
Proc. Natd. Acad. Sci. USA
Vol. 89, pp. 11764-11768, December 1992
Biophysics

Domain motions in phosphoglycerate kinase: Determination of
interdomain distance distributions by site-specific labeling
and time-resolved fluorescence energy transfer

(domain closure/hinge bending/site t mutageness/eemssion anisotropy/global analysis)

G. HARAN*t, E. HAAS*, B. K. SZPIKOWSKAt, AND M. T. MASO§
*Bar-Iaan University, Ramat-Gan 52900, Israel; tWeizmann Institute of Science, Rehovot 72400, Israel; and tBeckman Research Institute of the City of Hope,
Duarte, CA 91010

Communicated by Eugene Roberts, August 25, 1992 (received for review May 10, 1992)

ABSTRACT 3-Phosphoglycerate kinase is composed oftwo
globular domains separated by a wide cleft. The substrate
binding sites are situated on the inner surfaces of the two
domains. By analogy to other kinases, it has been t ed that
the catalytic mechanism of phosphoglycerate kinase involves a
hinge bendingd in motion that brings the substrates together
to allow phosphoryl transfer. To characterize this large-scale
conformational change, as well as the dynamics of the unli-
ganded enzyme in solution, we have applied site-directed mu-
tagenesis and time-resolved nonradiative energy transfer tech-
niques. Two genetically engineered cysteines (Cys-135 and Cys-
290), one in each of the two dogmas, were covalently labeled
with a donor and accptor pair of fluorescent probes. Analysis
of subna nd fluorescence decay curves yielded the equi-
librium distribution of Interdomain di es. In the absence of
substrates, the distribution of distances between the two labeled
sites was very broad, with a full width at half maximum
estimated as 20 A or broader, indicative of a large number of
conformatlonal substates in solution. The mean di , 31.5 ±
1 A, was 8 A smaller than in the crystal stuure. Upon addition
of ATP alone or of ATP and 3-phosphoglycerate, the average
distance ireased to 38 ± 1 A and the width of the distribution
decreased. Addition of 3-phosphoglycerate alone induced a
milar but smaller change. The rate of conformational state

ti (interconversion between states) was found to be
slow on the nanosecond time scale, as expected for a protein with
a relatively large interdomain contact area.

The structures of several kinases determined by x-ray crys-
tallography consist of two distinct domains separated by a
deep cleft (1, 2). It has been proposed that a hinge bending
domain movement may play an important role in the catalytic
mechanism of kinases and other proteins (1-3). The resulting
closure of the active-site cleft may be important for bringing
together and properly orienting the substrates for phosphoryl
transfer and for creating an appropriate anhydrous microen-
vironment to prevent ATP hydrolysis (1).

3-Phosphoglycerate kinase (PGK) catalyzes a reversible
transfer of a phosphoryl group from 1,3-bisphosphoglycerate
to ADP in the glycolytic pathway. The crystal structures of
the substrate-free enzyme and its binary complex with ATP
have been determined for horse muscle (4) and yeast (5)
PGKs and represent an "open" conformation. The distance
between the y-phosphate of ATP bound to the C-terminal
domain is >10 A away from the 3-phosphoglycerate (3-PG)
binding site situated on the N-terminal domain. This distance
is reduced to -7.2A in the binary complex ofpig muscle PGK
with 3-PG (6). This decrease and an accompanying domain

movement consisting ofa 7.7° rotation ofthe two domains are
smaller than predicted for the ternary complex (1, 7).
Evidence for a substrate-induced conformational change in

PGK has been obtained from small-angle x-ray scattering
experiments in solution that demonstrated a decrease in the
radius of gyration (Rg) of 1 A for the ternary complex with
ATP and 3-PG (8-10). This decrease was found to be con-
sistent with a theoretical model that assumes a hinge-bending
rigid body domain motion (8). Site-directed mutagenesis
experiments suggested the importance of the structural ele-
ments of the hinge region for the transmission of substrate-
induced conformational changes in yeast PGK (11-13). Al-
though they provided additional support for the hinge-
bending hypothesis, the methods used in these studies were
not capable ofcharacterizing the dynamics ofconformational
fluctuations of PGK in solution.

In this paper we have combined genetic engineering to
create specific labeling sites for fluorescent probes and
time-resolved fluorescence energy transfer measurements
(14-17) to study the conformational flexibility of yeast PGK.
This manuscript describes a set of experiments designed to
probe the equilibrium conformations ofPGK in solution and
the effect of added substrates on the conformational state of
the enzyme.

METHODS
Site-Specific Mutagenesis. Oligonucleotide-directed muta-

genesis of yeast PGK was carried out as described (18). The
single cysteine at position 97 of wild-type PGK was mutated
to a serine (C975). Two single-cysteine mutants, (C97S,
Q135C)PGK and (C97S,S290C)PGK, and the double-
cysteine mutant (C97S,Q135C,S290C)PGK were constructed
using the same method.

Protein Purification and Characterization. P0K mutants
were expressed in Saccharomyces cerevisiae XSB44-35D,
which lacks PGK, and purified as described (11, 12, 19).
DL-Dithiothreitol (DTT; 1 mM) was included in the buffer to
minimize thiol oxidation during the purification procedure
and during subsequent experiments. Specific activities ofthe
mutant enzymes were measured as described (12). The
specific activities of the mutants were similar to the activity
of wild-type PGK in the absence and in the presence of
activatory sulfate ions, indicating that the mutations do not
affect enzyme activity or its activation by sulfate ions.

Modification of Sngoe Cystelnes in (C97S,Q13SC)PGK and
(C97S,S290C)PGK Mutants with 5-[2-(2-Iodoacetamido)eth-
ylaminoJ-1-naphthaleneonic acid (IAEDANS). Covalent

Abbreviations: IAEDANS, 5-[2-(2-iodoacetamido)ethylamino]-1-
naphthalenesulfonic acid; IAF, 5-iodoacetamidofluorescein; PGK,
phosphoglycerate kinase; 3-PG, 3-phosphoglycerate; D, fluores-
cence donor; A, fluorescence acceptor; DTT, dithiothreitol.
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modification of single cysteine residues was carried out at pH
8.0 in 10 mM Hepes containing 1 mM EDTA (buffer H).
IAEDANS (fluorescence donor, D) was dissolved in dimeth-
yl formamide (40 mM stock solution). Protein samples (1
mg/ml) were incubated with 20-fold molar excess of
IAEDANS for 1 h in the dark. A 10-fold molar excess ofDTT
over the molar concentration of IAEDANS was then added
to stop the reaction, and incubation was continued for 1 h.
The unbound probe was then separated by gel filtration on
Ultrogel AcA202 (IBF Biotechnics), equilibrated with 10mM
Mops (pH 7.5) containing 1 mM EDTA and 1 mM DTT
(buffer M), followed by dialysis against the same buffer. The
covalently labeled protein (D-PGK) was separated from
unlabeled protein on a DEAE-cellulose (DE-52) column (12
cm x 1.5 cm) equilibrated with buffer M. Two protein peaks
were eluted with this buffer. The first peak contained unla-
beled protein and was well separated from the second peak,
which contained protein covalently labeled with IAEDANS.

Modification of Single Cysteines in (S97C,Q135C)PGK and
(S97C,S290C) Mutants with 5-Iodoacetamidofluorescein
(IAF). IAF, dissolved in dimethylformamide (20 mM stock
solution), was added to the protein solution (1 mg/ml) in
buffer H, to a final concentration corresponding to a 40-fold
molar excess of the reagent over the molar protein concen-
tration. The reaction mixture was incubated in the dark for 4
h at 40C. The reaction was then quenched with 10-fold molar
excess ofDTT (over IAF concentration). Free IAF (fluores-
cence acceptor, A) was separated by gel filtration, followed
by an extensive dialysis against buffer M. The covalently
labeled protein (A-PGK) was separated from the unlabeled
protein by DEAE-cellulose column chromatography. The
protein sample was loaded onto a DEAE-cellulose column
previously equilibrated with buffer M. The unlabeled protein
was eluted with buffer M. The labeled protein species were
well-separated using a linear salt gradient elution (0-0.25 M
KCl).

Modification of Cys-135 and Cys-290 in the (C97S,Q135C,
S290C)PGK Mutant with UIEDANS and UIF. The labeling
was carried out by one of two methods.
Method 1. A sample of(C97S,Q135C,S290C)PGK in buffer

H was first incubated with IAEDANS. After separation ofthe
noncovalently bound probe, the sample was modified with
IAF. The conditions of chemical modifications and of sub-
sequent separation offree and noncovalently bound reagents
were as described above. The dialyzed sample was then
subjected to DEAE-cellulose chromatography, as described
above. In this protocol, the species labeled with two probes
(D-PGK-A) were separated from other species (SH-PGK-
SH, D-PGK-SH, D-PGK-D, A-PGK-SH, and A-PGK-A) in a
single step.
Method 2. Alternatively, after labeling with IAEDANS,

the species labeled with 1 mol of IAEDANS per mol of
protein (D-PGK-SH) were separated by DEAE-cellulose
column chromatography from the unlabeled protein and from
protein labeled with two molecules of IAEDANS per mole-
cule of protein (D-PGK-D) prior to labeling with the second
probe (IAF). Conditions of labeling with IAF and separation
on DEAE-cellulose were the same as described above. After
labeling with IAF, the reaction mixture was again subjected
to DEAE-cellulose column chromatography.

Prior to the determination of protein concentration, spe-
cific activity, and the extent of modification, the samples
were concentrated using an Amicon ultrafiltration cell
equipped with a Diaflo YM10 membrane. Centricon-30 mi-
croconcentrators (Amicon) were used to exchange the buffer
to 20 mM triethanolamine acetate (pH 7.5) containing 1 mM
DTT, by diafiltration. Stoichiometry oflabeling with IAF and
IAEDANS was determined spectrophotometrically, using
molar extinction coefficients of 71,000 M-1-cm-1 at 492 nm

and 6100 M-l'cm'1 at 337 nm, respectively. Protein concen-
trations were determined by the method of Bradford (20).
The specific activity of the final sample (A-PGK-D) pre-

pared by either of these two methods was the same as that of
an unlabeled control subjected to identical procedures. The
net activity loss for the final samples (A-PGK-D and SH-
PGK-SH) did not exceed 30%6.

Spectroscopic Methods. Corrected fluorescence spectra
were obtained with a Greg photon-counting spectrofluorom-
eter (I.S.S., Urbana, IL), equipped with a 300-W xenon arc
lamp. Time-resolved fluorescence with subnanosecond res-
olution was measured either on an Edinburgh Instruments
(El, Edinburgh) model 199 time-correlated single-photon
counter, equipped with a gas-discharge pulse lamp (21), or on
a homemade laser-based time-resolved fluorometer. The
latter will be described in detail elsewhere (D. S. Gottfried
and E.H., unpublished data). The temperature of the mea-
surements was 40C. Anisotropy decay measurements were
carried out on the El spectrofluorometer, using Glan-
Thomson polarizers. The radiative lifetime of the donor, 45
ns, was determined from measurements of the lifetime and
quantum yield of IAEDANS in a buffered aqueous solution
(pH 7). The quantum yield was calculated relative to that of
a solution of quinine sulfate (5 uM in 2 M H2SO4), taken to
be 0.7 (22).

DATA ANALYSIS
The rate of nonradiative energy transfer kET was calculated
according to Forster (14). It is pertinent to note that kET does
not depend on the fluorescence quantum yields and lifetimes
of the donor species. This is especially useful in the analysis
of experiments in which the donor probe decays with more
than one rate constant. Therefore, we used kET instead of the
common analysis, which uses the Forster distance, R0,
corresponding to 50%o efficiency of energy transfer (14). The
average kET is equivalent to an Ro value of 46 A, which is
close to the crystallographically determined distance be-
tween the a-carbons of the labeled residues (40 A).

In the analysis of a time-resolved measurement of energy
transfer (16), the dynamics of the excited state of the fluo-
rescent donor are modeled by a one-dimensional reactive
diffusion equation (23),

'api(r, t) a aur
= D- e-u(r) [eu(r)pi(r, t)] - k(r)pi(r, t). [1]

In this equation, p,{r, t) is the probability density offinding an
excited state donor species with distance r from the acceptor
at time t after excitation, so that the total probability density
is p(r, t) = Xi pi(r, t). D is the intramolecular diffusion
constant, and u(r) is a distance-dependent potential of mean
force in kBTunits (kB, Boltzmann constant; T, temperature).
This potential is usually taken to be harmonic (thus implying
a Gaussian distribution for the distance between the fluores-
cent probes): u(r) = a(r - b)2, where a and b are parameters.
k(r) is the reaction term including the Forster energy-transfer
rate and the spontaneous emission rate.
Decay curves were calculated from the solutions of Eq. 1

(23) and fitted to the experimental data by using a modified
version of GLOBAL (23-25).
Anisotropy decay measurements were analyzed using the

vector method (26). The anisotropy decay r(t) was fitted to
the following function

r(t) = ro[(1 - a)e-tIOI + ale [2]

where ro is the limiting anisotropy (measured independently
using glycerol solutions ofthe labeled proteins), c1 and 02 are
rotational correlation times, and ro x a is the equivalent of r.
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ofKinosita et al. (27), from which the cone angle ofa hindered
rotator, O,.,, can be calculated.

The goodness of fit criteria and error intervals for fitting
parameters were computed by the rigorous analysis proce-

dure (23, 28).

RESULTS
Design of Labeled Derivatives. Site-directed mutagenesis

was used to introduce cysteine residues suitable for subse-
quent labeling with pairs of fluorescent thiol-reactive probes
(donor and acceptor of excitation energy). Only surface-
exposed polar residues were selected for mutagenesis to
minimize possible perturbations ofPGK structure and func-
tion (due to the mutagenesis and/or chemical modification)
and to increase the probability that covalently bound probes
will rotate freely. The naturally occurring cysteine in yeast
PGK was replaced with serine prior to engineering the
desired labeling sites.

In this paper we focus on the double cysteine mutant
(C97S,Q135C,S290C)PGK and the corresponding single-
cysteine mutants (C97S,Q135C)PGK and (C97S,S290C)-
PGK. Fig. 1 shows the location of the two labeled sites,
Cys-135 and Cys-290, the former in the N-terminal domain
and the latter in the C-terminal domain. The distance between
the labeling sites was expected to experience maximal change
in the proposed hinge-bending motion.

Absorption spectra of the two probes, IAEDANS (D) and
IAF (A), and emission spectra of an IAEDANS-labeled
mutant (D-PGK) and an IAF-labeled mutant (A-PGK) are
shown in Fig. 2.
Various D-PGK mutants had very similar emission spec-

tra. IAEDANS is strongly environment-sensitive (29) and,
therefore, the similarity between spectra indicates that the
probe is solvated to the same extent in each of the mutants.
This result indicates lack of specific interactions between the
probe and the protein surface but not necessarily other
(nonspecific) interactions with side chains. Indeed, the emis-
sion spectrum shows a blue shift with respect to the spectrum
offree IAEDANS in water. This shift indicates that the probe
experiences a less polar environment or reduced solvent
relaxation when covalently bound to PGK. The same trend
was found for A-PGK mutants. Since IAF is known to be pH
sensitive (30), the spectral similarity indicates a lack of local
differences in the proton concentration, thus ruling out local
specific interactions.

Steady-State Anisotropy. The fluorescence anisotropies (r)
of each single-labeled mutant (Table 1) were used for esti-

C135

FIG. 1. Schematic representation of the crystal structure ofyeast
PGK with bound ATP (5). Two cysteines, labeled C135 and C290,
were introduced by site-directed mutagenesis to create specific
labeling sites for fluorescent probes.
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FIG. 2. Absorption spectra of IAEDANS (- -) and LAF (-)
and fluorescence emission spectra of D-PGK (---) and A-PGK

* - *). The excitation coefficient is presented as M- 'cm-' (x 10-4).

mation of the probable error ranges for the calculated dis-
tances arising from the use of an average orientational factor
(K2). A comparison of the values reported in Table 1 with
values reported in tables II and III of Haas et al. (16) shows
that an error of <10% in the measured distances is expected
in the present experiments. This conclusion is further con-
firmed by the observation that ATP binding (data not shown)
does not change r and by anisotropy decay measurements
(see below).

Fluorescence Decay. The fluorescence decay of the D-PGK
mutants was fitted satisfactorily to a sum oftwo exponentials
(Table 1). The lifetime of the donor is influenced by the site
of labeling. This is taken into account in the distribution
analysis. In the double-labeled derivative, the probes are
distributed between the two sites. This internal averaging
reduces possible effects of site-specific interactions. The
fluorescence decay ofA-PGK mutants was monoexponential
in all cases studied (Table 1).

Anisotropy Decay of IAEDANS-Labeled Mutants. The ex-
istence of a very short correlation time in the anisotropy
decay of both D-PGK mutants (Table 2) is consistent with a
relatively free rotational motion of the probes on the protein
(or fast local segmental motions), as also concluded on the
basis of the steady-state anisotropy measurements. By as-
suming a hindered rotation model (27), we calculated the
cone of rotation angles, O., for the two mutants (Table 2).
The large angles (>400) are also indicative of the lack of any
specific interactions, which might hinder rotational motion of
the probe.

Energy-Transfer Measurements. Decay data for each sam-
ple were collected at four wavelengths (490, 520, 550, and 580
nm). Since the emission and absorption spectra of the donor
and the acceptor overlap, each experimentally observed
decay curve contained (i) contributions by both probes and
(ii) a contribution by direct excitation of the acceptor. The

Table 1. Fluorescence characteristics of single-labeled
PGK mutants

Steady-state Emission decay
Mutant anisotropy Lifetime, nsec Weight
D135 0.13* 18.2 (16.5-21.5) 0.29 (0.15-0.48)

11.0 (10.0-11.8) 0.71 (0.52-0.85)
D290 0.13* 27.7 (26.8-29.0) 0.53 (0.47-0.59)

11.6 (10.6-12.7) 0.47 (0.42-0.53)
A135 0.24t 4.03 (4.01-4.05)
A290 0.240 3.94 (3.92-3.97)
For steady-state anisotropy, each value is an average of three

measurements (error, +0.01 or less). Values in parentheses represent
1 SD calculated by a rigorous analysis approach.
*Excitation wavelength, 340 nm; emission wavelength, 470 nm.
tExcitation wavelength, 490 nm; emission wavelength, 540 nm.
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Table 2. Anisotropy decay of IAEDANS-labeled mutants
Mutant

Parameter D135 D290
a 0.30 (0.27-0.32) 0.40 (0.39-0.42)
O.,ac degrees 49 43
01, nsec 0.21 (0.12-0.30) 0.14 (0.0-0.24)
02, nsec 30.0 (24.5-37.0) 51.0 (45.0-57.0)

For definition ofparameters, see Data Analysis. The ro value used
was 0.36. Values in parentheses represent 1 SD confidence interval.

latter was accounted for by addition ofa decay component of
the free acceptor with a weight based on the ratio of the
extinction coefficients of the acceptor and the donor at the
excitation wavelength (23). The relative contribution of each
probe at each of the four emission wavelengths depends on
the quantum yield and the spectral responses ofthe detection
system. These were obtained from measurements of single-
labeled protein samples (D-PGK-SH and A-PGK). Those
measurements also served as an internal reference in the
analysis. The fluorescence decays of D-PGK-SH and of
D-PGK-A are shown in Fig. 3. The average lifetime of the
D-PGK-A sample was 78% lower than that ofthe D-PGK-SH
sample (the reference derivative), a net effect of the excita-
tion transfer process. When D-PGK-A was unfolded in
guanidine hydrochloride, the average lifetime of the donor
was only 20%1b shorter than that of D-PGK-SH. This control
experiment confirms the relation between lifetime reduction
and donor-acceptor distance.
The fluorescence decay curves of D-PGK-SH and

D-PGK-A (the latter measured at four wavelengths) were
globally analyzed and the calculated equilibrium interprobe
distance distribution was plotted in Fig. 4. The mean and full
width at half maximum (FWHM) ofthe distribution are given
in Table 3. The mean interprobe distance, 31.5 ± 1 A, is lower
by -8 A than the crystal structure distance between the
a-carbons of the labeled residues, 40 A (5). The distribution
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FIG. 3. Comparison of the fluorescence decay of LAEDANS-
labeled PGK before (A) and after (B) subsequent labeling with LAF.
A major reduction in the average lifetime is apparent. The narrow
pulse is the trace of the fluorescence decay of the reference. The
curve in the middle of each figure shows the residuals of the fit.
(Insets) Autocorrelation of the residuals, c(t). (A) Decay was fitted
to a double-exponential model. (B) Fit is from a detailed energy-
transfer analysis.
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FIG. 4. Interprobe equilibrium distance distribution function
without substrates ( ) in the presence of ATP (- -), in the
presence of 3-PG (.* ), and in the presence ofATP and 3-PG (- -).

is very broad, with a FWHM >31 + 2 A, suggesting consid-
erable flexibility in the structure of PGK.
An upper bound for the diffusion constant was also ob-

tained from global analysis. We found that any value between
zero and 1 x 10-7 cm2/sec gave a satisfactory fit to the data.
This result indicates that the rate of conformational state
interconversion in PGK is small on the time scale of our
measurements.

Similar sets of measurements and analyses were carried
out in the presence of Mg-ATP, 3-PG, or both substrates
(each in a concentration of 10 mM; Table 3). The main, and
surprising, result of this experiment is the observation that
ATP binding caused an increase of the mean interprobe
distance by w7 ± 1 A, while narrowing the width of the
distance distribution. This result was consistently repro-
duced in several different sets ofmeasurements using several
different preparations and is thus beyond experimental un-
certainty. The addition of 3-PG induced a smaller change of
the interprobe distance, which was increased to -35 ± 1 A.
In the presence of both substrates the mean interprobe
distance was approximately the same as in the presence of
ATP alone.

DISCUSSION
The main result of our experiments and analysis is the
determination of the distribution of distances between the
labeled sites on the two domains of PGK. The average
interprobe distance in solution was found to be lower than the
distance in the crystal structure. Since the probes are at-
tached to the protein by flexible side chains, possible influ-
ence of the conformation of the probes' side chains on the
calculated distances should be considered. The fast anisot-
ropy decay rate component (Table 2) and the low steady-state
anisotropy values (Table 1) indicate free rotation of the
probes and thus rule out contribution ofpossible biased probe
orientations to the measured distance. However, the contri-
bution of conformational flexibility of the labeled chain
segments (loops) to the measured distance cannot be ruled
out in the present experiment. The average conformation of
these loops in solution can conceivably be different than the

Table 3. Distance distribution parameters
Substrate(s) Mean distance, A FWHM, A

None 31.5 (31.0-32.0) 31.4 (29.4-33.9)
+ ATP 38.3 (37.9-38.7) 21.1 (19.9-23.5)
+ 3-PG 35.2 (34.6-35.6) 24.2 (23.0-25.6)
+ ATP + 3-PG 38.2 (37.7-38.6) 20.2 (18.8-21.5)
Datain parentheses are 1 SD errorlevels. FWHM, full width at half

maximum of the distribution.

Biophysics: Haran et aL
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conformation observed in the crystal structure. Complemen-
tary measurements using a series ofPGK mutants labeled at
additional pairs of sites, as well as with different probes, are
needed to provide a comprehensive description ofthe relative
motions of individual elements of the structure. With all this
in mind, we interpret the above results as indicative of the
fact that in solution the mean interdomain distance in yeast
PGK, measured between residues 135 and 290, is smaller
than that found in the crystal.
The width of the distribution includes a contribution from

the conformational distribution of the side chains of the
probes. The latter was qualitatively assessed by the method
of McWherter et al. (31), using the rotational isomer state
model ofFlory (32). Details ofthe calculations for the present
case will be given elsewhere. Based on these calculations, we
estimate that the true width of the distance distribution
between residues 135 and 290 in yeast PGK in solution at 40C
is =20 A. This result indicates that in solution PGK may
assume a wide range of conformational substates. The in-
crease of the mean interdomain distance after addition of the
substrates is a further indication of the importance of con-
formational flexibility in PGK. This increase could conceiv-
ably occur as the result of a hinge bending motion that
involves a relative rotation of the two domains, which
effectively increases the distance between Cys-135 and Cys-
290. Alternatively, or in addition to a hinge-bending motion,
the substrate-induced conformational changes may lead to
propagated conformational transitions that involve structural
elements inside one or both domains and give rise to an
outward motion of the loops to which the probes are at-
tached. The concomitant narrowing of the distance distribu-
tions also indicates changes in the conformational equilib-
rium of the enzyme in the presence of substrates.
The calculated intramolecular diffusion constant is smaller

than 1o-7 cm2/sec. This indicates that the rate of intercon-
version between conformational substates is slow on the
nanosecond time scale. A slow rate of interconversion is
expected based on the relatively large interdomain contact
area, which requires multiple rearrangements at the interface
to accommodate hinge bending domain motions.
The introduction of cysteines into PGK and subsequent

labeling with fluorescent probes does not seem to cause
significant perturbation in the enzyme structure or function.
The activity of the unlabeled mutants is virtually identical to
the activity of wild-type PGK. Although the activity of the
labeled enzyme was reduced by :30%o relative to untreated
enzyme, we have shown that this reduction is not due to the
attachment of extrinsic probes but is due to the long prepar-
ative process. It should be noted that enzyme activity is very
sensitive to minor local changes (e.g., side chain conforma-
tions). It has been shown (33) that the activity loss in PGK,
observed at low denaturant concentrations, occurs in the
absence of changes in physical signals (CD and fluorescence)
that are sensitive to changes in the secondary and tertiary
structure. It is possible that the width determined by the
current experiments is somewhat larger than what would be
found in a nontreated enzyme.

In conclusion, we have shown that the solution structure
and dynamics of the bidomain enzyme PGK are different
from what could be predicted from the crystal structure
alone. The mechanism of action of PGK, which appears to
require structural flexibility, is likely to involve a series of
interdomain and intradomain conformational changes.
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