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ABSTRACT. Crystallographic evidence suggests that there is a large hinged domain motion associated with
substrate binding in adenylate kinase. To test this hypothesis, resonance energy transfer measurements
of substrate binding were initiated. Adenylate kinase frieatherichia coliconsists of three domains:

the main body of the enzyme witirhelical ands-sheet secondary structure, and domains that close over

the AMP and ATP binding sites. Four single tryptophan mutants were constructed to map distances.
Two tryptophan mutants were positioned at residues 133 (Y133W) and 137 (F137W), which are in the
domain that closes over the ATP binding site. Mutant F86W that is located at the AMP binding site, and
mutant S41W that is in the loop that close over AMP, complete the mapping library. Energy transfer
was measured between each of these tryptophans and 5-[[2-(acetylamino)ethyl]Jamino]naphthalene-1-sulfonic
acid (AEDANS) covalently bound to the single cysteine residue at position 77, which is located in the
main body of adenylate kinase. The distance between the tryptophan of the F137W mutant adenylate
kinase and the AEDANS-labeled Cys-77 decreased by 12.1 A upon the binding of the bisubstrate inhibitor
P,P5-bis(5-adenosyl) pentaphosphate . There were only small alterations in the tryptophan to
Cys-77-AEDANS distances in the Y133W, F86W, and S41W mutants upon the bindingsaf AFPP,

or AMP, implying that movement of residues 133, 86, and 41 in relation to the Cys-77 residue was
minimal. These results suggest that there is significant closure of the ATP binding domain upon the
binding of ATP or ARA. Unexpectedly, exposure of the enzyme to AMP also introduced a partial closure

of the ATP hinged domain.

Adenylate kinases are small (226 kDa) monomeric Adenylate kinase crystallographic structures”(léu&
enzymes that catalyze the reaction: Schulz, 1992; Schulz et al., 1990; Berry et al., 1994) and
24 < M2t NMR studies (Yan et al., 1990) have revealed separate ATP
Mg _ATP+ AMP _ Mg ADP + ADP and AMP binding sites. Predictions, based on the X-ray
Adenylate kinase functions in the regulation of the concen- crystallographic structures, suggest that the AMP binding
trations of adenine nucleotides and is the only enzyme thatgomain undergoes a movement of 8 A upon AMP binding
can catalyze the conversion of AMP to ADP (Glaser et al., and the ATP binding domain moves up to 30 A upon binding
1975). Previous studies have suggested that adenylate kinasgs oTp (Schulz et al., 1990; Gerstein et al., 1993). In part

in skeletal muscle fun_ctions as a hig_h energy phosphoryl crystallization forces may drive such large domain motions.
transfer system regulating ATP production in correspondence-l-he solution structure of the binding sites and the move-

with Its consumption (Zeleznikar et al., 1995). From ments, which occur upon substrate binding inEseherichia
comparison of a variety of crystal structures, adenylate . .
ScoI| enzyme, are currently unresolved issues.

kinases are predicted to undergo large domain movement
upon binding to substrate (Schulz et al., 1990; Berry et al., Fluorescence resonance energy transfer provides a method
1994), and the study of these movements may aid in to map distances in the solution structure of proteins. This
understanding kinase function. Recently, the structures of method is based on the radiationless transfer of energy
adenylate kinase from several organisms, bound to substratehrough dipole-dipole interactions between an excited state
or in the absence of substrate, have been utilized to make &luorescent donor to an acceptor moleculérgfer, 1948).

movie of the proposed motions which occur upon substrate |n turn, the acceptor molecule may or may not be fluorescent.
binding (Vonrhein et al., 1995). The X-ray crystal structure

of adenylate kinase from varied species has provided a wealth Th_e use of tryptophan as a fluorescence energy donor
of structural information about this enzyme; however, requires an acceptor_ that receives energy at the wavelengths
understanding its dynamics will require other methods of ©f tryptophan emission. Consequently, the single cysteine
analysis. residue inE. coli adenylate kinase was covalently labeled
with IAEDANS. Fluorescence resonance energy transfer
"This work was supported by the NIH RR03155 and the uluc. ~ Was then used to measure distances between the labeled Cys-
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77 residue and unique tryptophan residues introduced by site-The labeled peptide was washed through the column with
directed mutagenesis into the wild-type enzyme, which lacks 10 mM sodium phosphate, pH 7.0, buffer while the free label
tryptophan. The distances between Cys-77 and tryptophangemained bound to the column. The concentration of the
introduced into the ATP binding domain at positions 133 peptide was determined by measurement of the absorbance
and 137 and the AMP binding domain at residues 41 and at 280 nm and using an extinction coefficient for Trp of 5600
86 were measured using energy transfer in the absence oM~! cm™.. The concentration of protein in the labeled
substrate and upon the binding of ATP, AMP, or the adenylate kinase mutants was measured using the method
bisubstrate inhibitor ARA. The distances measured by of Lowry et al. (1951). The concentration of AEDANS in
energy transfer were analyzed to determine the extent ofthe labeled protein or peptide was determined by comparing
domain motion upon substrate binding. Previously, the 86 the fluorescence intensity of AEDANS at 475 nm, when
and 133 single Trp mutants were used to gain information excited at 345 nm, with that of known concentrations of the
about the locations of the AMP and ATP binding sites (Liang 1,5-AEDANS 2-mercaptoethanol adduct.

et al., 1991). CD Measurements.All CD measurements were per-
formed using a JASCO J-720 spectropolarimeter. The CD
MATERIALS AND METHODS spectra were taken using adenylate kinase samples with an

absorbance at 222 nm of 1.2 in 10 mM sodium phosphate
buffer, pH 7.4. The spectra were obtained at25using a

feg bll:e_A af(gFlty reT,mt_v(\j/asd_purtcr:jasec: from B'?('.?ad dcellofO.l cm path length. Samples were scanned from 250
avoratories. Lligonucieotide-directed mutagenesIS KI's andy, 1 9g nm with a 0.1 nm resolution using a 1.0 nm band

[0-3°S]dATP were obtained from the Amersham Corp. width
Oligonucleotide mutagenic primers and a Trp-Pro-Pro-Pro- :
eC1tytshgel_FJ)2S/er;i?reoﬁlrl]it:;zlzed by the Biotechnology Centerments were performed using a SLM-8000C spectrofluorom-
} ) y T ] eter. The band widths for emission and excitation mono-

Site-Directed MutagenesisSingle Trp residues were  cphromators were 4 nm. Samples of @M labeled or
introduced into adenylate kinase as previously describedpjapeled adenylate kinase Trp mutants or the Trp-gPro)
(Nakamaya & Eckstein, 1986; Liang et al., 1991). The cys peptide in buffer A were excited with light of 295 or
production of the F86W and Y133W mutants has been 345 nm for energy transfer experiments. Fluorescence
described (Liang et al., 1991). The S41W and F137W gmjssion was monitored at the emission maximum of the
sequences were yenﬁed after subclonlng of the mutant Trp donor for measurement of donor-quenching energy
adenylate kinase into pUC18 as an8—Hindlll insert  yansfer using 295 nm excitation, or at the emission maximum
containing the adenylate kinase structural gene including its ot the AEDANS acceptor using both 295 and 345 nm
Shine-Delgarno sequence. This plasmid was then expressedayitation for measurement of acceptor-enhanced emission.
in the protease-deficient strain SG21163 (Gottesman, 1990).The energy transfer measurements were made in the absence

Purification of Adenylate KinaseThe mutant adenylate  and in the presence of either 1 mM AMP, 1 mM ATP, or
kinases were purified in a manner similar to that previously 20 uM APsA. Polarization measurements for AEDANS
described (Liang et al., 1991) with the following modifica- were performed with excitation at 350 nm and a Corning
tions. The cells were grown at 3T and harvested at early  3-72 filter in the emission path. Polarization experiments
stationary phase. After purification using the gel blue A were also carried out in the presence of substrate at the same
affinity chromatography, the mutant adenylate kinases were concentrations as in the energy transfer experiments. Quan-
dialyzed against four changes of 10 mM Tris, pH 7.4, with tum yield measurements for the Trp donor in the adenylate
1 mM MgCl, (buffer A). The enzyme was applied a second kinase mutants, in the absence and presence of 1 mM AMP,
time to the gel blue A resin and washed with buffer Ato 1 mM ATP, or 20 uM APsA, were carried out using
remove any APBA that remained after the elution from the excitation at 295 nm and 4 nm band widths. A known
first gel blue A column. The adenylate kinase mutants were concentration of Trp at an approximately equal absorbance
eluted with buffer A plus 0.2 M KCI, concentrated using an was used as a standard assuming a quantum yield of 0.14
Amicon stirred cell, and dialyzed against four changes of (Kirby & Steiner, 1970).
buffer A. Calculation of Energy Transfer Efficiency from Tryptophan

Labeling with IAEDANS.The F86W, Y133W, S41W, and to AEDANS. When a fluorescent molecule is excited, one
F137W adenylate kinase mutants and the Trp-FGys mode by which it can release this energy is through
peptide were labeled with IAEDANS using the method of radiationless transfer to an acceptor molecule. The distance
Gardner and Mathews (1991) with some modifications. After at which energy transfer between a donor and acceptor is
labeling and dialysis, the adenylate kinase mutants were50% efficient,R,, (Forster, 1965), was determined using:
applied to a gel blue A affinity column and washed with
buffer A to remove free label. The mutant adenylate kinases R,=(9.79x 103)(JK2QDH_4)1/6A (N
were eluted from the column with buffer A plus 0.2 M KCl,
concentrated using an Amicon stirred cell, and then dialyzed where«? is the angular orientation factor (taken to %),
against four changes of buffer A. The activities of the Qp is the quantum yield of the donor in the absence of the
mutants before and after labeling were monitored using the acceptor, and is the refractive index of the medium (taken
reverse assay (MYADP + ADP < Mg?*ATP + AMP) as to be 1.34). The quantum vyields of the Trp residues in the
previously described (Huss & Glaser, 1983). Free label was various mutants and the peptide control were determined
removed from the Trp-(Pre)Cys peptide by loading the using free tryptophan as a standard (Grossman, 1983).
labeled peptide onto a DE 52 ion exchange column that wasQuantum yields of the Trp adenylate kinase mutants were
equilibrated with 10 mM sodium phosphate, pH 7.0, buffer. measured in the presence and absence of 1 mM AMP, 1

Sources IAEDANS was obtained from Sigma Chemical.

Fluorescence Measurementall fluorescence measure-
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mM ATP, and 2QuM APsA. J, the overlap integral between

donor emission and acceptor absorbance in eq 1, is given

by (Fairclough & Cantor, 1978)

_DFo@ e AL
’ > Fo(?) A2 o

whereFp(4) is the fluorescence intensity of the Trp donor
at wavelengthl and e, is the molar extinction coefficient
of the acceptor at wavelength To determinel,these values
were measured every 5 nm from 300 to 420 nm. The
distance between donor and accepRyrcan be calculated
using the equation:

-1

)

®3)

whereE is the efficiency of energy transfer between donor
and acceptor.E was calculated using the equation:

E=1-Fpa(D)/Fp(A)

R=RyE ! — 1)

(4)

whereFpa is the fluorescence intensity of the donor in the
presence of the acceptor aRgd s the fluorescence intensity

Bilderback et al.

Ficure 1: The backbone structure of adenylate kinase feorooli
based on the coordinates of Berry et al. (1994), with the single Trp

of the donor alone with both intensities measured at the mytations indicated at residues 41, 86, 133, and 137. Additionally

emission maximum of the donorE was also calculated
using sensitized emission of the accepEy,which is given
by (Tu et al., 1978):

475
_ I:DA295 1:A345 I345

Ea E 475f [
A345 D295 '295

(5)

where Fpaos*™® is the fluorescence intensity when excited
at 295 nm of the doneracceptor pair, in which the Trp

the position of the AEDANS-labeled Cys-77 residue is shown.

where Fpazss*"® and Fpzqg*’® are, respectively, the fluores-
cence intensities of the donor acceptor pair and the donor
alone when excited at 345 nm and with emission monitored
at the AEDANS emission maxima near 475 nm.

RESULTS

Mutagenesis Single amino acid residues were replaced

donor was the major absorbing species with fluorescenceby tryptophan at four locations i&. coli adenylate kinase

emission intensity monitored at the AEDANS acceptor’s
emission maximum of 475 nrfy, is the fractional absorbance
of the acceptor at 345 nrhysis the intensity of the exciting
light at 345 nm|,gs is the intensity of exciting light at 295
nm, Faz45*"® is the fluorescence intensity of the AEDANS

(Figure 1). F137W, Y133W, F86W, and S41W were chosen
because they are at sites expected to be involved in the
binding of substrate (ATP, AMP, and AR). The F137W
mutant Trp residue is located in the variable loop that covers
bound ATP, the Y133W Trp residue is near the hinge region

acceptor at its emission maximum when excited near its of the variable loop, the F86W Trp is located in the AMP

absorption maximum, ani@ is the fractional absorbance of
the donor Trp at 295 nm.
To eliminate contributions due to direct excitation of the

binding site and is known to alter AMP kinetics, and the
S41W Trp residue is in the loop that is predicted to close
over AMP (Schulz et al., 1990; Liang et al., 1991).

acceptor at 295 nm from the emission measured at 475 nm Labeling The adenylate kinase single-tryptophan mutants

(Fa2s*™) and to eliminate contributions due to donor
emission at 475 nmRp2e5*"9), the following equation was
used:

475
total 295

475

475 _
=F A295

475 _
Foazes F

- F0295

(6)

whereFioai 2047° is the total fluorescence intensity emitted

were labeled with IAEDANS under conditions that favor
reaction with cysteine (Gardner & Mathews, 1991). The
degree of labeling for the single cysteine presert.rcoli
adenylate kinase ranged from approximately 100% in the
case of F86W to 16% in the case of F137W, with intermedi-
ate levels of labeling obtained for S41W (50%) and Y133W
(28%). The variable labeling efficiency between mutants

at 475 nm upon excitation of the donor acceptor pair at 295 may arise from the relatively shielded location of the

nm. Fpaet’> was determined directly by exciting an equiva-
lent amount of the donor aloné=azes*"®> was determined by
measuring the fluorescence intensity of AEDANS-labeled

cysteine. Additionally, a peptide of Trp-(Pselys was
labeled with approximately 100% efficiency. The labeling
had relatively small effects on the catalytic activity of

wild-type adenylate kinase, which has no tryptophan, when adenylate kinase when compared with the unmodified

excited at 295 nmRawi205""%) and also the fluorescence

enzyme, and the changes in activity were not dependent upon

intensity of the same sample when excited at 345 nm the degree of labeling (Table 1). The CD spectra showed

(Fawnssst™ and using the values in the following equation:

475,

475 47
AWt)295 / Fawt)aas

475 _
=F D345
()

475
FA295 - F

(FDA345

only slight differences between the mutants and the wild-
type enzyme (Figure 2).

Energy Transfer in the Trp-Pro-Pro-Pro-Cys Peptidas
a control, energy transfer from Trp to AEDANS was
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Table 1: Specific Activity of Adenylate Kinase before and after Table 2: Energy Transfer in the Trp-(Ps&}ys AEDANS-Labeled
Labeling with IAEDANS Peptidé
labeling specific activity Trp/AEDANS®  E, (%) Ra (A) Eq (%) Rs (A)
efficiency activity (umol - change 0.86 62613 207403 701+16 19.5£0.2
enzyme (%) min"mg) (%) 171 63.9-1.0 20.6+0.1 80.2+23 17.8+0.4
wild-type unmodified 261 28 3.42 64.6+£0.9 20.5+0.1 92.3+11.0 14.9+2.8
54 modified 189+ 6 -28 6.84 64.7+2.7 20.5+0.0 88.7+24.9 16.0+4.5
S41W unmodified 26% 16 2R, is the distance from donor to acceptor calculated using acceptor-
50 modified 248+ 32 -5 enhanced emission, arfg; is the distance calculated using donor-
FSG6W unmodified 108t 10 guenching. E4 refers to energy transfer calculated using donor-
100 modified 75+ 9 —31 guenching as in eq 4 with the value normalized to accegionor
- pairs by multiplyingEq by [donor]/[acceptor] ([Trp)/[AEDANS])? The
Y133w unmodified 261 21 Trp/AEDANS ratio was varied by addition of unlabeled peptide to
28 modified 198+ 21 —24 labeled peptide maintaining a total peptide concentration of 2 mM.
F137W unmodified 33& 31
16 modified 2314+ 14 -30 1.2

2 The specific activity of the enzymes was measured using the reverse <
assay (ADP+ MgZrADP <> AMP + Mg?tATP). £
E
40000 . . T 1 | =
30000 E
g 20000 -
—c 1 I 1 1
C\é 310 330 350 370 390
:'3)7 10000 wavelength (nm)
3 Ficure 3: The normalized emission spectra of the S41®y, (
T 0 F86W (), Y133W @), F137W (), and AEDANS normalized

absorption spectruny).
-10000 . . .
transfer in the peptide was examined. There was no
significant change ift, upon the addition of 1 mM AMP, 1
mM ATP, or 20uM APsA, demonstrating that addition of
these compounds did not affect the measurements.

Energy Transfer in Adenylate KinasdExcitation at 295
FIGURE 2: The circular dichroism spectra of wild-type), S41W nm of the tryptophan residues in the adenylate kinase mutants
(k-i-r;z)a’slé%w (=), Y133W (= -), and F137W {—) adenylate  yagyited in emission maxima ranging from 326 nm for F86W

' to 352 nm for S41W, with Y133W and F137W having

measured in a Trp-(PreLys peptide labeled with AEDANS. ~ intermediate values for the emission maximum (Figure 3).
The dimensions of polyproline have been measured usingThese mutants exhibited insignificant shifts3 nm) in
X-ray crystallography (Cowen & McGavin, 1955), and the tryptophan emission maxima upon labeling Wlt.h IAEDANS
dimensions of this peptide were calculated from this infor- OF upon the addition of substrate. The differences in
mation and molecular modeling to be 23.3 A. In addition €Mission maxima due to the dlffe_rent environments of the
to providing a method of verifying the distances obtained TrP mutants and the changes in the overlap with the
by energy transfer, the peptide was used to examine the effec@PSorption of AEDANS (Figure 3) were considered in the
of having a range of acceptor (AEDANS) to donor (Trp) ¢alculation of the overlap integralJX Quenching of
ratios on energy transfer efficiency. There was good tryptophan emission upon labeling or binding of substrate
agreement between the donor-to-acceptor distances calculatey@s also considered in determining the value Jand in
using acceptor-enhanced emission at all ratios of acceptorthe quantumyield (Table 3). When the single Trp containing
used in the adenylate kinase energy transfer experiments2denylate kinases were labeled with IAEDANS and excited
(Table 2). Furthermore, the distance of 20t60.1 A at 295 nm, the emission of Trp was reduced in comparison
calculated using acceptor-enhanced emission agrees veryo the unlabeled protein. Concurrently, there was fluores-
closely with the 23.3 A distance based on the known Cence emission at approximately 475 nm, which corresponds
dimensions of the rigid polyproline structure and molecular ©© AEDANS fluorescence.

modeling. The donor-quenching data were more dependent The efficiency of energy transfer varied significantly
on the ratio of donor to acceptor due to error in the between the mutant adenylate kinases (Table 3). The F86W
measurements, and consequently, the results were morénutant had the highest efficiency in the absence of substrate,
variable than the results obtained using acceptor-enhancedollowed by Y133W, S41W, and F137W. These efficiencies
emission (Table 2). Therefore, only the energy transfer were used to calculate the distance from the AEDANS-
efficiency obtained from acceptor-enhanced emission waslabeled Cys-77 to each single Trp residue using eg8 1
used in determination of the energy transfer efficiency for (Table 3).

the AEDANS-labeled single Trp adenylate kinase mutants. The energy transfer efficiencies for the F137W mutant
Additionally, the effect of substrate addition upon energy increased from 5.6 0.8% in the absence of substrate to

-20000 I 1 1 i 1
190 200 210 220 230 240 250

Wavelength (nm)
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Table 3: Energy Transfer Measurements for AEDANS-Labeled Table 4: AEDANS Polarization for Labeled Adenylate Kinase
Adenylate Kinase polarization
% energy
mutant R transfer Ro(A)° R(A) AR(A) enzyme nosubstrate 20M APsA 1 mMATP 1mMAMP
S41W  6.13< 10735 10.0£0.7 240 34.6:04 native 0.110 0.096 0.100 0.090
+AMP 6.20x 10715 10.3+1.7 230 33.061.0 +16+1.1 S41W 0.127 0.099 0.100 0.116
+ATP 6.16x 1015 92+1.0 238 349:0.7 —-0.3+0.8 F8ew 0.133 0.108 0.084 0.112
+APsA 6.13x 10715 10.1+24 227 32.8:1.3 +1.8+14 Y133W 0.112 0.116 0.106 0.102
F137W 0.125 0.097 0.106 0.106

F86W 6.34x 10715 445+ 1.7 228 23.#40.2
+AMP 6.30x 107% 35.2+1.9 223 247404 -10+05

iﬁ;; Sanx 1&1: Pards zz 24407 04%07  that the error in the calculated energy transfer distance is
less than 10% when using the assumption tHaquals?/s

Y133W  6.67x 10715 17.840.3 228 29.5:0.1 ot .
TAMP 631x 105 194425 221 28108 414408 (Haas et al., 1978). The polarization values for Trp residues

+ATP 6.16x 10°%5 184+10 217 278:03 +1.7+03 were generally low€0.2), and they reflected the differences
+APsA 6.62x 10715 17.7+1.6 215 27.8:06 +1.7+0.6 in their environment (Fulmer et al., 1995).
F137W  6.37x 1015 56+08 21.0 33.708
+AMP 6.32x 10715 19.1+3.4 204 26.6:09 +7.7+1.2 DISCUSSION
+ATP  6.09x 1015 17.4+02 19.3 25.0:0.1 +8.7+0.8 )
+APsA 6.12x 10715 256+6.8 18.0 21.6:1.3 +12.1+15 The methods of fluorescence donor-quenching energy

aThe overlap integral) was calculated using eq 2, and differences  transfer and sensitized acceptor-enhanced energy transfer
in J are due to small changes in the Trp emission spectra upon bindingwere compared for a peptide of known dimensions. The
of substrate or due to the different environments of Trp in different method of measuring energy transfer efficiency using
mutants.” Calculated using acceptor-enhanced emission efficiency (e sensitized acceptor-enhanced energy transfer proved to be
5). ¢ Calculated using eq 1, with changedRpresulting from alterations . . . .
in Jand quantum yield changes in Trp emission upon substrate binding. superior to donor-quenching in terms of consistency _Of

distances calculated over a range of acceptor to donor ratios.

At low labeling efficiencies, it is necessary to correct for
25.6+ 6.8% when 2Q:M APsA was added. This efficiency  this low efficiency so that only a donor which also has an
change corresponded to a decrease in distance between don@cceptor attached to the peptide is considered when using
and acceptor of 12.1 A. Addition of 1 mM AMP to F137W  donor-quenching to calculate the energy transfer efficiency.
increased energy transfer efficiency from :®.8%to0 19.1  An additional source of error in the donor-quenching
+ 3.4%, and the corresponding distance between donor andneasurements is the preparation of duplicate labeled and
acceptor decreased by 7.7 A. In the presence of 1 mM ATP, unlabeled sample pairs where differences in the protein
the energy transfer efficiency for F137W increased from 5.6 concentration between two samples can result in large errors
+ 0.8% to 17.4+ 0.2%, indicating an 8.7 A decrease in the in the energy transfer efficiency. Neither of these sources
distance from the donor to acceptor. of error is relevant when calculating acceptor-enhanced

The changes in energy transfer efficiency for S41W, energy transfer efficiency, which involves only peptides with
Y133W, and F86W upon substrate binding were not sig- donor acceptor pairs. Here each acceptor is bound to a
nificant, suggesting that these residues did not move greatlydonor, and only acceptor emission is being monitored. Also,
in relation to Cys-77 upon substrate binding. In the S41W the same sample is used to calculate both fluorescence
mutant, the Cys-77 AEDANS to Trp distance decreased 1.6 intensity terms in the equation for acceptor-enhanced energy
A upon AMP binding and 1.8 A upon AR binding, but transfer efficiency (eq 5), eliminating the need to make
moved only 0.3 A upon ATP binding. The Y133W mutant duplicate samples. Additionally, the distances between donor
also showed modest movements upon substrate binding, withand acceptor obtained by energy transfer using acceptor-
the Cys-77 AEDANS to Trp distance decreasing by 1.4 A enhanced measurements were nearly identical to those
upon AMP binding, 1.7 A upon ATP binding, and 1.7 A predicted from the molecular dimensions of the rigid
upon ARA binding. In the F86W mutant, the changes were polyproline peptides. In proteins there is also the additional
all 1.0 A or less. The levels of substrates used in these concern that there could be a difference in the environment
experiments saturated the enzyme binding sites. of the donor between the labeled and unlabeled protein, and

An important consideration in calculating the distances this could cause changes in the quantum yield of the donor
between donor and acceptor is the angular orientation factoraffecting the apparent donor-quenching efficiency. For these
k2. Thex? term reflects the ability of the donor and acceptor reasons, acceptor-enhanced emission was used to determine
to randomize their orientations by rotational diffusion. The distances from Trp to AEDANS in the adenylate kinase
values for this factor can range from 0 to 4, but a value of single Trp mutants.
«? equal to?/; can be assumed if the donor and acceptor, are  In order to monitor the movement of various regions of
free to rotate. In order to examine the rotational freedom adenylate kinase upon substrate binding, Trp residues
of the acceptor, steady-state polarization values were deterwere introduced into the AMP and ATP binding domains.
mined for AEDANS in each mutant adenylate kinase in the The single Cys-77 residue located in the main body of
presence or absence of the substrates used for energy transfadenylate kinase was labeled with AEDANS, making pos-
efficiency (Table 4). In general, the polarization values were sible fluorescence resonance energy transfer from the single
similar for all the mutants and the wild-type enzyme. When Trp residues to the AEDANS. The efficiency of energy
a substrate was added, eithersAPATP, or AMP, the values  transfer was then used to determine the distance from the
were slightly lower, reflecting a small change in the AEDANS-labeled Cys-77 residue to the Trp residue in the
AEDANS environment. In all cases, the polarization value presence or absence of AMP, ATP, or the bisubstrate
indicated considerable motional freedom, and this indicatesinhibitor APsA.
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The binding of substrates to the single Trp adenylate kinase An alternative explanation is that the binding of AMP to
mutants resulted in significant changes in the distance the AMP binding site causes movement in the ATP binding
between the AEDANS-labeled Cys-77 residue and the domain. One study which supports the binding of AMP
137 Trp residue in the mobile ATP binding domain. The preferably to the AMP site in the absence of ATP showed
137W residue, located in the variable loop that covers the that site-directed affinity probes could be directed to the AMP
bound ATP, moved 12.1 A closer to the AEDANS accep- or ATP binding sites by protection of the second site with
tor upon ARA binding, 8.7 A closer upon ATP binding, saturating levels of substrate (Pranab et al., 1992). It has
and 7.7 A closer when AMP alone was bound. The large also been observed that binding of AMP can cause enhance-
movement seen upon AR binding agrees with the ob- ment of fluorescence for probes bound to the ATP site,
servation that AFA associates very tightly with adenylate supporting the model where AMP causes conformational
kinase based upon dissociation constants for this bisub-changes in the ATP site upon binding to the AMP site
strate analog (Liang et al., 1991). The observation that ATP (Chaun et al., 1989). Kinetic studies of adenylate kinase
causes the ATP binding domain to move was expected, butfrom various sources reveal a rapid equilibrium random
the finding that AMP causes a movement of similar sequential mechanism for adenylate kinase (Rhoads &
magnitude in the ATP binding domain was somewhat Lowenstein, 1968; Su & Russel, 1968; Markland & Wadkins,
unexpected in view of X-ray crystallographic comparisons 1966; Font & Gautheron, 1980; Huss et al., 1989). In
of adenylate kinases. In these studies the core structures oEnzymes having this mechanism, both substrates bind
the adenylate kinases from porcine muscle without ligand, randomly to the enzyme. The binding of one substrate
bovine heart mitochondria bound to AMP, atfl coli changes the dissociation constant for the second substrate
bound to ARA were superimposed, and this information was andvice versa It has been proposed that the closure of the
used to predict the movement of the AMP and ATP binding ATP binding domain upon AMP binding would explain the
domains during catalysis (Schulz et al., 1990). The com- uncompetitive inhibition observed for AMP at concentrations
parison of these structures led to the conclusion that theabove 0.2 mM foE. coliadenylate kinase, since AMP could
AMP binding domain alone closes in response to the binding bind prior to release of ADP resulting in the formation of
of AMP. Additionally, these comparisons led to the conclu- an abortive complex (Liang et al., 1991). This is a plausible
sion that there is movement of both the AMP and ATP model that would explain the significant inhibition of
binding domains upon the binding of ATP when AMP is adenylate kinase at AMP concentrations greater than 0.2 mM
already bound. The crystallographic comparisons could bein the presence of saturating ATP.
misleading if the enzymes from these different sources The S41W mutant Trp residue located in the AMP binding
were not comparable in the extent and degree of movement.domain did not move significantly in relation to Cys-77 upon
There are numerous differences between these adenylatdMP or ATP binding. The AMP binding domain is not
kinases including the 30 amino acid addition to the ATP predicted to undergo as dramatic a movement as the ATP
binding loop in bacterial adenylate kinases, in comparison binding domain (Schulz et al., 1990; Berry et al., 1994), and
with the mammalian cytosolic form. ThE. coli enzyme even though no change in distance between the energy
shows strong uncompetitive substrate inhibition by AMP transfer donor and acceptor was observed, this does not
while the rabbit muscle adenylate kinase shows only very preclude movement that would not change this distance. In
weak substrate inhibition. Also, the beef heart mitochon- the case of the Y133W mutant there was also no significant
drial form preferentially uses GTP in the phosphorylation movement between Trp and the AEDANS-labeled Cys-77
of AMP as opposed to the other adenylate kinases. Inresidue. Comparison of the X-ray crystal structures of
view of such variations between adenylate kinases, it is adenylate kinases where substrate is bound and those formed
possible that the structural comparisons may not be entirelyin the absence of substrate suggests that both the F137W
valid. and the Y133W residue would move upon substrate binding

One explanation for the movement in the ATP binding (Schulz et al., 1990). However, 133W is positioned near
domain upon addition of AMP is that AMP binds to the ATP the hinge region of the ATP binding domain, and the
site and this induces closure. Kinetic data indicate that AMP movement of this residue may be small. The F86W mutant
is an uncompetitive inhibitor toward ATP in adenylate kinase whose Trp is located at the AMP binding site also underwent
from E. coli, which argues against strong binding of AMP little movement upon the binding of substrate. This is
to the ATP site (Liang et al., 1991; Huss et al., 1989). If consistent with predictions based on the X-ray structures of
AMP binds to the ATP binding site, it would be surprising adenylate kinases from several sources in the presence and
that this would cause a change in distance between Cys-77absence of substrate (Schulz et al., 1990).
and Trp-137 nearly equal to that resulting from ATP addition, = The distances between the donor and acceptor in adenylate
since thef phosphate of ATP forms five hydrogen bonds kinase calculated using energy transfer were greater than
with adenylate kinase main chain atoms and makes contactdhose predicted by the crystal structure except in the case of
with the side chains of Arg-123 and Lys-13. Additionally, the F137W mutant. The crystal structure fé&. coli
they phosphate forms hydrogen bonds to the side chains ofadenylate kinase bound to A% (Mdiller & Schulz, 1992)
Lys-13, Arg-123, and Arg-156 (Mler & Schulz, 1992). This predicted an approximately 10 A shorter distance from 41W
indicates that 10 of 15 hydrogen bonds stabilizing ATP and 86W to Cys-77 than that calculated using energy transfer
binding would not be present for AMP binding. The loss in the presence of AJA. The same crystal structure
of this much stabilization energy, along with the loss of predicted an approximately 10 A longer distance from 137W
contacts with Arg-123 and Arg-156 in the ATP binding loop, to Cys-77 than that determined using energy transfer.
would be expected to significantly reduce the ability of AMP However, the crystal structure distance predicted for the
to bind to the ATP site and cause the same conformational 133W residue to Cys-77 was within 3 A of the distance
change as ATP. calculated using energy transfer efficiency. The addition of
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the Trp residue and the AEDANS molecule could change Fulmer, T., Bilderback, T., Glaser, M., & Mantulin, W. W. (1995)
the distance between Cys-77 and the various Trp residues. [n preparation. . .
Depending on the orientation of the AEDANS, this could Gar%lgr, J. A, & Mathews, K. S. (199Bjochemistry 302707~
either increase or Qecrease the distance in comparison to th%erstein, M., Schulz, G., & Chothia, C. (199B)Mol. Biol 229,
crystal structure distances. It should also be noted that the ™ 494 501
energy transfer distances are the average distances betweegjaser, M., Nulty, W., & Vagelos, P. R. (1975) Bacteriol. 123
donor and acceptor in a solution structure, and this distance 128-136.
may not be the same as that seen in the X-ray crystal Gottesman, S. (199®ethods Enzymol. 183419-129.
structure. Grossman, S. H. (1988iochemistry 225369-5375.

In conclusion, energy transfer was used to observe changeé"a!ats- Ei%KE?éCGngg;'éatZih E., & Steinberg, I. Z. (19Bpchem-
in distance between the Cys-77 residue and the AMP and_ 'S¥ /. ' .
ATP binding domains upon the binding of substrates. A HUSS:R.J. &Glaser, M. (1983) Biol. Chem. 25813376-13376.

. L . . Huss, R. J., Ruggiero, V. U., & Glaser, M. (1989) Unpublished

large change in the ATP binding domain occurred upon either 455
ATP or AMP binding, and this is consistent with the kjrhy, E. P., & Steiner, R. F. (1970). Phys. Chem74, 4480~

mechanism of adenylate kinase involving a series of interac-  4490.
tions between binding domains. Liang, P., Phillips, G. N., Jr., & Glaser, M. (199R)oteins 9 28—
36.
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