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Abstract

The activity of rabbit muscle pyruvate kinase(PK) is regulated by metabolites. Besides requiring the presence of
its substrates, PEP and ADP, the enzyme requires Mg and K for activity. PK is allosterically inhibited by Phe for2q q

activity. The presence of PEP or Phe has opposing effects on the hydrodynamic properties of the enzyme without an
apparent change in secondary structure. In this study, the structural perturbation induced by ligand binding was
investigated by Fourier transform infrared(FT-IR) spectroscopy. Furthermore, the structural dynamics of PK was
probed by HyD exchange monitored by FT-IR. Substrates and activating metal ions induce PK to assume a more
dynamic structure while Phe exerts an opposite effect. In all cases there is no significant interconversion of secondary
structures. PEP is the most efficient ligand in inducing a change in the microenvironments of both helices and sheets
so much so that they can be detected spectroscopically as separate bands. These results provide the first evidence for
a differential effect of ligand binding on the dynamics of structural elements in PK. Furthermore, the data support
the model that allosteric regulation of PK is the consequence of perturbation of the distribution of an ensemble of
states in which the observed change in hydrodynamic properties represent the two extreme end states.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Muscle pyruvate kinase(PK) enzyme activity
is regulated by metabolites. Besides requiring the

Abbreviations: PK, pyruvate kinase; FT-IR, Fourier trans-
form infrared spectroscopy; CD, circular dichroism; PEP,
phosphoenolpyruvate; TKM buffer, 50 mM Tris, 72 mM KCl,
7.2 mM MgSO , pH 7.5.4
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presence of its substrates, PEPyADP, the enzyme
needs also Mg and K before any activity can2q q

be detected. Furthermore, PK is allosterically reg-
ulated by Phe, which serves as an inhibitor. In the
presence of Phe, the observed steady-state kinetics
deviate from a Michaelis–Menten relationship and
exhibits sigmoidicity, the extent of which increases
with increasing Phe concentration.
As a result of extensive steady-state kinetic,

thermodynamic and structural studies, the simplest
model that is consistent with all the data is a
concerted allosteric modelw1,2x. One of the major
observations is that the binding of Phe causes a
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Fig. 1. Structure of rabbit muscle PK monomer. Each monomer
consists of the N(green), A (red), B (blue) and C(yellow)
domains. The active site is situated between the A and B
domains. The structure is generated using the coordinates of
Wooll et al. w5x.

cooperative change in protein conformation, as
monitored by difference sedimentation velocity
w1x, analytical gel chromatographyw3x and small
angle neutron scatteringw4x. Binding of Phe induc-
es PK to assume an expanded or asymmetric shape
whereas binding of PEP would elicit an opposite
effect, namely, a contraction or assumption of a
more symmetric shape. Small angle neutron scat-
tering data provide additional information. Length
distribution analysis of the scattering data indicates
that all these structural perturbations involve pro-
nounced changes of interatomic distances between
80 and 110 A. Using thea-carbon coordinates of˚
crystalline cat muscle PK, a length distribution
profile was calculated and it accounts for a scat-
tering profile of the inactive, expanded formw4x,
an observation in total agreement with the sedi-
mentation and filtration dataw1,3x. Hence, results
from neutron scattering, X-ray crystallography,
sedimentation and analytical gel chromatography
reveal a consistent structural model of inactive
PK, as shown in Fig. 1. The crystallographic
structure of muscle PK shows that such an enzyme
molecule is composed of three major domains, one
of which protrudes out into the solvent. This
exposed domain, identified as domain B, forms a
cleft with domain A adjacent to the active site.
Domain B is attached to domain A by what appears
to be a flexible hinge region.
Insights into the ligand-induced structural

changes were acquired with the aid of computa-
tional chemistry. With the aid of computer mod-
eling, the crystal structure was manipulated in
order to effect changes that are consistent with the
conformational change described by the solution
scattering data. The computer modeling involves
the rotation of the B domain relative to the A
domain, leading to the closure of the cleft between
these domains. These manipulations resulted in the
generation of new sets of atomica-carbon coor-
dinates, which were utilized in calculation, the
result of which compared favorably with the solu-
tion dataw4x. Thus, the hydrodynamic and scatter-
ing data indicate that the active conformation of
PK is more symmetric in shape with a closed cleft
between A and B domains.
It is gratifying to note that the computer manip-

ulation of the crystalline structure of PK can

generate structural data that are consistent with the
experimental scattering data. Nevertheless, a major
assumption involved in this modeling is that there
is no significant change in the secondary structure
in these domains. At present there is no informa-
tion to specifically address this issue and evidence
is needed to test the validity of this assumption,
although a recent crystallographic study of the
S402P PK mutant indicate that domain movement
can be correlated to the formation or breakage of
the inter-subunit salt bridge between Asp 177 of
domain B and Arg 341 of domain Aw5x. Hence,
a study was initiated to monitor the structure of
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PK by CD and FT-IR in the presence of various
metabolites. The dynamic motions that PK under-
goes were studied by monitoring the rate of hydro-
gen exchange. Results of these studies show that
metabolites do not induce any significant intercon-
version between secondary structures in PK, but
do affect the dynamic motions of PK.

2. Experimental procedures

2.1. Materials

PK from rabbit muscle in 3.2 M(NH ) SO4 2 4

suspension, tricyclohexylammonium salt of PEP,
disodium salt of ADP, NADH and lactate dilydro-
genase type II were purchased from Boehringer
Mannheim. The tricyclohexylammonium salt of
PEP, Tris base, Tris–HCl, Phe were all obtained
from Sigma Biochemical. KCl and MgSO were4

purchased from Fisher. Deuterium oxide(99.96
atom% D) was the product of Cambridge Isotope
Laboratories(Andover, MA). Sephadex G-25 fine
was obtained from Pharmacia.

2.2. Methods

2.2.1. Circular dichroic study
The conformation of PK was monitored by CD

using an AVIV Model 62D spectropolarimeter. The
spectra were routinely recorded from 350 to 185
nm using a slit program yielding a 1.5-nm band-
width at each wavelength. Overlapping spectra
were obtained with the use of 0.01, 0.1 and 1.0
cm fused silica cells. A value of 109 was used for
the mean residue weight in the calculation of
ellipticities, wux. All runs were performed at room
temperature, i.e. approximately 238C. Six repeti-
tive scans were taken for each experimental con-
ditions and were averaged. Approximately, 0.5–1
mgyml of PK was employed in each experiment.

2.2.2. FT-IR studies
Due to the high absorptivity of some ligands,

CD is not the appropriate technique to monitor
structural changes in PK induced by these ligands.
Hence, FT-IR was chosen to monitor PK structure
in the presence of Phe, PEP and ADP. The spectra
of PK solutions at 10–13 mgyml were obtained

using a Bomem MB-Series FT-IR spectrometer
(Quebec, Canada). For samples in H O and D O,2 2

a 7.5- or 50-mm spacer was used, respectively. In
each case, 256 scans were obtained for each
sample. The water-subtracted spectrum was
obtained for the frequency region from 1800 to
1350 cm and enhanced by Fourier deconvolu-y1

tion. The second derivative spectrum was calculat-
ed using a 7-point Savitsky–Golay derivative
function. All curve fittings were performed with
an iterative Gauss–Newton nonlinear regression
program included in the operative software pack-
age provided by Bomem. The results of the decon-
volution procedure were checked by reconstructing
the observed spectrum from the resolved bands. It
was assumed that the fraction of residues compos-
ing each secondary structural element is propor-
tional to the relative percent area of the associated
vibrational band.

2.2.3. PK sample preparations
The (NH ) SO precipitated rabbit muscle PK4 2 4

suspension was pelleted. The pellet was resuspend-
ed in 1 ml of buffer (either TKM or Tris) and
dialyzed against 100 ml of the appropriate buffer
for at least 12 h with three changes of buffer. The
protein concentration was determined by absorb-
ance at 280 nm, using an absorptivity of 0.54 mly
mg cm w1x. In preparing PK samples in the
presence of PEP, ADP and Phe, 10ml of a 20-
mM solution of ligand was added to 100ml of the
dialyzed PK solution, which was then lyophilized.
100 ml H O was added to the lyophilized sample2

to resuspend the sample.
Fully deuterated samples were prepared in the

same way except that D O was added. In addition,2

the PK lyophilized samples were resuspended in
D O for 48 h, lyophilized and resuspended in D O2 2

again before FT-IR spectra were collected.

2.2.4. HyD exchange
One-hundred microlitres of D O was added to2

the lyophilized PK sample which was initially in
H O buffer. FT-IR spectra were collected within 12

min of solubilization of the sample. Eight scans
were collected for each time interval between 1
and 10 min while 16 and 32 scans were collected
for each time interval between 11 and 60 min and
longer, respectively.
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Fig. 2. Steady-state kinetics of PK before(s) and after(m)
lyophilization. PEP was the variable substrate in the presence
of 2 mM of ADP.

2.2.5. Calculation of amide proton exchange rate
The fraction of unexchanged amide proton,X,

was calculated at various time intervals using Eq.
(1)

Xs(A yA )yA v (1)II II` I

whereA andA are the absorbance maximum ofI II

the amide I and II bands, respectively.A is theII`

amide II absorbance maximum of fully deuterated
PK; andv is the ratio ofA yA , with A andIIo Io IIo

A being the respective absorbance maximum forIo

the amide II and amide I bands of PK in H Ow8x.2

2.2.6. Enzyme kinetics
The enzymatic activity of PK was determined

by the lactate dehydrogenase coupled enzyme
assay w9x in TKM buffer containing 0.3 mM
NADH and 10mgyml lactate dehygrogenase. The
concentration of ADP in the assay mixture was
fixed at 2 mM while PEP was the variable
substrate.

3. Results

The ability of PK to replace its exchangeable
protons was monitored by amide proton exchange
kinetics. A preliminary experiment using tritium
exchange indicated that PK undergoes rapid
exchange during the initial 30 min and the rate
approaches a slow phase after 60 min. Substrate
and inhibitor affected the kinetics of proton
exchange. These changes in the tritium exchange
kinetics may originate from a change in the
dynamic behavior of the protein, a change in
surface of the protein exposed to solvent or a
change in the secondary or tertiary structure of the
protein leading to a change in dynamics or surface
exposure.
Since global tritium exchange kinetics as mon-

itored in these preliminary experiments do not
distinguish among these possible mechanisms,
spectroscopic techniques were employed to pro-
vide additional insights. The presence of high
concentrations of ligands with high absorptivity
obviates CD as a method to monitor changes in
the secondary and tertiary structures of PK in the
presence of 2 mM PEP, ADP or 12 mM Phe.
Hence, FT-IR was employed. This spectroscopic

technique has another advantage of being able to
monitor theb-turns,b-sheets anda-helices direct-
ly. Since the sample preparation for FT-IR meas-
urements included lyophilization of PK, it is
essential to demonstrate the retention of structural
integrity of PK after such treatment. Enzyme
kinetics was employed to compare the behavior of
PK before and after lyophilization. Fig. 2 shows
the kinetic behavior of PK with PEP as the variable
substrate. It is evident that the kinetic behavior of
PK has not been affected by lyophilization and
resuspension since the semi-log plots of velocity
vs. ylog(PEP) are identical. In both cases the
K for PEP was 52mM. In addition, the longm

procedure to achieve full deuteration of PK did
not elicit any detrimental effects. Hence, results of
this study reflect the behavior of the native PK.
The averaged, triplicate IR absorption spectrum

of PK in 50 mM Tris, at pH 7.5 and 238C is
shown in Fig. 3A. The variations observed in the
absorbance spectra most likely were due to exper-
imental uncertainties in subtracting the H O back-2

ground. Control experiments showed that although
the intensities may vary, the band wave numbers
of the second derivative spectra were not altered.
The second derivative spectrum was calculated as
described by Susi and Bylerw6x. Curve-fitting was
performed with an iterative Gauss–Newton nonlin-
ear regression programw7x. The spectrum exhibited
bands corresponding tob-sheet(;1635 cm ),y1
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Fig. 3. FT-IR spectra of PK in H O.(A) Averaged, triplicate2

absorption spectra of the amide I and II regions.(B) Second-
derivative amide I spectra. The bar represents the maximum
deviations. The spectra are displaced in theY-axis for clarity
in presentation. The solution composition and color of the line
are:(black) Tris buffer;(red) TKM buffer; (green) 2 mM PEP
in TKM buffer; (dark red) 2 mM ADP in TKM buffer; (blue)
10 mM Phe in TKM buffer.

Fig. 4. FT-IR spectra of PK in D O.(A) Averaged absorption2

spectra of the amide I and II regions.(B) Second-derivative
amide I spectra. The solution compositions and color codes are
the same as in Fig. 3.

a-helix (;1656 cm ) andb-turns(1680 cm ),y1 y1

as shown in Fig. 3B. Quantitative analysis by
curve-fitting shows that rabbit muscle PK consists
of 37% b-sheet, 40%a-helix and 13%b-turns.
These results are consistent with the structure of
muscle PK defined by X-ray crystallography
w5,10–12x.
The effect of activating cations(K and Mg )q 2q

was tested. Fig. 3A and B show the averaged
absorption and second derivative spectrum, respec-
tively, of PK in the presence of 72 mM K andq

7.2 mM Mg . There are observable differences2q

in the second derivative curve as compared with

that in Tris buffer. The band corresponding tob-
turns was resolved into bands at 1683 and 1673
cm . The band at 1635 cm was shifted to 1638y1 y1

cm and there is an appearance of a shoulder aty1

approximately 1628 cm . Curve-fitting resultedy1

in a distribution of 20%b-turns, 42%a-helix and
32%b-sheets.
The effects of 2 mM PEP or ADP were tested

and the results are shown in Fig. 3. Comparing
these averaged triplicate spectra with that in TKM
buffer, it is obvious that they resemble the spectra
in TKM buffer although the spectral details
between 1620 and 1640 cm are different. In they1

presence of substrates the spectra were resolved
into more prominent features, especially at 1630
cm . These results indicate that no significanty1

conversion between secondary structural elements
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in PK are induced by the binding of the substrates,
PEP or ADP, although someb-sheets are shifted
to a different environment. Thus, qualitatively the
activating metal ions and substrates elicit similar
structural perturbation in PK.
The effect of 10 mM Phe was tested and the

results are shown in Fig. 3. By comparing the
spectra in Fig. 3, it is evident that there is no
significant difference in the IR spectra for PK in
the Tris buffer alone and in the presence of
saturating amount of Phe. Tentatively, one may
conclude that Phe does not induce significant
secondary structural changes in PK, although the
binding of Phe reverts the changes in the micro-
environments of these secondary structures
induced by the activating ions.
An equivalent set of FT-IR experiments were

conducted in D O. Results are summarized in Fig.2

4A and B. Effects of ligand binding on these FT-
IR spectra are different from that in H O. The2

bands assigned tob-turns(;1680 cm ), a-helixy1

(;1650 cm ) are all perturbed. The effect ofy1

activating metals on these spectra is not as obvious
as that in H O. Phe induced an increase in the2

bandwidths at 1630 and 1650 cm . An increasey1

in bandwidth implies an increase in the heteroge-
neity of microenvironment surrounding these sec-
ondary structural elements. A decrease in
bandwidth implies the opposite. Thus, the binding
of Phe apparently induces heterogeneity in the
microenvironments for both theb-sheets anda-
helices. While the inclusion of ADP, one of the
substrates, has no demonstrative effects on the IR
spectrum, PEP induces a resolution of the band at
;1650 cm to two bands, namely, at;1653y1

and 1643 cm . This result indicates that PEPy1

perturbs the helical structures of PK so that there
are at least two populations of helices with distinct
microenvironments.
In summary, the studies of PK in H O and D O2 2

enhance the chance of detecting the structural
perturbations due to ligand binding. H O and D O2 2

serve as environmental perturbations by altering
the strength of hydrogen bondingw13–15x.
The effect of activating cations(K and Mg )q 2q

was also studied by CD in two buffer systems—
Tris and phosphate. Six repetitive CD scans were
taken for each experimental condition and are

averaged. In Fig. 5A the averaged spectrum of PK
in 50 mM Tris, pH 7.5 and 238C is shown. The
dotted line represents the averaged spectrum of
PK in Tris alone while the solid line shows that
of PK in Tris buffer supplemented with 72 mM
K and 7.2 mM Mg . It is evident that theq 2q

presence of activating cations induces a change in
the magnitude of ellipticity only, without signifi-
cant shifts in fine features of the spectrum in both
the near and far UV region. These results imply
that CD detects no significant change in the
secondary and tertiary structures of PK induced by
the presence of activating cations. The change in
the magnitude of ellipticity is most likely due to a
change in the absorbance of the protein resulted
from a perturbation of the rotational freedom of
tryptophanw16x.
Similar results are obtained in phosphate buffer

as shown in Fig. 5B. The dotted and solid lines
represent the averaged spectrum of PK in phos-
phate buffer alone and supplemented with activat-
ing cations, respectively.
In summary, these spectroscopic data indicate

that the inclusion of activating cations and other
ligands does not induce significant conversion
between secondary structural elements in PK.
The effects of ligand binding on the dynamics

of PK were monitored by DyH exchange as
reflected in changes in the absorption spectra in
FT-IR. The exchange procedure required re-solu-
lilization by 100% D O of a lyophilized sample.2

FT-IR spectra were collected with regular intervals
from 1 to 180 min. The second derivative spectra
in the absence K and Mg were shown in Fig.q 2q

6A. In the absence of activating metal ions, the
peak at 1635 cm was shifted, almost immediate-y1

ly at the first time point of 1 min, to 1630 cmy1

with a concomitant change in intensity with time.
These spectral changes are indications of the DyH
exchange in theb-sheets. After 10 min of
exchange, the band intensity and peak position
have essentially reached their maximal changes. In
addition, the spectral region between 1650 and
1640 cm showed a complex pattern of changey1

with time. Initially a shoulder was observed and
with an increase in time of exchange it merged
into the main band. The 1655 cm band observedy1

in H O shifted to lower wave number. The band2
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Fig. 5. CD spectra of PK in the absence and presence of acti-
vating metal ions,(A) in 50-mM Tris buffer at pH 7.5;(B) in
20-mM phosphate buffer at pH 7.5. The symbols and experi-
mental conditions are:(–) with; (– –) without 72 mM KCl
and 7.2 mM MgSO .4

intensity decreased with increase in time of
exchange, although there was approximately a 50%
decrease even at the 1-min time point. The rate of
decrease in intensity is a reflection of the exchange
rate. The decrease in intensity at 1680 cm wasy1

immediate, indicating a rapid exchange of amide
protons in theb-turns of PK. The spectrum at the
final time point remained constant for 4–5 days.
The effects of K and Mg were shown in Fig.q 2q

6B. The basic pattern of exchange was retained.
However, a larger change in intensity was observed
even at the 1-min time point. These results imply
that the activating metal ions induce an increase
in number of rapidly exchangeable amide protons.
The presence of either PEP or ADP shows a

pattern of exchange that is quite similar to each
other(Fig. 6C and D). A very rapid exchange was
observed in both the helices and sheets. There was

a clear indication of the presence of two different
populations of helices, as shown by the pattern of
exchange between 1640 and 1660 cm .y1

The change in the second derivative spectra
reflecting the amide proton exchange in the pres-
ence of Phe is shown in Fig. 6E. Even at the 1-
min time point there is an approximately less than
50% decrease in intensity in the band at 1650
cm indicating that a significant amount of amidey1

protons in the helices were exchanged very rapidly.
The intensity then gradually decreases. There were
slow exchange protons which were all apparently
exchanged by 180 min. The exchange pattern in
the band at;1630 cm shows an attaining ofy1

final intensity almost instantaneously. This result
implies that a fraction ofb-sheets is exchanging
very rapidly and the rest is not exchanging. Within
the time frame of the experiment no exchangeable
amide proton was detected in theb-sheets, an
observation that differs from that of the helices.
The global exchange rate was extracted from

the data with the aid of Eq.(1) and the results are
shown in Fig. 7. In the absence of any ligands, a
significant fraction of protons, approximately 75%,
was exchanged already by the first measurable
time point. It is interesting to note that binding of
substrates, ADP and PEP, actually leads to a
greater fraction of protons to be exchanged very
rapidly (f80%). In the presence of Phe, the
percentage of rapidly exchanged protons is inter-
mediate. The rates of exchange after 10 min
apparently are indistinguishable regardless of the
nature of ligand present.

4. Discussion

An important feature of allosteric regulation is
the communication between ligand binding sites
and subunits of an oligomeric enzyme such as PK.
One of the goals in this field is to elucidate the
structural elements involved in this communication
network and the pathway through which a partic-
ular allosteric effector transmit its signal. Based
on the results of crystallographic studies of PK, it
has been proposed that the structural changes
involved in signal transmission are mainly reorien-
tation of domainsw17x. According to this proposed
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Fig. 6. Amide proton exchange as monitored by FT-IR. The spectra were recorded at 1, 10, 30, 60, 120, 180 min and 2 days after
solubilization of a lyophilized PK sample. Arrows indicate the direction of shift in spectra with time. The symbols and spectra of
PK (– •• –) in H O and(–) D O. (A) In Tris buffer; (B) in TKM buffer; (C) in 2-mM PEP–TKM buffer;(D) in 2-mM ADP–2 2

TKM buffer and(E) in 10-mM Phe–TKM buffer.
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Fig. 7. Global amide proton exchange rate. The solution com-
positions and color codes are the same as in Fig. 3.

structural model, there is no significant inter-
conversion in secondary structures. Crystallograph-
ic reports on PK–ligand complexes are consistent
with the proposed modelw18–20x. These structural
data are also consistent with the 2-state model
proposed as a result of global analysis of solution
thermodynamic dataw1,2x. A key feature of the 2-
state model is that the enzyme exists as a product
of an equilibrium between at least two states, each
of which exhibits specific affinities towards vari-
ous ligandsw4x. The direct implication is that PK
is present as an ensemble of states with active and
inactive states representing the two extreme end
states. However, it is difficult to detect the presence
of such an ensemble of states by crystallography,
although recently Wooll et al.w5x reported the
detection of heterogeneity in the orientation of the
B domain with respect to the A domain by crys-
tallography. The freedom of rotation is linked to a
single site mutation approximately 30–40 A away.˚
An ensemble of states may represent much subtle
changes such as changes in dynamics. In order to
provide insights in structural dynamics of PK, D O2

is employed in this study as a perturbation, in
addition to ligands, of PK structures monitored by
FT-IR.
Inclusion of D O provides a subtle perturbation2

of the dynamics of protein structure by strength-
ening the hydrogen bonding network. If the struc-

tural perturbation by ligand binding involves minor
alterations in the energetics of interactions between
structural elements instead of gross interconversion
of secondary structural changes, then a change in
hydrogen bonding energetics may be sufficient to
assist in revealing these ligand-induced structural
perturbations. In this study of rabbit muscle PK,
the resolving power of FT-IR has provided the
evidence for the differential effects of metabolites
on the structural environments of helices and
sheets.
In H O solutions, in which the hydrogen bond-2

ing is weaker, ligands induce significant changes
in the spectral regions forb-sheets without any
detectable changes ina-helices. These results
imply that ligand bindings do not induce enough
changes in energetics to alter the inter-helical
bonding. Therefore, the spectral band at;1654
cm remained the same in all the experimentaly1

conditions, with not even a change in bandwidth.
In contrast, there is not only a significant pertur-
bation in the spectral region associated withb-
sheets, but also the nature of perturbation is linked
to the specific ligand. In the presence of substrates
and activating metal ions, the main band shifts to
a higher wave number,;1638 cm , and a cleary1

resolution into a minor band at;1628 cm . PEPy1

binding causes the best resolution of the minor
band. A shift to higher wave number implies a
weakening of the inter-sheet or hydrogen bonding
network. Thus, the binding of substrates and acti-
vating metal ions shifts PK to a structure which
retains the relative distribution of the secondary
structures but is probably more loosely packed.
This loosening of structural packing should lead
to a greater extent of amide protons to exchange
rapidly, a prediction in total agreement with the
results shown in Fig. 7. In the presence of the
allosteric inhibitor Phe, an opposite effect on the
spectral band forb-sheets is observed. The main
band is shifted to;1636 cm . This implies thaty1

the inter-sheet interaction is stronger and there is
a decrease in the population of rapidly exchange-
able amide protons, as shown in Fig. 7.
In D O solution, in which the hydrogen bonding2

is stronger, binding of ligands has no significant
effects on the spectral region associated withb-
sheets. Nevertheless, binding of the substrate PEP
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induces a resolution of the spectral band fora-
helices into two bands,;1652 and;1642 cm .y1

The combination of results in H O and D O2 2

indicate that PEP binding exerts the most signifi-
cant perturbations to the microenvironments of all
secondary structures in PK without inducing an
interconversion between helices and sheets. Com-
bining these spectral data with the hydrodynamic
data conducted under similar conditions, the
emerging view is that binding of PEP leads to an
increase in the dynamics of the structure, a change
that is also reflected in an alteration of the hydro-
dynamics of PKw3x. The binding of Phe yields
spectral properties very similar to that of PK in
just Tris buffer. Since the spectra of the Phe–PK
complex were acquired in the presence of activat-
ing metal ions, this spectral result implies that Phe
can overcompensate for the effects of activating
metal ions. This observation is consistent with the
results of hydrodynamic studiesw1x, namely, the
Phe-induced change in sedimentation coefficient
of PK is larger when the activating metal ions are
present in the buffer solution. Thus, the Phe-
induced structural changes in PK are in the oppo-
site direction of PEP.
In summary, metabolites of PK exert significant

perturbations in the structural dynamics of the
enzyme. These subtle changes may not be detect-
able by X-ray crystallography. The challenge is to
identify the structural elements whose microenvi-
ronment and dynamic behavior have been per-
turbed by these metabolites.
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