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ABSTRACT. Steady-state and time-resolved fluorescence anisotropy methods applied to an extrinsic
fluorophore that is conjugated to non-native cysteine residues demonstrate that amino acids in an allosteric
communication network within a protein subunit tune protein backbone motions at a distal site to enable
allosteric binding and inhibition. The unphosphorylated form of the phosphocarrier protéifi isAan
allosteric inhibitor ofEscherichia coliglycerol kinase, binding more than 25 A from the kinase active

site. Crystal structures that showed a ligand-dependent conformational change and large temperature factors
for the 11AG'c-binding site onE. coli glycerol kinase suggest that motions of the allosteric site have an
important role in the inhibition. Threg. coli glycerol kinase amino acids that are located at least 15 A
from the active site and the allosteric site were shown previously to be necessary for transplarfting 11A
inhibition into the nonallosteric glycerol kinase frofeemophilus influenzaéhese three amino acids

are termed the coupling locus. The apparent allosteric site motions and the requirement for the distant
coupling locus to transplant allosteric inhibition suggest that the coupling locus modulates the motions of
the 11AG°-binding site. To evaluate this possibility, variantsifcoli glycerol kinase and the chimeric,
allostericH. influenzaeglycerol kinase were constructed with a non-native cysteine residue replacing one

of the native residues in the I-binding site. The extrinsic fluorophore Oregon Green 48872
difluorofluorescein) was conjugated specifically to the non-native cysteine residue. Steady-state and time-
resolved fluorescence anisotropy measurements show that the motions of the fluorophore reflect backbone
motions of the IIA"-binding site and these motions are modulated by the amino acids at the coupling
locus.

Emerging views of allosteric control of protein functions sites involves not conformational changes that reflect global
extend and refine elements of the classical view3). cooperativity but changes in local interactions among a few
Allosteric behavior is not restricted to oligomeric proteins amino acid residues. These amino acids form networks for
but may occur also between different ligand-binding sites communication between the ligand-binding sites. The inde-
of monomeric proteins. In the rugged landscape view of pendence of heterotropic communication networks, i.e.,
protein structure that has emerged from protein folding, absence of global cooperativity, has been demonstrated for
biophysical, and computational studies, the unliganded oligomeric allosteric enzyme$,(6).
protein samples many conformations in the absence of \ithin the context of the ensemble view of protein
ligands. Within this ensemble of unliganded structures are structure, protein motions that occur over a broad range of
conformations with higher affinity for ligand binding to one  time scales may have roles in allosteric behavi)r7( 8).
of the two sites, and ligand binding captures these conforma-Time-resolved intrinsic tryptophan fluorescence anisotropy
tions. When the captured conformations have different showed that internal motions of protein and proteigand
affinities for ligand binding or different catalytic properties species may be the basis for entropic contributions to
at the second site, allosteric behavior is observed. Theseallosteric effects §). The recent reviews of the literature
aspects of allostery were considered by Weber 35 years agaeport examples for which ligand binding at one site alters
(4). Communication between the different ligand-binding the protein dynamics at a distal site0-12). Here, we report
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FicurRe 1: Structure of the II&°—EcGK complex. A ribbon
diagram of the structure from PDB file 1GLC is shown for the
complex of I1AS' bound to one subunit of EcGK. I&¢ is shown

in red. EcGK is shown in gold with the conserved ATPase catalytic

Yu et al.

variants support this characteristic conformational change for
it (21, 22). This conformational change has been character-
ized as an induced fit, and modulation of this motion is
generally believed to be the basis for control of the catalytic
activity of superfamily member20, 23).

The cocrystal structure of the EcGHKIAC' complex
shows that it is formed by binding of the active site region
of 1A G’ to domain Il about 30 A away from the GK active
site (Figure 1) 16). The structure thus shows that phospho-
rylation of the active site histidine 90 residue eliminates
inhibition of EcGK by sterically blocking complex formation.
The IA®*°-binding site of ECGK consists of the amino acids
at position 402 and the sequentially contiguous positions
472—481. Comparison of the cocrystal structure of the
complex to that of ECGK alone shows a change in confor-
mation of the sequentially contiguous region uponfA
binding 24). In the absence of II&¢, this region is a coil

core elements of domain Il shown in magenta. Active site ligands for amino acids 472475 and aro-helix for amino acids

ADP and G3P of the kinase that are bound between domains | and

Il are shown as space-filling models. The regions that are
transplanted from the EcGK to generate ®lAinhibition in the
HiGK''L chimeric enzyme are shown in blue. The three amino acid

476—-481; thisa-helix extends through residue 494. In the
complex with [IAS®, this region is a grhelix for amino acids
472—478 and aro-helix for amino acids 479481. Com-

residues that comprise the coupling locus are shown as sticks; ECGKparison of the crystal structures of ECGK and theSfA

residues are shown in blue, and HiGK residues are shown in
magenta. The HiGK residue positions were obtained by modeling
the HiGK structure by using the SWISS MODEL with PDB files
1GLA and 1GLC 43).

EcGK complex does not reveal how this conformational
change at the 11&°-binding site is related to the induced fit
active site closure because the fIAbinding site confor-
mational change is the only difference seen.

that amino acid Changes that are required for evolution of a An approach that is based on construction of chimeric

communication network to enable allosteric control of
catalytic activity modulate the hglynamics of the distant
allosteric ligand-binding site.

Allosteric inhibition of EcGK by I1AS is an example of
control of catalytic activity by proteinprotein interactions
in a signal transduction pathway. In its phosphocarrier role
for glucose uptake by the PTS, I¥& oscillates between

enzymes was used to investigate regions of EcGK that have
roles in IIAC* allosteric control. A locus of three amino acids

in EcGK that couples the 11&%-binding site to inhibition of
catalysis was identified by transplanting fiainhibition into

the GK fromH. influenzae(25). The primary structure of
HIiGK is 87% similar/76% identical to that of EcGK, and
HiGK is naive with respect to inhibition b¥. coli 1A Gl

being unphosphorylated and being phosphorylated at its(26). The allosteric coupling region was identified by

active site histidine 9013, 14). During glucose uptake, about
95% of the 11A%¢ is unphosphorylated, but it becomes highly
phosphorylated when extracellular glucose is not available
(15). EcGK, which catalyzes the initial step of glycerol
utilization, is inhibited in vitro by the unphosphorylated form
of the phosphocarrier protein If%. The unphosphorylated
form of 1A G thus signals glucose availability to the pathway
for glycerol utilization. It provides the same signal to
pathways for utilization of other carbon sources including

lactose, maltose, and melibiose, interacting with the respec-

tive transport system to prevent entry.

X-ray crystallographic studies provide important insights
into 1A G allosteric inhibition of EcGK. Crystal structures
of EcGK show it is a member of the sugar kinase (FGGY
kinase family)/actin/heat shock protein 70 superfamil@, (

determining portions of EcGK that must be transplanted into
HiGK to generate II&" inhibition of it. The residue at
position 402 is arginine for both enzymes. The native amino
acid sequence of the sequentially contiguous portion of the
EcGK IIA®-binding site is ... GIETTE;76RNY4s1..., and
the corresponding sequence of HiGK is 47BDSDNEK,7g
RERg:.... The chimeric enzyme HiGKwas constructed by
transplantation of the EcGK amino acid residues-4481
into HiGK.? Although this chimeric enzyme contains all of
the crystallographically identified 1I&-binding site amino
acid residues from EcGK, it is not inhibited by I#& and
binding of IIA® could not be detected. Additional trans-
plantation of amino acid residues 42229 from EcGK into
HiGK", generating the chimeric enzyme HitiK is required

to obtain allosteric inhibition by 11&, The reverse trans-

17). These enzymes are characterized by an active site cleftyjantation of amino acids 427429 from HiGK into ECGK,
that is formed between two domains, which are termed generating the chimeric enzyme EcGKr, eliminatesCltA

domain | and domain Il, as shown in Figure 1. Substrate
binding to members of the sugar kinase superfamily is
associated with closure of the active site cleft by movement
of one domain relative to the other, as shown initially for
hexokinase 18) and recently for rhamnulokinaselq).
Crystal structures indicate a similar but smaller motion for
binding of glycerol to the GK froniEnterococcus casselifla-
vus, which shows 78% sequence similarity to EcCGRO)

allosteric control. The three amino acids at positions427
429 are termed the coupling locus because they define a locus

2Nomenclature for glycerol kinase chimeric and variant enzymes:
The superscript Il indicates the sequentially contiguous amino acids
473-481 of the EcGK lIA'°-binding site, L indicates the amino acids
427—-429 (GTR) from EcGK, and r indicates the amino acids 427
429 (DVN) from HiGK. Variant enzymes that contain a single non-

. native cysteine residue are denoted by using single-letter amino acid

Relative domain motions about hinges calculated on the basisppreviations; e.g., 1474C EcGK is the variant of ECGK in which

of different subunit conformations in crystals of EcGK

isoleucine at position 474 is replaced by cysteine.
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10 0.26 Molecular motions may be probed by using fluorescence

Jo2s anisotropy methods. Although tryptophan residues are located

20 — near the 11£"-binding site at positions 486 and 496, intrinsic

o protein fluorescence of EcGK is not suitable for evaluating
30— | —0.23 motions at the |1&'°-binding site. There are 13 tryptophan
B o d residues per subunit of ECGK so that isolating the contribu-
3 29 . v ) ; . ;
ol i tions of 1-2 _res_|dues. to the total anisotropy is pr_o_blematlc.
021 The 1IA%-binding site can be targeted specifically by
02 attaching a suitable extrinsic fluorophore to a cysteine residue
S0 | that is substituted for an amino acid at the binding site. The
019 extrinsic fluorophore OG can be conjugated specifically to

60 0.18 the non-native cysteine residue of the E478C EcGK variant

(28). This cysteine residue replaces the native glutamate at

o . i -
FiGure 2: Temperature factors ofdCatoms of amino acids at the position 478 in the II&*binding site of GK. Changes of

lIA Ge-binding site of ECGK and steady-state anisotropies of EcGK Steady-state fluorescence anisotropy of the OG resulting from
scanning cysteine variants. The arithmetic means of tee C hOmMO-FRET between fluorophore molecules that are attached

temperature factors for amino acids at the 9Finding site of to different subunits were used to define the effects of FBP
the O, X, Y, and Z subunits of the tetramer are shown as open on the dimer-tetramer assembly reaction. Here, cysteine
circles. They were taken from PDB file 1GLF, which contains the substitutions of amino acid 478 are constructed for HIGK

coordinates for the 2.62 A resolution crystal structure of EcGK . . .
with glycerol and ADP bound at the active site and HPGound and each of the chimeric GKs that were generated in the

at the FBP site Z4). Steady-state anisotropies obtained for OG transplantation studies and for the other 3¥binding site
conjugated to the scanning cysteine variants at the indicated positionamino acids 474481 in EcGK. Solution ns dynamics of

with 2 mM glycerol and 2.5 mM ATP are shown as filled circles. the ||A®-binding site are examined by steady-state and time-
Error bars show standard deviations. Conditions: diffraction, pH resolved fluorescence properties of OG that is conjugated
8.5-8.8; anisotropy, pH 7.0, 25C. : . . !

to these non-native cysteine residues. The ns dynamics of
the IIA®-binding site of EcGK in solution are consistent
with the mobility that is suggested by the crystallographic
temperature factors and are modified by the amino acids of
the coupling locus.

472 474 476 478 480 482
Amino Acid Position

that modulates the coupling between #Abinding and

inhibition of catalytic activity. The sequence of this locus is
...GTR... in EcGK and ...DVN... in HiGK. Figure 1 shows
the locations of the coupling locus in EcGK and of the
corresponding amino acids from HiGK. It is located about MATERIALS AND METHODS

15 A from the 11AG-binding site and about 25 A from the _ _ _
active site. Materials Reagents were purchased from Sigma Chemical

Co. (St. Louis, MO) unless otherwise indicated. Fluorescence
probes were purchased from Molecular Probes (Eugene, OR).
[IA G was generously provided by Drs. Saul Roseman and
Norman D. Meadow of the Department of Biology of The
Johns Hopkins University (Baltimore, MD).

Construction of Site-Directed Variant€ysteine substitu-
tions were constructed by using the Quick Change protocol
(Stratagene, La Jolla, CA). The entire GK reading frames
were confirmed for all variants by DNA sequencing. The
variants containing cysteine substitutions were purified by
using the same protocols that are used for the parental
nzymes 25, 28).

The crystal structures of ECGK do not reveal the role of
the coupling locus in 1A' allosteric control. There are no
van der Waals contacts or no polar interactions between the
coupling locus and the II&C-binding site. No change of
conformation of the coupling locus upon I£A binding is
observed. Calculations by Freire and co-workers that are
based on the structure of the complex show that binding of
IIACG° to EcGK increases the stabilities of the amino acids
at the I1A®°-binding site and, importantly, of the amino acids
at the coupling locus2{7). The crystallographic isotropic
temperature factors for the region of the #binding site e
that undergoes the conformational change are consistent with Enzyme KineticsGK enzyme activity was measured by

the mobility that may be required for the conformglt:onal using the continuous ADP-coupled spectrophotometric assay
change. The tempera_ture fgctors of thee &oms of 11AS!- _at pH 7.0 and 25°C on a Beckman DU-640 UV/vis

binding site amino acid residues for a structure of ECGK in g0 ronhotometer with attached thermoelectric temperature
the absence of IIA° (24) are shown in Figure 2. The average ;o) and a kinetics software package. The assay conditions

temperatgre_ factor for thedCatoms for all the residues in were as described previouslgg). Reactions were initiated
the protein is 24 A The temperature factors for theaC by addition of enzyme to the assay cocktail. One unit of

atoms of residues 474478, which is the region that changes G is defined as the amount of the enzyme that produces 1
conformation upon II&* binding, are substantially larger umol of ADP/min in this assay. The data from initial velocity
than the average value, suggesting this region is mobile. Thegy,gies were fit to the following equation for a sequential

apparent mobility of the lIA-binding site that is suggested s pstrate enzyme kinetics mechanism by using EnzFitter
by the temperature factors and the predicted increase Of(Biosoft Cambridge, U.K.):

stability of the coupling locus upon II%€ binding suggest

that motions of these two regions may be related. Modulation V. axATP][gol]

of the motions of the I1&**-binding site by the amino acids v= [ATPI[gol] + Karplgol] + Kgo[ATP] + K; arpKgo @)

at the coupling locus could provide an explanation for their

requirement for transplantation of allosteric inhibition into IIAC Inhibition. 1A ¢'¢ inhibition assays were performed
HIGK. with the presence of 2 mM glycerol, 2.5 mM ATP, and 100
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uM ZnCl,. The assays were initiated by the addition of = Time-resolved fluorescence experiments were performed

enzyme. The data were fit to the following equation by using in the frequency domain by using a K2 multifrequency cross-

KaleidaGraph software (Synergy Software, Reading, PA): correlation phase and modulation fluorometer from ISS (ISS
Inc., Champaign, IL). The exciting light was from a Spectra-

Lol 1A G'C] Physics argon ion laser tuned to 488 nm. For the lifetime
SA (%)= 100— G (2 measurements, the modulated beam was passed through a
Kos+ [NIATY] polarizer parallel to the vertical laboratory axis and the

emission was viewed through a polarizer oriented at the

where SA is the percent remaining activity at a particular magic angle (59 to eliminate the polarization effects.
inhibitor concentration compared to the activity without Emjssion was collected through a Schott 0G530 cut-on filter
inhibitor. Imax is the maximal percent inhibition, arith s is to separate the fluorescence signal from the scattered light.
the apparent dissociation constant. Experiments were performed between 2 and 250 MHz

Labeling Glycerol Kinase with the Extrinsic Fluorophore  selecting 16-14 frequencies. Data were collected at each
Oregon GreenGK was equilibrated with 0.1 M TEA buffer,  frequency until the standard deviation for each measurement
pH 7.0, 2 mM ATP, and 2 mM glycerol. The labeling of phase and modulation was below ©.2and 0.004,
reaction was initiated by addition of a 2-fold molar excess respectively. To estimate fluorescence intensity decay pa-
of IAOG in dimethylformamide, and the reaction was rameters, models for the decay were fit to the frequency
incubated in the dark for 1/2 h at ambient temperature before gomain data by using Globals Analysis (DOS version 1.20;
being quenched with 1 mMj-mercaptoethanol. These Globals Unlimited Inc., Urbana, IL). These models were
reaction conditions are similar to those used previol®,(  evaluated: single-exponential decay, two discrete exponential
but the pH, molar excess of label, and reaction incubation gecays, Gaussian distribution of decays plus single discrete
time are reduced to limit the stoichiometry of labeling. After - exponential decay, and Lorentzian distribution of decays plus
gel permeation chromatography and dialysis overnight versussingle discrete exponential decay. This analysis method
1L of 0.1 M TEA, pH 7.0, the glycerol kinase protein returns values for the fractional contributifyand the lifetime
concentration was determined from absorbance at 280 nm, for each decay phase, and the sunf,cdndf, equals 1
by using the extinction coefficient 1.73 (mg/mi)cm. for models with two phases. The model that best describes
The stoichiometry of fluorophore incorporation was deter- the data was judged by comparing the values of the fitting
mined from the absorbance measurements at 280 and 49ktatistic 42 from the fits. For the Gaussian distribution of
nm, using the equation and the extinction coefficients gecays plus single-exponential decay, the average lifetime,
supplied by Molecular Probes, Inc. . 7, was calculated by using the equatior fiz; + for,, Where

For E478C EcCK, specific labeling of the engineered 7, was taken to be the center of the distribution of lifetimes
cysteine residue by IAOG was shown by using HPLC to (29).
purify the OG-labeled tryptic peptide and MALDI-MS to Frequency domain anisotropy decay was measured by
identify it (28). The same methods were used here to show exciting the sample with amplitude-modulated light that
that the extrinsic fluorophore IAF is specifically conjugated passes through an excitation polarizer in the vertical orienta-
to the engineered cysteine residue at position 478 in HiGK tjon. The parallel components of the emission were measured
and its variants. These determinations were performed bypy placing the emission polarizer in the vertical position,
the Protein Chemistry Laboratory of Texas A&M University.  and the perpendicular components were measured by rotating

Fluorescence Measuremerisnission spectra and steady- the emission polarizer to the horizontal position. The
state anisotropy measurements were obtained by using amnjsotropy decay data were fit to a model that describes the

SLM-4800 spectrofluorometer equipped with Glan-Thomp- gpserved decay as the sum of two exponential decays:
son calcite prism type polarizers. All measurements were

done at 25C and using a protein concentration of 0.05 mg/ r(t) = rO(fle_W’l + fze“"l’Z) (4)
mL (0.89 uM (subunits)). For the acquisition of emission

spectra, the excitation wavelength was 485 nm, and thewhere ro is the anisotropy in the absence of rotational
emission wavelength was scanned from 500 to 560 nm with diffusion, ¢; and ¢, are the local and global rotational
the slit width set at 4 nm for the excitation and emission correlation times, respectively, afdandf, are the fractional
monochromators. For steady-state anisotropy determinationscontributions of the local and global rotation to the overall
the excitation wavelength was 485 nm with the slit width anisotropy decay such that the sumfpfandf, equals 1.
set at 4 nm, and an OG515 cut-on filter was used to collect Fitting of the data to this model was performed by using
the emission. The Raman scattering background was sub-Globals Analysis (DOS version 1.20; Globals Unlimited
tracted by using a blank of unlabeled GK of the same Inc.).

concentration. The steady-state anisotrafiywas calculated

by using the following equation: RESULTS AND DISCUSSION
LGl Functional Properties of Glycerol Kinases with a Non-
M= o —VH 3) Native Cysteine Residue at the AABinding Site.Site-
Iy + 2Gl,4 specific mutagenesis was used to substitute cysteine at

position 478 of HIGK and each of the chimeric GK enzymes
where the subscript pairs H and V give the orientations from the 11AS' allosteric control transplantation studies and
(horizontal and vertical) of the excitation and emission for each of the amino acids at positions 4481 in EcGK,
polarizers, respectively, ard = |/l is an instrumental  i.e., scanning cysteine mutagenesis. Steady-state enzyme
correction factor 29). kinetics properties and II2° inhibition were determined for
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Table 1: Steady-State Kinetics and fiAInhibition Parameters of chimeric enzyme reduces thé..x and Michaelis ConSta_ntS
GK Variants to near those of the EcGK enzyme, and the additional
substitution of the coupling locus amino acid residues to
v " " | " generate the HiGKL enzyme returns these parameters to
enzyme (U /”r‘]jxg) (/4?\;!3 (ﬂﬁjl") (g};‘; (ﬂ,‘{/f) near those of the parent HiGK. The effects of these changes
in coupling locus amino acids indicate that the coupling locus

kinetic parameters I1A¢ inhibition

EcGK 14+1 542 5+2 94+1 05+01 - ; L2 i -
EA78C ECGK 511 741 341 8612 19102 indeed mod_ulate; coupling between theQFbinding site
HIGKL 44+8 132+40 43+20 69+1  2.0+0.1 and the active site. S .
E478CHIGK'L 1842 15+8 24+9 70+2 2.6+0.2 The catalytic and 1I&"* inhibition properties of the
EcGKr 1241 4+1 3+1 nd izoo scanning cysteine variant enzymes are also shown in Table
E478CEcGKr 71 3&£1  2£1 nd 200 1. These properties are similar to one another and to EcGK.
HIGK 39+8 89+31 59427 nd >200 | o irt .
K478C HIGK  21+2 30+12 45+6 nd >200 The maximum extent of II1A Inhlbltlon .(lm.aX) is reduced
HIGK" 15+1 2846 15+5 nd >200 for the 1474C and R479C variants. Similar results were
Ef‘gﬁf HIGK! 4? i é 14gi 28 %i %3 ng >§88 obtained for the 1474A and R479A variangl). The small

] n > . . . .
KA7SC HIGKL 18+ 4 44+ 25 31+ 20 nd ~200 effects_ of these scanning cysteine substitutions on the
1474C EcGK 9t1 541 2+1 7042 24402 catalytic and_allosterlc propert!es_mdlca_te that these varlants
E475CECGK 21 14+2 9+1 87+2 0.6+0.1 should provide meaningful insights into the dynamics
T476C EcGK 161 17+1 6+1 84+3 1.4+0.2 properties of the ||,&|C_binding site.
T477CECGK 241 1543 842 81+£2 11401 Extrinsic Fluorophore Labeling of the Non-Negi Cysteine
E478C EcGK 51 7+1 3+1 86+3 1.9+0.2 . i . X KA
R479C EcGK 9t1 642 2+1 75+3 23+03 Residues.The non-native cysteine residue at the 4 _
N480C EcGK  16+1 31+7 11+5 88+3 22403 binding site of each of these GK variants allows reaction
Y481CEcGK  12+1 17+5 7+£3 854+1 18401 with IAOG for covalent attachment of the extrinsic fluoro-

aKinetic and 1IAG* inhibition parameters were determined as phore OG. No labeling with IAOG is observed for the wild-
described in the Materials and Methods. Values for the chimeric GKs type enzyme EcGK or HiGK under these conditions. This
without the non-native cysteine at position 478 are from 2&f result suggests that the labeling that is observed for the
Conditions: 0.05 M TEA, pH 7.0, 25C. nd = not detected. variant enzymes reflects OG that is conjugated to the non-
native cysteine residue. The non-native cysteine residue of
each of the purified variant enzymes as described in thethe E478C EcGK variant is labeled specifically by IAOG
Materials and Methods. Results of these studies are shown(28). The site of modification of the K478C HiGK variant
in Table 1. Two aspects of these results for the chimeric by IAF was determined for these studies as described in the
enzyme variants can be considered: effects of the cysteineMaterials and Methods. The results of those determinations
substitution and effects of the coupling locus. The cysteine confirm the specific modification of the non-native cysteine

substitution at position 478 reduc¥ga.x about 2-3-fold. It residue by the fluorophore. Because each of the parent 478C
has little effect on the substrate Michaelis constants for the enzymes is modified specifically at the non-native cysteine

EcGK variants and reduces them-&-fold for the HIGK residue under the reaction conditions that are used in these
variants. It has small effects on the maximal inhibitibg.g) studies, we assume this is the case for the remaining
and apparent dissociation constant for (Ko ) relative enzymes. This assumption is supported by the results of

to that of the respective parent enzyme for ECGK but not steady-state anisotropy experiments that are described below.
for HIGK"L. The observation that the 478C substitutions  For most of these studies, the conjugated fluorophore
have small effects on the catalytic properties indicates that stoichiometry was controlled in the range of 01 mol
the IIA®-binding site and the catalytic site are coupled for of OG/mol of GK subunit by using the reaction conditions
even those enzymes that are not inhibited by®l{AThe that are described in the Materials and Methods. This low
cysteine substitutions at 478 have only small effects on the stoichiometry further avoids modification of the native
catalytic properties and the 1% inhibition, indicating that ~ cysteine residues and eliminates effects on the anisotropy
these variant enzymes are suitable for evaluation of the from homo-FRET between fluorophores that are attached to
dynamics properties of the I&-binding site. This conclu-  different subunits of the same GK oligomer. In addition, the
sion is further supported by the X-ray crystal structure of fluorophore is most likely a reporter of events in a single
the IIAC°—E478C EcGK complex30). The only change  subunit of the protein oligomer. Both EcGK and HiGK form
seen for this structure relative to that of the native ECGK dimers and tetramers in solutio26), but no homotropic
complex is the difference between glutamate and cysteineinteractions have been observed for $l@inhibition.
at the site of the substitution. Emission spectra of the OG-labeled GK variants were
The amino acid substitutions at the coupling locus have recorded from 500 to 560 nm with excitation at 485 nm.
very small effects on the catalytic properties of the ECGK The concentrations of the labeled variants were adjusted to
or HIGK enzymes, and this is seen for the enzymes with give the same absorbance at 485 nm for comparison of the
and without the non-native cysteine residue at 478. Changingspectra. The shape of the spectrum and the wavelength of
the coupling locus amino acids of the Hibiénzymes has  the maximum emission (51& 2 nm) are similar for all of
larger effects on the catalytic properties. Thga.x and the variant enzymes (not shown). The intensity at the
Michaelis constants for both substrates are increase®t 2  maximal wavelength varies by about 3-fold. The highest
fold by the coupling locus amino acids from EcGK for intensity is observed for the E475C EcGK and E478C
enzymes with and without the non-native cysteine residue HiGK'L variants, and the lowest intensity is observed for
at 478. The substitution of the sequentially contiguou$'HA the E478C EcGK and E478C HidKariants. The intensity
binding site amino acids from EcGK to generate the HIGK for each of the labeled variant enzymes is substantially less
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Table 2: Steady-State and Time-Resolved Fluorescence Properties of OG-Labeled Chimeric GKaVariants

71 Center 71 width lifetime TRFA
enzyme i lifetime f; (ns) (ns) 72 (NS) 7 (ns) Vi TRFAf; ¢1(ns) Va

E478C EcGKr  0.215%0.004 0.91+0.01 3.67+0.08 0.91+0.13 0.54+-0.04 3.39+-0.09 0.54 0.53:0.01 0.42+-0.03 0.90
E478C EcGK  0.24%0.005 0.93+0.01 3.74£0.07 0.85£0.12 0.78+0.05 3.52-0.09 0.39 0.410.03 0.52+£0.12 1.23
E478C HIGK'  0.170+0.004 0.91+0.01 4.02+0.04 0.87+0.11 0.59+0.04 3.71+0.06 0.58 0.540.01 0.26+£0.01 0.22
E478CHi GK'L 0.226+ 0.003 0.95+0.01 4.12+0.04 0.68+0.11 0.85+£0.05 3.96+0.06 1.06 0.33:0.01 0.29+0.02 0.78
K478C HIGK  0.2684+ 0.005 0.97+0.01 4.36+0.04 0.72+0.17 0.84+:0.06 4.25+-0.07 0.74 0.240.01 0.08+0.02 0.56
K478C HIGKL 0.263+ 0.005 0.96t 0.01 4.35+0.04 0.59+0.18 0.99+0.07 4.22-0.08 0.96 0.25:0.01 0.08+0.02 0.43

a Steady-state and time-resolved fluorescence anisotropy parameters were determined as described in the Materials and Methods. Conditions:
0.1 M TEA, 2 mM glycerol, pH 7.0, 25C.

than the intensity from the same concentration of OG in  Steady-state anisotropies for the scanning cysteine variants
solution. For all of the OG-labeled enzymes, the maximum are shown in Figure 2 and range from about 0.25 to 0.19
wavelength of the absorbance spectrum is red-shifted to aboutdepending on the position to which the fluorophore is
500 nm. A similar red shift was seen for other OG-labeled conjugated. Smaller values of anisotropy are obtained for
proteins 82) and for fluorescein bound to anti-fluorescein OG that is conjugated to the 1474C, E475C, and T476C
Fab fragments33). The reduced intensity and red-shifted EcGK variants, positions which show the fdependent
absorbance spectrum relative to those of OG in solution conformational change, and higher anisotropies are obtained
indicate interactions between the conjugated fluorophore andfor the remaining variants. The value of the steady-state
the protein which alter the ground state of the fluorophore. anisotropy that is obtained for the OG conjugated to positions
The differences of emission intensity observed for the 474—480 is highly correlated with the isotropic temperature
scanning cysteine enzymes indicate that these interactiondactor for the backbonedatom. An unweighted linear least-
depend on the site of conjugation, while the differences squares fit for a plot of anisotropy versus temperature factor
obtained for the chimeric enzymes indicate that the interac- for these amino acid positions has a correlation coefficient
tions depend on the flanking primary structure of the (R?) of 0.903. This high correlation is consistent with local
conjugation site and the coupling locus. motions as the basis for the differences in steady-state
Steady-State Fluorescence Anisotropies of the OG-Labeledanisotropy and strongly suggests that the steady-state fluo-
Enzymes Are Consistent with Modulation of Local ns rescence anisotropy of the conjugated extrinsic fluorophore
Dynamics by the Coupling LocuSteady-state anisotropies, monitors the protein backbone motions of the4¥binding
[Cgiven by eq 3, were measured for each of the OG-labeledsite. The good correlation is also consistent with the expected
variant enzymes. At least three independent labeling experi-specific labeling by OG at each of the scanning cysteine
ments were performed for each enzyme, and the steady-stat&ariant sites.
anisotropies that are reported are the arithmetic mean For all of the labeled variant enzymes, the steady-state
standard deviation from those determinations. The steady-anisotropy is reduced by 0.068.015 upon binding of the
state anisotropies of OG that is conjugated to the non-nativeactive site ligands ATP and glycerol (not shown). The
cysteine residue at position 478 of the chimeric GKs are dependence of the anisotropy on ligand binding to the active
shown in Table 2. The values range from 0.268 to 0.170, site more than 30 A from the II12¢-binding site shows that
depending on the sequences flanking the site of fluorophorethese enzyme regions are coupled for even those enzymes
attachment and on the sequence at the coupling locus. Roleghat are not inhibited by 11&°. The reductions in steady-
of different protein structural elements can be evaluated state anisotropies by ligand binding are consistent with
by comparing steady-state anisotropies for the members ofincreased local motions at the FAbinding site. The
each pair of enzymes that differ from one another only at allosteric coupling between ATP and [fAwas determined
the coupling locus: the EcGK pair (E478C EcGKr and for the E478C EcGK and E478C HidK enzymes by using
E478C EcGK), the HiGK pair (E478C HIiGK and E478C steady-state enzyme kinetics. Those studies show cooperative
HiGK"L), and the HiGK pair (K478C HiGK and K478C interactions between these two ligands such that each
HiGKL), where the first member of each pair has the increases the apparent affinity for the other by about 4-fold
coupling locus sequence from HiGK and the second member(D. W. Pettigrew, manuscript in preparation). This hetero-
has the coupling locus sequence from EcGK. The anisotro-tropic coupling is consistent with the ATP effects on local
pies for the ECGK and HiGK enzyme pairs, which have motions at the I1&'>-binding site.
the 11AC-binding site amino acids from EcGK, are smaller ~ The differences in steady-state anisotropies that are
than those for the HiGK pair. For the EcGK and HiGK  obtained for each of these GK enzymes could arise from
enzyme pairs, the anisotropy is higher for the enzyme with differences in homo-FRET, global and/or local rotations, and/
the coupling locus sequence from EcGK. The anisotropy for or fluorescence lifetimes. The low labeling stoichiometry
the HIGK enzyme pair shows little dependence on the (0.05-0.1 mol of OG/mol of GK subunit) prevents multiply
coupling locus sequence. To the extent that the steady-statéabeled GK oligomers and eliminates effects of homo-FRET
anisotropies reflect local fluorophore motions, these results on the steady-state anisotropi@8)( The subunit molecular
suggest that the 11&%-binding site is mobile and the mobility mass of both HiGK and EcGK is about 56 kDa, and both
is altered by the coupling locus amino acids. The mobility enzymes form dimers and tetramers in solutiaé)(Mean
at position 478 in the IR binding site appears to be rotational correlation times for the ECcGK dimer and tetramer
decreased by the coupling locus amino acids from EcGK, were calculated by using the computer program HYDRO-
as seen from the increased steady-state anisotropies. PRO @34) with the structure coordinates from PDB file 1BO5
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(35). These calculations yield mean rotational correlation
times for the EcGK dimer and tetramer of 120 and 150 ns,
respectively, and the same values should obtain for HIGK
due to the high sequence identity/similarity. These global
rotational correlation times are much longer than the reported
lifetimes for OG intensity decay: 3.& 0.1 ns for the
IAOG—mercaptoethanol adduct in agueous bufg) @nd
4.04+ 0.06 ns for OG in aqueous solutiodg). Thus, these
large proteins are effectively immobile in terms of global
rotations during the lifetime of the excited state. Moreover,
the global rotational correlation times are the same for all -
of these enzymes, eliminating differences in global rotation 0 Ll el 0
as the basis for differences in steady-state anisotropies seen 1 10 100

for different variants. The observed steady-state anisotropies Frequency, MHz

are all less than the value of 0.383 for OG32), indicating

that the fluorophore is not completely immobilized, but they 90 g P B AR 1
are all greater than 0, indicating that the motions of the -
fluorophore are restricted.

Differences in Fluorescence Lifetimes Do Not Account for
Differences in Steady-State Anisotropi@$he ranges of
emission intensities and steady-state fluorescence anisotropies
that are observed for the different enzymes may reflect
differences in the fluorescence lifetimes of the conjugated
extrinsic fluorophores. Lifetimes were determined by using
frequency domain time-resolved fluorescence intensity decay
methods. For these methods, differences in fluorescence o
lifetimes are observed as shifts of the frequency dependencies 0 — ol
of the phase and modulation, where a shift to higher Freqll(l)ency MHZIOO
frequencies indicates a decreased lifetime and/or fraction of A
the decay. The points in Figure 3 show the frequency domain Ficure 3: Frequency domain determination of the fluorescence

. - ._lifetimes of the OG-labeled GKs. The plots show the excitation
fluorescence decay data that were obtained for the chlmerlcIight modulation frequency dependencies of the phase shift and

GK enzymes and the scanning cysteine variant enzymes,modulation for the fluorescence emission. Points show the data,
respectively. The data show only small differences in the and lines show the fit to a model using a discrete lifetime plus a
phase shift and modulation, indicating that the lifetimes and/ Gha#SSi?jn diztrilbUtion of lifetimes t% deSCéil?? thehobfserved %hase
; TR . i« shift and modulation. Parameters obtained from the fits are shown
or fractlpna! contributions to the'decay are very similar. This in Tables 2 and 3. Conditions: 0.1 M TEA, 2 mM glycerol. pH
conclusu_)n is suppo_rted by the time-resolved parameters thaf7_0, 25°C. (A) Chimeric enzymes. Key: open circles, E478C
are obtained from fitting of the data. EcGK; times signs, E478C EcGKL; open squares, E478C HiGK
Fluorescence lifetimes were determined from fitting the open triangles, E478C HiGK; open tilted squares, K478C HIGK;
decay data that are Shown in F|gure 3 to dlfferent decay pIUS signs, K478C H|GKL, solid ||nes, phase Sh|ft, dashed ||nes,

; ; : modulation. (B) Scanning cysteine variant enzymes. Key: open
models. The data are not well described by either a smglecircle& 1474C: open squares, EA75C; open tilted squares, TA76C:

or double discrete exponential decay model, with the times signs, T477C; plus signs, E478C; triangles, R479C; filled
exception of data for the E475C EcGK variant. In all cases, circles, N480C; filled squares, Y481C.

the best fit to the decay is obtained by using a model with
two components: a distribution of exponential decays and Table 3: Fluorescence Lifetimes of the OG-Labeled Scanning

a discrete exponential decay with a shorter lifetime. For the Cysteine EcGK Variants

distribution of decays, a better fit is obtained for a Gaussian rcenter  rywidth 7
distribution than for a Lorentzian distribution. For the enzyme f1 (ns) (ns) (ns) »*
chimeric GK variants, each data set was fit independently 1474C EcGK 0.912: 0.011 4.03: 0.03 0.91+0.13 0.60 1.19

to this model. The data for the scanning cysteine variant Eggg Ecg}lz 8.82& 8.883 jgg:tt 8.83 82& 8&2 8.28 (1).4111
enzymes were fit simultaneously to this model, with the 202 Foel 5000”0015 4'025 0,02 0555015 0.60 0.24
values for the_ emission relaxation time for the_ dlscrete E478C EcGK 0.945 0010 3.87- 004 088+ 013 060 046
componenty,, linked for all the data sets. The lines in Figure R479C EcGK 0.96% 0.011 3.92+ 0.04 1.04+ 0.13 0.60 0.69

3 show the fits of the data to this decay model, and the N480C EcGK 0.962- 0.004 3.8&+ 0.02 0.87+0.12 0.60 0.73
parameters that are obtained from the fits are shown in TablesY481C ECGK 0.97Gt 0.003 4.03t 0.02 0.91+0.06 0.60 0.74

2 and 3. The values for the fitting statisjé as well as the 2 The GK variants were labeled with OG to a stoichiometry-6f 1
good agreement between the fitted lines and the data pointgnol of OG/mol of GK subunit. Conditions: 0.1 M TEA, pH 7.0, 2
in Figure 3 show that this model provides a good description ™M glycerol, 25°C.

of the fluorescence decay. More than 90% of the fluorescence

decay is accounted for by the processes associated with thevhich is in good agreement with the reported lifetimes for
distribution of lifetimes. There is little difference between OG decay: 3.8t 0.1 ns for the IAOG-mercaptoethanol
the distributions of the lifetimes. The centers of the distribu- adduct in aqueous buffeB2) and 4.04+ 0.06 ns for OG in
tion of lifetimes range from 3. 0.08 to 4.36+ 0.04 ns, aqueous solutior8g). The widths of the decay distributions
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are similar for all of the GKs, with the exception of the the contribution of both of the decay components to the
E475C EcGK variant, for which the width is small. For this overall fluorescence decay. Its value ranges from 3.4 to 4.3
variant, the decay data are well-described also by a modelns and displays the same relative order as the centers of the
with two discrete exponentials. The fraction of the decay distributions of lifetimes. It is different for each member of
that is described by processes associated with the distributiorthe pairs of enzymes that differ only at the coupling locus
of lifetimes ranges from 0.91 to 0.97. sequence. For example, the average lifetime is decreased for
The remainder of the fluorescence decay is described byE478C HiGK!' relative to E478C HIGKL, reflecting the
a discrete sub-ns lifetime. This shorter lifetime shows a range small decrease in the value of the center of the distribution
of about 2-fold (0.54-0.99 ns) for the chimeric GK variants.  of lifetimes and the decrease in the lifetime of the discrete
These values agree well with the value of 0.6 ns that was component. The shorter lifetime is expected to result in
obtained from the linked fits for the scanning cysteine variant increased steady-state anisotropy, but it is decreased sub-
GKs. The basis for this short discrete lifetime is unknown. stantially for E478C HiGK relative to E478C HiGKL.
Multiexponential intensity decays are not observed for OG Similar results are seen for the other chimeric enzymes. In
in neutral solution 32, 36). At lower pH and with acetate all cases, the effect of the coupling locus on the steady-state
buffer, decay processes with sub-ns lifetimes that are anisotropies is opposite its expected effect on the fluores-
attributed to excited-state proton transfer are reported for OG cence lifetimes.
in aqueous solution3§). Sub_—ns lifetime components are The effects of the coupling locus on the steady-state
observed for fluorescein that is bound to anti-fluorescein Fab 4nigotropies for OG that is conjugated to non-native cysteine
f_rag.ments 83). The s!mllarltles of the values f_or this short | asidues at the lI&-binding site of EcGK thus are not due
lifetime that are obtained for all of the GK variant enzymes q gifferences in homo-FRET, global rotation, or fluorescence
show that all of the environments of the conjugated OG are jitetimes. The steady-state anisotropies for the extrinsic
similar and/or this lifetime shows little dependence on the fluorophore report on the local protein motions at the site,

environment. The d|ﬁgrences in emission intensities suggest, 4 those motions are modulated by the amino acids at the
that not all of the environments are the same. . coupling locus which is located more than 15 A away.
The differences in fluorescence emission intensities are L .
Characterization of the Effects of the Coupling Locus on

somewhat correlated with the values of the centers of the
: o Rimd; >
distributions of lifetimes. Higher emission intensities are e Motions of the IIA®Binding SiteThe local fluorophore

associated with longer lifetimes. However, 1474C EcGK and Motions for the chimeric enzymes and the effects of the
HIGK" show lower emission intensity despite having longer coupling locus sequence on them were characterized by using

lifetimes, indicating that factors other than lifetimes are freqﬁency dorr?ain timg-resol\1ed fluorers]cerr:ce anisotfrOﬁy
influencing the emission intensities. The differences in the methods. In this experimental approach, the rates of the

lifetimes for variants that show very different emission fluorophore motions that are associated with anisotropy decay

intensities are small in any case. For the scanning cysteineC@n Pe directly related to the modulation frequency of the

variants, the lifetimes that are obtained for the variants with €Xciting light; fast and slow rates of motion are observed at
the highest and lowest emission intensities are 4:ML04 igh and low modulation frequencies, respectively. The
ns for EA75C EcGK and 3.8Z 0.04 ns for E478C EcGK,  extent of the cor_ltr|but|on of thg Iocall motions to the
respectively, while the emission intensities differ by about 2nisotropy decay is related to their amplitudes.
3-fold. Data that were obtained from the frequency domain time-
The differences in fluorescence lifetimes that are observedresolved fluorescence anisotropy studies of the chimeric GK
for these variant GKs do not account adequately for the variants are shown by the points in Figure 4. This figure
differences in steady-state anisotropies. For the scanningshows the dependencies on the modulation frequency of the
cysteine variants, the centers of the distributions of the exciting light for the differential phase shift and for the ratio
fluorescence lifetimes range from 3.87 0.04 to 4.09+ of the modulated amplitudes of the vertical and horizontal
0.02 ns. As expected, shorter lifetimes are associated withemission components. These data indicate that a portion of
larger steady-state anisotropies. The decreases of lifetime aréhe anisotropy decay is associated with fluorophore motions
about 0.1 ns. If the local rotational correlation time for OG that are characterized by very short rotational correlation
that is attached to these cysteine residues is in the sub-ndimes. The ratios of the modulated amplitudes depend little
range that is seen below for the chimeric GKs, then the Perrinon the excitation modulation frequencies below about 70
equation predicts that a lifetime decrease of 0.1 ns will MHz, indicating that rotational correlation times of less than
increase the steady-state anisotropy by about 0288The 1 ns are associated with the anisotropy decay. The differences
observed increase of steady-state anisotropy is much largerin the ratio of the modulated amplitudes of the emission
about 0.06. components at the lower frequencies mirror the differences
The centers of the distributions of lifetimes for the chimeric in steady-state anisotropy. The measured values of the
enzymes range from 3.6% 0.08 to 4.36+ 0.04 ns. For modulation ratio at the lowest frequency are highly correlated
each pair of enzymes that differ only at the coupling locus, with the independently determined values of the steady-state
the values of the centers of the distributions are the same,anisotropy R> = 0.894). This good correlation provides
but there are small differences for the value fgf the confidence in the validity of the time-resolved anisotropy
contribution of the distribution of lifetimes to the intensity decay data. The validity of the data was evaluated by
decay. The contribution of the shorter, discrete lifetime decay replicate measurements with the same preparation on the
process differs for each member of each enzyme pair. Thesame day, which showed excellent agreement. There was
average lifetime,7, was calculated as described in the greater variation among results obtained for independent
Materials and Methods and is shown in Table 2. It reflects preparations, which are considered below.
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time, ¢4, are sub-ns, as expected from inspection of the data,
and show a range of about 5-fold. The values of the
contribution of the local rotational correlation time to the
anisotropy decayf;, range from 0.21 to 0.53. Thus, there
are substantial differences in the local motions of the OG
fluorophores that are conjugated at the same position in the
chimeric GK variants, as expected from examination of the
steady-state anisotropies.

For all three enzyme pairs, the local correlation times that
are associated with the anisotropy decay are very short, with
values of less than 1 ns. The value is different for each pair
of enzymes that differ only at the coupling locus but is the
same for each member of a pair. Thus, the correlation times
for the rapid motions are not modulated by the amino acid
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FiGURE4: Frequency domain time-resolved fluorescence anisotropy residues at the coupling locus. The local rotational correlation
for the OG-labeled chimeric GKs. The plot shows the excitation time is very short for the HIGK enzyme pair. The estimates
light modulation frequency dependencies of the differential phase of these very short times doubtless are less certain than

shift and ratio of the modulation of the parallel and perpendicular . 4 ;
components of the anisotropy decay. Points show the data, and line indicated from the ranges of uncertainty reurned by the

show the fit to eq 4, a model in which two rotational components Titting programs because they occur at the upper end of the

(one global and the other local) contribute to the total anisotropy frequency range. However, the short times are consistent with
decay. Parameters obtained from the fits are shown in Table 2.the results expected from simple inspection of the data, which

Conditions: 0.1 M TEA, 2 mM glycerol, pH 7.0, 2&. Key: open differ markedly from those of the other two enzyme pairs.
ircles, E47 EcGK; tim igns, E47 EcGKr; n res, . . .
e o, oo SPen SOUSTes: The muh shorter time that is Seen for he HIGK enzyme
KA478C HiGK; plus signs, K478C HIGKL; solid lines, differential ~ P&ir relative to the other two pairs shows that the local
phase shift; dashed lines, modulation ratio. rotational correlation times depend on the primary structure
that is flanking the site of conjugation at residue 478. The
To obtain the local rotational correlation times, the time- flanking primary structure is the same for the enzymes with
resolved fluorescence anisotropy data in Figure 4 were fit the 11A®-binding site from EcGK (the EcGK and HiGK
to eq 4 as described in the Materials and Methods. The pairs), but different local rotational correlation times of 0.52
parameters from the best fitting model for the total intensity + 0.1 and 0.28+ 0.02 ns, respectively, are observed for
decay, a Gaussian distribution of lifetimes plus a discrete these pairs. This difference indicates that protein regions
exponential, were used for the fits, and intensity decay times beyond the flanking primary structure also affect these
were not associated with correlation tim8&g,(38). The value correlation times.
for ro was fixed to 0.38, the value reported for OG2), The amplitudes of the rapid anisotropy decé#y, are
giving a constrained analysis that was shown to result in modulated by the amino acid residues at the coupling locus,
improved parameter estimates from anisotropy decay dataand the effect depends on the flanking primary structure.

(39). Results of initial fits yielded a global rotational
correlation timeg,, of about 75 ns with a broad range of
uncertainty for all of the enzymes. This value #ris about

For the HIGK enzyme pairf; is smaller than for either of
the other two enzyme pairs and is slightly larger for HIGKL,
the enzyme with the coupling locus from EcGK. Neither

the value that is expected for a spherical molecule of about member of the HiGK enzyme pair is inhibited by 4 and

120 kDa molecular mass but is less than the mean rotationalthe effect of the change in coupling locus @nis much
correlation time of 120 ns that is calculated for the asym- smaller for this pair of enzymes than for the other two pairs.
metric EcGK dimer from the crystal structur@dj by using For the HiGK! and EcGK enzyme pairs, the larger value of
HYDROPRO @4). The EcGK and HiGK enzymes are f;is seen for the enzymes with the coupling locus sequence
primarily dimeric under these condition26). The effect on from HiGK (E478C HiGK' and E478C EcGKTr). Although
the fitted parameters of fixing the value fgs over the range  all four of these enzymes contain the amino acid residues of
of values bound by the uncertainties that were obtained from the crystallographically identified EcGK I[#¢-binding site,

the initial fittings was investigated. The values fpand¢; only the enzymes with the coupling locus sequence from
are not significantly affected by the value ¢f over this EcGK are inhibited by I1£, and that inhibition is associated
range. This lack of sensitivity is expected because thesewith a reduced contribution of the local motions to the
values of ¢, are much larger than the lifetimes of the anisotropy decay, i.e., reduc&dFor each pair of enzymes,
conjugated fluorophores so that the global rotation has little the larger value fof, is associated with the smaller steady-
effect on these properties of the local rotation. However, the state anisotropy. Thus, the steady-state anisotropies reflect
larger values for, increase the values of the fitting statistic primarily the local motions. The results that are shown for
x2. For the final data fitting, the value @f; was fixed to 75 EcGK are the average from two different preparations for
ns for all of the enzymes. The lines in Figure 4 show the fit which measurements were performed several weeks apart.
of the data to eq 4, and the parameters that are obtained fronVariation between preparations increases the ranges of
the fit are shown in Table 2. The data are well-described by uncertainty for the parameters but does not alter the conclu-
this two-exponential decay model, as shown by the valuessions reached here.

of the fitting statisticy? and the uncertainties in Table 2, as The description of the anisotropy decay by two exponen-
well as by the good agreement between the data and the linesials indicates that the shorter rotational correlation time must
in Figure 4. The values of the local rotational correlation be associated with a limited depolarization, i.e., a hindered
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rotation. In such cases, the motions are often modeled asnetwork that couples that site to the catalytic site are
rotation within a cone where the cone angle, describes consistent with views of allostery discussed in recent reviews
the amplitude of the hindered motio8, @0). In the context (1—3). This experimentally observed coupling between the
of this model, reductions df are associated with reduced amino acids of the coupling locus and the dynamics/stability
values for®. For the two pairs of enzymes with the FA- of the IIAG-binding site is consistent with the effect of fA
binding site amino acids, the enzyme that is inhibited by binding on the stability of the amino acids at the coupling
IIA G has the coupling locus sequence from EcGK and showslocus that is seen in the calculations of Freire and co-workers
the smaller value forf;. The EcGK coupling locus thus  (27).
reduces the amplitude of the local motions, tuning them to  Recent studies of the roles of dynamics in allosteric
enable 11/ binding and inhibition. The observation of behavior utilize NMR methods to measure the dynamics of
larger values forf;, i.e., larger amplitudes of the local the NtrC receiver domairl(), the ATP-binding cassette of
motions, for the enzymes which are not inhibited byQfA  an ABC transporterl(2), and the PDZ domain derived from
suggests an unfavorable entropic contribution for®fA  human protein tyrosine phosphatase 1B)(Those studies
binding. provide a clear demonstration of ligand-dependent changes
The good correlation between the steady-state anisotropiesn protein dynamics which are consistent with allosteric
and isotropic temperature factors for thet @oms of the signaling. However, because the proteins in those studies
scanning cysteine variant enzymes strongly suggests that there not intact, the effect of changes in the dynamics on the
OG that is conjugated to these non-native cysteine residuessignaling could not be directly assessed. Here, these GKs
reports on the motions of the backbone atoms of this region. are intact proteins, and the changes in local protein dynamics
In this case, the sub-ns rotational correlation times reflect can be directly related to binding of the allosteric effector.

those motions. A similar conclusion is reported for sub-ns

motions of non-native tryptophan residues in a loop of TetR REFERENCES

(42) and from molecular dynamics simulations of the
Alexa488 fluorophore that is conjugated to a loop of

bacteriorhodoposim@). The molecular dynamics simulations 2.

indicate that conjugation of the fluorophore does not
significantly alter the motions of the protein.

Summary and Conclusionghe non-native cysteine resi-
due that replaces the different native amino acid residues in 4
the 1IAG'°-hinding site of the GKs does not much affect the

catalytic or IIAS® inhibitory properties of the enzyme. This 5.

cysteine residue is specifically labeled by reaction with IAOG
under reaction conditions that yield a reporter for a single

subunit of the oligomeric enzyme. The emission intensity 6.

and steady-state anisotropy of the conjugated extrinsic
fluorophore depend on the site of conjugation, but the
fluorescence lifetime of the probe shows little dependence 7
on the site of conjugation. A substantial red shift of the
absorbance spectrum and reduced emission intensity relative
to those of OG in solution is observed for OG that is
conjugated to all of the variant enzymes, strongly suggesting

interactions between the bound probe and the protein, yet 9.

the emission decay is dominated by the decay modes of OG
that are seen for the isolated fluorophore in solution for all
enzymes. The steady-state anisotropy of the probe reflects
primarily the local motions of the protein backbone to which
the fluorophore is conjugated, which are clearly different for
different sites and dependent on the amino acids at the
coupling locus. The effects of the cysteine substitutions on
the catalytic parameters and effects of substrate binding on

steady-state anisotropies for all of the variants, including 12.

those that are not inhibited by 1%, show that the allosteric
and active sites are coupled for all of these enzymes.
Acquisition of allosteric inhibition by 11&' for the enzymes
E478C EcGK and E478C HiGK relative to E478C EcGKr
and E478C HiGK is associated with increased steady-state
anisotropies, which is consistent with reduced local motions.
Time-resolved fluorescence anisotropy shows that the am-
plitude of the local motions is reduced while the rotational
correlation time is not changed. Thus, the coupling locus
modulates the protein dynamics at the $1%binding site.
These distal effects of amino acids in a communications
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