyme which
undergoes a large scale of movements but an enzyme which
permits at least a small scale of adjustment of catalytic group
positions. The dynamic properties of the three forms of
HPPK as determined by the 15N relaxation measurements
are consistent with the conformational transitions for a
bisubstrate enzyme from the apo form to the binary substrate
complex and the ternary Michaelis complex.

SUPPORTING INFORMATION AVAILABLE

One figure illustrating the protein concentration depen-
dence of the chemical shifts of the backbone amide protons
of the apo-HPPK. This material is available free of charge
via the Internet at http://pubs.acs.org.
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