Biochemistry2000, 39, 52875294 5287

Features of FATPase Catalytic and Noncatalytic Sites Revealed by Fluorescence
Lifetimes and Acrylamide Quenching of Specifically Inserted Tryptophan Residues

Joachim Weber* and Alan E. Senior
Department of Biochemistry and Biophysics, Box 712 &ty of Rochester Medical Center, Rochester, New York 14642
Receied Naember 29, 1999; Résed Manuscript Receéd February 24, 2000

ABSTRACT: Catalytic and noncatalytic nucleotide sites of theséctor of ATP synthase were characterized

by tryptophan fluorescence techniques. Seven Trp residues inserted in varied microenvironments in the
catalytic sites, and one in the noncatalytic sites, were studied in mutanizigmes which were otherwise
devoid of Trp. Parameters measured were fluorescence lifetimes and dynamic and static quenching by
acrylamide in the absence or presence of nucleotide. The results indicated that the solution structures of
the mutant enzymes were consistent with reported crystal structures. In enzyme with three empty
noncatalytic sites, all sites were relatively inaccessible to acrylamide, indicating a closed conformation.
In contrast, when the three catalytic sites were empty, they were relatively and equally accessible to
acrylamide, indicating an open conformation. This was the case in the presence or absenée.of Mg
Residues-Trp-331 has been extensively used previously to determine nucleotide binding parameters in
F1. Results here showed thatfty331W mutant I, each of the threg-Trp-331 residues has an unusually

long fluorescence lifetime, confirming that each contributes equally to the overall fluorescence signal.

ATP synthase is the enzyme responsible for ATP synthesis Trp residues that we introduced previously to investigate
in oxidative phosphorylation.,FATPase (often called "} properties of the catalytic sites were purposefully placed in
is the catalytic portion of ATP synthase; it has the subunit a variety of unique locations relative to the position of the
stoichiometryasf33yde, and carries a total of six nucleotide bound nucleotide, and their fluorescence spectra indicated
binding sites. Three of these sites are catalytic sites whichthat they occupied a range of different environments (Figure
participate directly in ATP synthesis and ATP hydrolysis. 6 of ref 6 displays the arrangement of Trp substitutions in
X-ray structure analysis revealed that each of the catalytic E. coli F; catalytic sites; their steady-state fluorescence
sites is formed primarily by residues of/asubunit, with spectra are reported or referenced in that paper). It was
some contributions from residues of the adjacersubunit apparent, therefore, that more information about the acces-
(2). The remaining three sites, formed predominantly by sibility of the catalytic sites, and about conformational
residues of the threg-subunits 1), do not participate directly ~ changes resultant from ligand binding, could be gained from
in catalysis, and in fact, all attempts to assign a clear-cut these Trp substitutions by further exploiting the fluorescence
physiological function to these “noncatalytic sites” have technique. Thus, in this paper we describe first fluorescence
failed so far (for recent reviews, see r&s3). lifetime measurements; then, in acrylamide quenching ex-

To obtain probes capable of monitoring, on real-time basis, periments, we assess the accessibility of several catalytic-
occupancy of the nucleotide binding sites by substrates, site-located Trp residues and changes seen upon ligand
products, and nucleotide analogues, we have in recent yeardinding. For comparison, we performed similar experiments
introduced by mutagenesis a number of Trp residues intowith a Trp residue substituted in the noncatalytic sites. The
the close proximity of the catalytic and noncatalytic sites in results obtained give insights into the relative accessibility
Escherichia coliF;. The fluorescence responses of these Trp and conformation of the catalytic sites under different con-
residues have been used to determine thermodynamic andlitions, demonstrate clear differences between catalytic and
kinetic ligand binding parameters of the two types of noncatalytic sites, and indicate that when all three cat-
nucleotide site, and this experimental approach has led to aalytic sites in intact Fare unoccupied, they each assume an
remarkable number of advances, for example, in formulating “open” conformation, as in the X-ray structure of thgSs
the catalytic cycle of ATP hydrolysis, in uncovering the role complex ).
of Mg?" ions in generation of asymmetry of the three
catalytic sites, in elucidation of the structure of the catalytic EXPERIMENTAL PROCEDURES

transition state, in explaining the mechanism of action of  ~gnstruction of Plasmids for Expression of Single Tryp-

inhibitors and inhibitory mutations, and in describing the tophan Mutants in Otherwise Tryptophan-Freg Back-

characteristics of the noncatalytic sites (see B&fé, Sfor ground. (i) Construction of Plasmid pRLL2 Containing the

reviews of this work). BF176W Mutation with Replacements of All Naturally
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fragment from plasmid pOW1. In pOW1, all naturally mM) ina constantratio of 2.5/1. Releasedv@s determined
occurring Trp residues injFhave been replaced, to allow by colorimetric assays20, 2J).
purification of Trp-free enzyme9j. The mutagenic oligo- Fluorescence Experiments. (i) Steady-State Fluorescence
nucleotide was T TAC TCT GTG GG GCC GGC GTA MeasurementsSteady-state fluorescence experiments were
GG in which the boldface bases encode the Phe to Trpperformed at 23C in a SPEX Fluorolog 2 or AMINCO
substitution and the italicized base introduces a hgaoMlI Bowman 2 spectrophotometer, using an excitation wave-
site for identification of mutant clones. Mutant RF were length of 295 nm. Emission spectra were recorded from 310
identified, and DNA sequencing was carried out to confirm to 390 nm, and the fluorescence at 340 nm was used for
the presence of the new Trp codon and the absence of anyevaluation of the acrylamide quenching experiments. Before
undesired mutation. TheF176W mutation was then moved the experiment, the enzymes were equilibrated in buffer
into plasmid pOW1 on amNhd—Kpnl fragment, yielding containing 50 mM Tris/HSO,, pH 8.0, by consecutive
plasmid pRLL1. In recent work, it was shown that expression passage through two 1 mL Sephadex G-50 centrifuge
of mutant i from plasmid pBWU13.4 in strain DK81Q, columns. This treatment was demonstrated previously to
11) gives enhanced yield of enzyme. Therefore,AR&76W provide an enzyme with empty catalytic sit&®), For the
mutation was moved from pRLL1 into plasmid pBWU13.4 acrylamide quenching experiments, the cuvette contained 2
on aXhd—Ead fragment, to give plasmid pRLL1A. This mL of 50 mM Tris/H:SO,, pH 8.0, 56-150 nM R, and
manipulation also transferred four of the five natural Trp acrylamide was added fro a 6 M stock solution. The
replacements present in pOW1, namelyy513F)W108Y/ measured fluorescence intensities were corre@8ddr the
yW206Y/fW107F, into pRLL1A. The fifth natural Trp  inner filter effect due to acrylamide. When indicated, 2 mM
replacementW28L) was moved into pRLL1A from pOW1  MgATP was added (2 mM MgS5 mM ATP; under these
on a PpuMI—SpH fragment. The final plasmid, named conditions, k displays optimal activity). As a control,
pRLL2, carries thggF176W mutation together with replace- acrylamide quenching experiments were also performed
ments of all Trp residues present naturally in B was using 0.5-1 uM NATA? as the fluorophor.
transformed into strain DK8 (yielding pRLL2/DK8) for (i) Fluorescence Lifetime Measuremeniuorescence
purification of SF176W enzyme. lifetimes were measured by time-correlated single photon
(ii) Construction of Strains CarryinggF148W,5V153W, counting using a pulsed laser-based instrument described in
PY331WEF410W, oroR365W Mutations in Otherwise Trp-  refs 24 and 25; the excitation wavelength was 297 nm
Free . An Xhd—Ead fragment was used to transfer the (frequency-doubled rhodamine 6G laser output), the emission
following mutations into plasmid pRLL25F148W mutation wavelength 340 nm. Preparation of enzymes and experi-
(from plasmid pCBL1, re12); fV153W (from plasmid pCB2, mental conditions were the same as for the steady-state
ref 12); fY331W (from plasmid pCBS5, rel3); aR365W fluorescence measurements, except that higher protein con-
(from plasmid pCB7, previously constructed by transferring centrations (2086500 nM) were used. Data analysis was
a Xhd —BsBI fragment from pAW?7, refl4, into plasmid performed by a nonlinear least-squares fitting procedure using
pOW1). For the3F410W mutation, aixhd —Sgf fragment 1-3 exponentials.
containing thefF410W mutation in Trp-free background (i) Evaluation of Acrylamide Quenching Experiments.
(plasmid pSWM50, reB) was transferred into pRLL2. In  The Stera-Volmer constantKsy, characterizing the dynamic
each case, disappearance of the introdudgdVvil site in component of the quenching process, was determined by
pRLL2 was used to monitor successful transfer. The new nonlinear least-squares analysis of fluorescence lifetime data
plasmids were, respectively, pRLLBK148W), pPSWM80 according to
(BV153W), pSWM81 gY331W), pSWM82 ((R365W), and

pSWM83 (3F410W). Each was transformed into strain DK8 tlro = U1+ Ke[Q)) (1)

for expression and ;Fpurification. For purification of I wherer andr, are the (averaged) lifetimes in the presence
containing the mutationaF291W oraF354W, previously and in absence of quencher, respectively, and [Q] is the
described strains6f were used. guencher concentration. Froidyy the average bimolecular

Enzyme Purification and Characterizatidh. was purified quenching constank,, was calculated usinky = Ksv/<t:>,
according to refl5. aR365W mutant fFwas depleted of  where <z;> is the intensity average lifetime. Steady-state
endogenous nucleotides as descrild). (Purity and subunit  fluorescence experiments served to determine the static
composition of I preparations were checked by SDS-gel quenching component/, using the equation:
electrophoresisl(). Protein concentrations were determined _ viQl
using the Bio-Rad protein assalgj. Growth yield analyses FIFo=1/[(1+ Kg\[Q])-e™] )

in limiting glucose (3 mM) and tests of growth on succinate \yhere F and F, are the fluorescence intensities in the
pIaFe.s_ were carried out as descrlb&Q)( Standard ATPase presence and in absence of quencher, respectivelyikand
activities were assayed in 50 mM Tris$0,, 10 mM ATP, is the StermVolmer constant obtained in the lifetime
and 4 mM MgSQ, pH 8.5, at 30°C. ATPase activity in the experiments 23, 26.

presence of acrylamide was determined using 50 mM Tris/ ’

H,SQO,, 5 mM ATP, 2 mM MgSQ, pH 8.0, plus the indicated RESULTS
e o e ot in,_General In this work fluorescence properties of specif-
buffer containing 50 mM Tris/b8Qs, pH 8.0, with varying cally inserted Trp residues were investigated to gain informa-

concentrations of ATP (0.62.0 mM) and MgSQ@(0.008-4

2 Abbreviations: NATA, N-acetylt-tryptophanamide; NBD-CI,
7-chloro-4-nitrobenz-2-oxa-1,3-diazol€sy, Stern-Volmer quenching
1 Escherichia coliresidue numbering is used throughout. constantk,, bimolecular quenching constant.




Fluorescence Properties of Frp Mutants

tion about the conformations of catalytic and noncatalytic
sites in F-ATPase. For this purpose, seven Trp substitutions
in the catalytic sites and one in the noncatalytic sites were
chosen, based on the X-ray structutednd on our previous
work (6). In each case the inserted Trp residue was contained
in either thea- or the-subunit, and since- andf-subunits

are present in three copies pef, leach purified mutant
enzyme contained three total Trp, all the natural Trp residues

having been substituted away (see Experimental Procedures).

A brief description of the inserted Trp residues is as
follows. Around the catalytic site were the following: (a)
BF148W which is 12 A away from the/-phosphate; the
fluorescence responses ®{Trp-148 enabled us previously
to differentiate between MgATP and MgADP bound in the
catalytic sites, leading to a new model for cooperative
(“multisite”) MgATP hydrolysis @, 4, 12; (b) SV153W
located betweem- and 3-phosphates of bound nucleotide
(6, 12; (c) BF176W which is located 11 A away from the
phosphate-binding pocket; this residue was newly introduced
in the present study to yield a Trp residue expected to be
buried and relatively inaccessible; (dY331W where the
Trp replaces a Tyr which stacks against the adenine ring of
catalytic-site-bound nucleotide; using the fluorescence of
BY331W in R and RF, we were able to quantify the
pronounced functional asymmetry of the catalytic sites, to
study the role of Mg" in cooperative catalysis as well as its
coordination, and to investigate the structure of the catalytic
transition state 11, 22, 27-31); (e) fF410W which is
located close to both adenine and ribose moiet®s (f)
aF354Wand (g) aF291W both located on the-subunit
close to the catalytic site, the former opposite the ribose
moiety, the latter about-910 A away from they-phosphate
(6). In the noncatalytic sites, we studietR365W (14).
o-Arg-365 is equivalent t@-Tyr-331 in catalytic sites, and
the aliphatic portion of then-Arg-365 side chain abuts
directly on the adenine ring of noncatalytic-site-bound
nucleotide. Using the fluorescence oR365W R, we
demonstrated previously the symmetry of noncatalytic sites
as well as the absence of a direct function in ATP hydrolysis
(14).

All of the above mutants excegiF176W have been
described before in references cited above. All yield enzyme
with normal or near-normal activity, excep¥153W, which
has aVmax equal to 12.5% of wild-typef, 12. As stated
above, theSF176W mutation was introduced here for the
first time, and it was necessary to establish properties of this
mutant enzyme before using it. Therefore, we shall briefly
describe properties g§F176W F, and then describe the
fluorescence experiments on the whole group of mutants.

Properties of fF176W Mutant k. Strain pRLL2/DKS8,
carrying theF176W mutation, gave slightly lower than
wild-type level of growth on succinate plates, and its growth
yield in liquid medium containing limiting (3 mM) glucose
was 80% of wild-type. These results indicated that the
PFL76W mutation caused a small impairment of normal
function. SF176W mutant F-of normal molecular size and
subunit composition (as judged by the elution profile of the
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Ficure 1: Corrected Trp fluorescence spectrgs6fl 76 W mutant

F1. Enzyme concentration was 100 nM in 50 mM Trig8®,, pH

8.0. Curve 1, absence of nucleotide. Curve 2, presence of 1 mM
MgADP. Curve 3, presence of MgADfuoroberyllate (enzyme
preincubated for 30 min at 23C with 1 mM MgADP, 1 mM
BeSQ, and 5 mM NaF).

x 10° M~1s1, which is identical to wild-type. Steady-state
fluorescence properties 8F176W mutant I were as
follows. The corrected emission spectrunpéfl 76W mutant
F1 exhibited a maximum at 324 nm (Figure 1, curve 1),
indicating a very unpolar environment of the Trp. Addition
of saturating concentrations of Mignucleotide resulted in
pronounced fluorescence decreases without a change of the
wavelength position of the spectrum. MgADP gave 28%
decrease (Figure 1, curve 2), and MgAf&oroberyllate
complex gave 33% decrease (Figure 1, curve 3). With
MgAMPPNP and MgATP, similar results were obtained.
Residues-Trp-176 had been chosen for inclusion in this
study with the expectation that it would represent an
inaccessible location close to the catalytic site (see above),
and these data confirmed that this was likely to be the case.

Fluorescence Lifetime Measurementable 1 shows the
results of the fluorescence lifetime measurements of the eight
Trp mutants used in this study. Whereas the fluorescence
decay of the reference compound NATA could be described
adequately using a single exponentia= 3.01 ns), for all
mutant enzymes 3 exponentials were required to obtain a
satisfactory fit {2 < 1.3). In all mutants, the decay process
with the longest lifetime accounted far80% of the total
fluorescence intensitys 7>, the amplitude average lifetime,
was between 3.3 and 4.4 ns for most of the Trp residues.
However, there was one clear exceptiBAlrp-331, which
had an unusually high average lifetime of close to 7385 (
33).

Effect of Acrylamide on ATPase Adty of F;. Acrylamide
is widely used to determine accessibility of Trp residues in
proteins 26, 33. Before the intended acrylamide quenching
experiments, it was necessary to establish the upper limit of
acrylamide concentration tolerated by enzyme without
inactivation. Figure 2 shows ATPase activity of wild-type
and Trp-free I (from which all mutants used in this study
are derived) as a function of acrylamide concentration. It

Sephacryl S-300 gel chromatography column used in the lastcan be seen that up to an acrylamide concentration(o6

purification step and by SDS-gel electrophoresis) was
isolated from strain pRLL2/DK8. Purified mutant enzyme
exhibited aVmax 0f 25 units/mg (89% of wild-type) and a
Kwm of 78 uM (87% of wild-type), resulting irkca/Ky = 2.0

M, ATPase activity of both enzymes actually increased, but
above this concentration activity abruptly fell to zero, thus
limiting the useful acrylamide concentration range for
guenching studies to-00.5 M. The activity increase was
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Table 1: Fluorescence Lifetimes of Trp Mutghts

mutant i o 71 (NS) o2 72 (nS) o3 73(NS) <7,> (Ns) <7:> (ns)

PF148W 0.170 0.33 0.276 2.15 0.554 4.85 3.34 4.23
pV153W 0.058 0.35 0.296 2.03 0.646 5.16 3.96 4.66
PFL76W 0.032 0.23 0.205 1.79 0.763 4.43 3.75 4.17
pY331W 0.036 0.18 0.119 1.27 0.845 7.80 6.75 7.64
SF410W 0.094 0.28 0.278 1.44 0.628 4.88 3.49 4.46
aF291W 0.057 0.29 0.272 1.83 0.670 5.46 4.17 5.01
aF354W 0.057 0.46 0.345 231 0.597 6.02 4.41 5.32
aR365W 0.067 0.35 0.382 1.83 0.551 5.22 3.60 4.53

a o is the normalized preexponential valuds the fluorescence lifetimesz,> is the amplitude average lifetime=§ ai7i); <> is the intensity

average lifetime €5 oii¥Y oiti).
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Ficure 2: Effect of acrylamide on ATPase activity of.FOpen
circles, wild-type F; closed circles, Trp-free;F100% corresponds
to activity of 11.1 units/mg in wild-type and 17.6 units/mg in Trp-

[acrylamide] (M)

Ficure 3: Acrylamide quenching of fluorescence of Trp mutants.
The buffer was 50 mM Tris/k80O,, pH 8.0. Filled symbols,

free enzyme. Details of the assay are described under ExperimentapF176W mutant |f open symbolsfY331W mutant F. Circles

Procedures.

found to be due to partial dissociation of the inhibitory
e-subunit, since it was not observed wittdepleted k- (data
not shown). The location of (34), far distant from the
nucleotide binding sites, makes it very unlikely that loss of
this subunit affects the accessibility of the sites. Moreover,
only a small fraction of the enzyme molecules is affected,
since complete-depletion would result in a 10-fold activity
increase §5).

Effect of Acrylamide on Fluorescence Lifetimes: Contri-
bution of Dynamic Quenchindzor all Trp mutants under

represent/ty, the effect of acrylamide on the average fluorescence
lifetime; squares represehitFo, the effect of acrylamide on steady-
state fluorescence intensity. The lines are fits to fluorescence lifetime
data using eq 1; further details are described under Experimental
Procedures.

catalytic site, in the position equivalent to thay®birp-331

in the catalytic site, and the pronounced difference in

accessibility between the two has important implications.
Effect of Acrylamide on Steady-State Fluorescence: Con-

tribution of Static Quenchindzigure 3 (squares) shows data

points for acrylamide quenching of steady-state fluorescence

intensity of two representative Trp mutants. In all cases,

investigation, the average fluorescence lifetime decreased agjuenching of the steady-state fluo_rescence inte_nsity was more
a function of increasing acrylamide concentration. Two pronounced than the corresponding decrease in fluorescence
examples, shown in Figure 3 (circles), illustrate the extreme lifetimes. This additional decrease is due to static quenching

cases. All the other mutants fell between these two. The
Stern-Volmer constantKsy, was obtained by fitting theo-

of the Trp fluorescence by acrylamid23, 26, which is
described by the terri in eq 2 (see Experimental Proce-

retical curves to the measured data points, as described undedlures). The resulting values fotranged from 0.25 M* in

Experimental Procedures. Fromdsy we calculated the
bimolecular quenching constakg, which is the true measure
for the susceptibility of the Trp residues to collisional
quenching by acrylamide. The results are summarized in
Table 2. Two Trp mutantgY331W andfF410W, showed
relatively high accessibility to acrylamide, wikg values of

11 and 14%, respectively, of that for the model compound
NATA, which is generally considered as representative of a
freely accessible Trp residue in a protein. All other Trp
mutants exhibitedk; values <5% of the NATA value:
PF148W, 4%;5V153W, 3%;BF176W, 2%;aF291W, 3%;
oF354W, 5%;aR365W, 3%. These values indicated that
these Trp residues were relatively inaccessible. As will be
discussed below, residueTrp-365 is located in the non-

oF354W R to 2 M tin fY331W F, and are summarized in
Table 2.

Influence of MgATP on Fluorescence Lifetimes and
Acrylamide QuenchindRrevious measurements of nucleotide
binding parameters and ¢y values had established that
addition of 2 mM MgATP would result in saturation of the
three catalytic binding sites with nucleotide and rapid enzyme
turnover in each of the mutants. We investigated the effect
of 2 mM MgATP on fluorescence decay kinetics and
acrylamide quenching parameters of the Trp mutants. All
four mutants SF148W, fV153W, fF176W, and3F410W,
showed moderately reduced average fluorescence lifetimes
in the presence of MgGATP. The changes in amplitude average
lifetime (<7,>) were —18%, —7%, —10%, and—18%,
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Table 2: Acrylamide Quenching Parameters of Trp Mutants

dynamic quenching component static component

mutant Ama? (NM) Ksy (M™1) ky(M~ts?) MgATP effect (%) V(MY MgATP effect (%)
SF148W 328 1.00 0.23% 10° -19 0.89 -17
pV153W 325 0.82 0.17% 1¢° +6 1.25 -1
PFL76W 324 0.44 0.104 1¢° +4 0.80 27
AY331W 348 4.94 0.646& 1¢° ND¢ 2.08 ND
SF410W 336 3.70 0.830x 10° —28 1.14 -85
oF291W 332 0.95 0.19¢ 10° f 0.46 f
aF354W 331 1.47 0.276& 10° f 0.25 f
oR365W 345 0.78 0.17% 10° ND¢ 1.09 ND
NATA 353 17.4 5.77x 1¢° 1.63

2 lmax, Wavelength position of maximum of corrected emission spectPi#.change irky upon addition of 2 mM MgATP¢ % change inv
upon addition of 2 mM MgATPY ND, not determined; MgATP completely quenches the fluorescence sijRalised data fofF410W indicate
Amax = 336 nm, quench by 2 mM MgATR= 50%, Amax in the presence of MgATR= 329 nm (cf. ref6). f See Results.

respectively, mostly due to a decrease in contribution of the 4.0 ' ' ' '

decay process with the longest lifetime. (It should be recalled
that the steady-state fluorescence intensity at 340 nm of all
four of these mutants was diminished in the presence of

35 4

MgATP; see above and refs, 12) The susceptibility to 30
dynamic quenching by acrylamide in the presence of MgATP L 55
was somewhat reduced fir148W ang3F410W R, but not i
in fV153W and fF176W enzymes (see Table 2). A 2.0
protective effect of MgQATP on the static quenching com-
ponent was observed f@Trp-148,3-Trp-176, and, espe- 1.5
cially, -Trp-410 (Table 2).
Investigation of effects of MgATP on fluorescence life- O o1 0z o3 os o5

times and acrylamide quenching was not possible with
BY331W nor withaR365W F, since the nucleotide totally ) )
quenches the fluorescence of the introduced Trp in theseFIGURE 4: Acrylamide quenching gfY331W mutant fr fluores-

. : cence in the presence of Kfg Enzyme concentration was 350 nM
cases 14, 27). With aF291W andaF354W, no influence in 50 MM Tris/HSQy, pH 8.0, 2.5 mM MgSQ@ The solid line is

of MgATP on acrylamide quenching of the steady-state j fit to the data points assuming a sinéfle, (k;) value for each of
fluorescence was seen, suggesting that neither dynamic nothe threes-Trp-331 residues. The dotted line uses an asymmetric
static quenching was occurring. Thus, the effect of MgATP model in which one of the three sites hak,aalue corresponding

on the dynamic quenching component was not investigated.t© that ofa-Trp-365 (see Discussion).

Effect of M@ on Acrylamide Quenching ¢d-Trp-331
FluorescenceUsing the fluorescence signal of tA¥331W DISCUSSION

mutant i, we earlier demonstrated that the pronounced  General.The goal of this study was a more comprehensive
functional asymmetry of the three catalytic sites, manifested analysis of the fluorescence properties of eight mutant
as highly cooperative binding of nucleotide substrate MGATP Escherichia coli F;-ATPases, seven with a specifically
or product MgADP, is only seen in the presence of‘Mg  engineered Trp in the environment of the three catalytic sites,
In the absence of Mg, i.e., with uncomplexed ATP or ADP,  and one with a Trp inserted in the adenine-binding subdo-
the sites behave symmetricallg,(22). It was of interest  main of the three noncatalytic sité#n all cases, the inserted
therefore to find out whether the thr@eTrp-331 residues Trp residues are the only tryptophans in the enzyme. The
themselves behaved asymmetrically in the presence 6fMg  fluorescence parameters investigated were the decay kinetics
which would indicate an asymmetry in catalytic sites and the susceptibility to acrylamide quenching.
unoccupied by nucleotide. We therefpre investig_ated the  Eluorescence Lifetime Measuremerige lifetime mea-
effect of 2.5 mM MgSQ on acrylamide quenching of g, rements showed that the fluorescence decay for all eight
BY331W F fluorescence using lifetime measurements. o the inserted Trp residues could be described adequately
The presence of Mg alone, in the absence of acrylamide, by three exponentials (Table 1). Multiexponential decay is
had no significant effect on the decay kinetics. In either the the rule for Trp residues in protein€3, 33, and three
presence or absence of Rg eq 1 (see Experimental |ifetimes have been reporte8d) even for crystalline single-
Procedures) was found sufficient to describe the quenchingTrp proteins. Thus, the fact that each mutant enzyme
behavior in the presence of acrylamide. Figure 4 shows theinvestigated here actually contains three Trp residues (one
results (in the presence of N9 plotted in the form of the  pera- or S-subunit) does not appear to cause an unusually
traditional Sterr-Volmer plot (wherero/t = 1 + Ksv[Q]). complicated decay pattern. Therefore, in general, in each
The solid line is a fit to the data points assuming a single enzyme all three Trp showed similar behavior, although it
Ksv value, and the fit is seen to be excellent. The calculated
quenchlgg eara.meters welgy = 4.67 M ‘f"”qu = 0612 3 All eight residues which were replaced by Trp in this study are
x 10° M~* s7%, similar to the values found in the absence of highiy conserved, and present in all published X-ray structures, of F
Mg?" in Table 2. or asBs complex.

[acrylamide] (M)
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should be noted that small variations in the decay kinetics 5-Leu-204). Residug-153 lies within the Walker Homology
between the three Trp residues would not have been detected sequence 42), which makes direct contact with the

by this technique.
In the specific case @#-Trp-331, this result has particular
significance. The fluorescence signal of fh331W enzyme

phosphates of a catalytic site-bound nucleotide molecule,
mostly via hydrogen bonds between main chain nitrogen and
phosphate oxygen atoms. The side chaifi-dfal-153 points

has been used extensively to determine nucleotide bindingaway from the nucleotide, and into the protein, toward the

parameters of catalytic sites &. coli F; and RF, (sum-
marized in ref, 4, 5, and is likely to find wide use in the

hydrophobig3-Leu-321 (side chain)j-Ser-322 (main chain),
andg-Arg-323 (side chain methylene groups),(consistent

future (e.g., ref87, 38. For evaluation of nucleotide binding  with the low Anax and ky values noted for thggV153W
parameters, the assumption is made that the fluorescencenutant.

signal of each of the thre@Trp-331 residues is the same. The results obtained here indicated that resideiehe-
There is no doubt that this is the case in the presence 0f148 is buried in the protein in an unpolar environment. This
nucleotide, where the signal is essentially zero at all threeis in agreement with the crystal structur®,(which also
sites. However, the question of the contribution of each shows a pronounced difference in the position of the side
[-Trp-331 residue to the overall signal in the absence of chain of this residue between a nucleotide-occupied and an
nucleotide is important. In this work, fluorescence lifetime empty S-subunit. When the catalytic site is fille@-Phe-
measurements showed that 98% of the steady-state fluores148 forms a sandwich-type complex witfPhe-312, whereas
cence intensity offY331W F, is associated with a decay in an empty site the two aromatic rings lie edge-to-edge with
process which has an unusually long lifetime, with no much less overall contact. The fluorescence results obtained
indications for any pronounced variation between the three with the fF148W mutant enzyme suggest that the side chain
Trp residues. It should be emphasized that only pronouncedof 5-Trp-148 experiences a similar prominent conformational
differences between the three residues would have an impacthange; especially noteworthy is the significant blue-shift
on the results of nucleotide binding analyses. Other argu- of the spectrum upon nucleotide binding,§x was reduced
ments also support the idea of equal contribution of the threeby between 3 and-67 nm, depending on the nucleotide;
B-Trp-331 residues to the overall signal, namely, (i) inde- see refl2). The crystal structurelf shows the side chains
pendent site-occupancy measurements using the fluorescenf residuesx-Phe-291 andi-Phe-354 located on the surface

nucleotide analogue lin-benzo-ADRZ), and (ii) the fact
that modification of fY331W F by NBD-CI reduced
fluorescence quenching upon addition of 1 mM MgATP
(sufficient to fill all three catalytic sites in the unmodified
enzyme) by exactly one-third2). This is in excellent
agreement with the X-ray structure of mitochondrial F
reacted with NBD-Cl 89), which shows that NBD-CI
modifies just one of the catalytic sites, preventing it from
closing and binding nucleotide.

of theo-subunit, facing into the catalytic site. However, even
in an empty catalytic site the adjacgfsubunit appears to
shield both residues well from the medium, and this is
consistent with their low measured accessibility to acrylamide
(Table 2).

In contrast, the catalytic site mutanfgY331W and
BF410W were found to be quite susceptible to collisional
guenching by acrylamide (Table 2). X-ray structurgs®,

41) of the empty catalytic site show one side of ;g yr-

Fluorescence Quenching by Acrylamide: Discussion of 331 ring exposed to the medium (Figure 5A, left), whereas

Accessibility of Indiidual Catalytic Site ResidueQuenching

in a nucleotide-occupied site, the aromatic ring is stacked

by acrylamide was analyzed in terms of dynamic and static against the adenine ring of the nucleotide (Figure 5A, right).
components (Table 2). The dynamic quenching componentThe fluorescence properties©Y331W F, suggest a similar

(characterized byk;) describes the accessibility of the

solution structure for the Trp mutant. In nucleotide-filled

fluorophore Trp to collisions with the quencher, and the static sites, thes-Trp-331 fluorescence was virtually completely

component (represented ) is believed to be due to the

guenched 13, 27, in all likelihood due to formation of a

presence of quencher molecules in the direct environmentsandwich-type complex between Trp and adenine ring
of the fluorophor at the moment of excitation. It was also systems. In empty sites, the red-shifted wavelength position
pertinent to compare the accessibility of the Trp residues of the emission spectrum{ax= 348 nm) indicates exposure

toward acrylamide with the wavelength position of their
emission spectrumifax is given in Table 2), which reflects

the polarity of the immediate microenvironment of the
fluorophore 83, 40. Many of the results obtained could be
readily rationalized in the context of available crystal
structures 1, 7, 4)), indicating that the solution structure of

to water molecules from the medium.

Residue-410 is located on the opposite side of the
adenine binding pocket fromi-331. The crystal structure
(1) indicates that residyg-Phe-410 should be freely acces-
sible not only from the cleft, but also to some extent directly
from the surrounding medium (Figure 5A), and this appears

the Trp mutant enzymes is very similar to the crystal structure to be reflected by the higky value for the Trp residue in

of the wild-type enzyme.

Five of the Trp residues, present #r148W, 5V153W,
PFL76W, oF291W, andoF354W mutants, exhibited low
accessibility toward collisional quenching,(< 0.3 x 1¢°

BF410W mutant [-(Table 2). The relatively 10Wmax 0f 336

nm for such an accessible Trp residue is not without
precedent, and is usually associated with restricted motion
of the Trp side chain40). Addition of MgATP caused a

M~! s and a moderately to highly unpolar environment blue-shift of the emission maximum of 7 nm, and protected

(Amax = 324—332 nm).-Trp-176 was the least accessible

the fluorophore from collisional and, especially, static

residue, with the most unpolar environment, in agreement quenching. This reduction in accessibility is consistent with

with the crystal structurel] which shows residug-Phe-

closing of the cleft upon binding of nucleotide (Figure 5A).

176 to be buried in the protein matrix and surrounded mostly  Fluorescence Quenching by Acrylamide: Discussion of

by unpolar amino acid side chaing-Tyr-206, 3-Phe-240,

Accessibility of Noncatalytic Site Residud rp-365.Earlier
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A residues is the same in both types of site; the methylene
: groups of thea-Arg-365 side chain make van der Waals
“d Ea contact with the adenine ring of noncatalytic site-bound
e g® ¥ y nucleotide {, 2). The fluorescence response indicates that
ﬁr the adenine ring forms a complex with theTrp-365 side

o 5 chain which is very similar to that formed wifhTrp-331

Rt in the catalytic site. Interestingly-Trp-365 was much less
< 6410 susceptible to collisional quenching by acrylamide than
. B-Trp-331; the respectivi, values differed by a factor of

331 MgAMPPNP close to 4 (Table 2). The crystal structure of thgss
subcomplex of Ffrom the thermophilic bacterium PS3)(
reveals the reason for this behavior. Even when the non-
catalytic sites are not occupied by nucleotide, dhgubunit
is in a “closed” conformation (Figure 5B). Our fluorescence
data suggest that under these conditions the nucleotide

B binding cleft contains water molecules; however, the access
et for acrylamide is largely blocked.
AL “Open” and “Closed” Conformations of the Catalytic
\\ 5 Sites. Noncatalytic sites, whether empty or occupied by
A Rl nucleotide, appear to take up the same “closed” conformation
STl d of the a-subunit (Figure 5B, see rel, 7, 4)), leading to
e t:". low accessibility to acrylamide as noted above, and also
<y explaining the slow rates of nucleotide binding to these sites

(14). In contrast, two main conformations of the catalytic
sites have been seen: a “closed” one, when the catalytic site
is occupied 1, 41), and an “open” one, when the catalytic
R site is empty L, 7). It is quite possible that new, intermediate
conformations will be seen as new crystal structures are

‘?Mwbﬁ‘}]ﬁ‘:f \ solved. There is good evidence indicating thai-aubunit
pf 1RO in an occupied catalytic site is always in a closed or partially
B Lﬁﬁ’ég % . closed state4, 43, although this point of view has been
¥y Sk < < ‘t; ' challenged 44). One question is whether thEsubunit of
u'bgg‘-_\ﬁ:‘ an empty catalytic site in intact;As always in an open

conformation. Whereas the crystal structure of th#s
subcomplex T) suggests that this might indeed be the case

FiGURE 5: Accessibility of Trp residues from the medium. The (]| three catalytic sites are empty, and all thfeeubunits

figures are based on the crystal structuresljnafd (7) and were o ; ; ;
generated using RasMol software, kindly provided by Dr. Roger are open), it is also possible that this pattern is the

Sayle, Glaxo Research. A transverse section of the enzyme at thecOnsequence of the lack of the centpasubunit ¢4).

level of the nucleotide binding sites is shown in the bottom view,  Results presented in this study show that in intacthen

as seen from .the memt')ran.e. E)gcept for the. highlighted residues,all three catalytic sites are empty, all thygdrp-331 residues
g‘:tgﬁycbgﬁ‘gs'sggg‘é‘ﬁ‘ #‘sg'{“fm'j% }:leln(?gt' gn'”er';?prl; t()llgfei) E)Ar\)at are relatively and equally accessible to acrylamide, in marked
an occupied (right) catalytic site. Shown are the wild-type residues contrast toa-Trp—365 In an empty non.catalytlc site on a
p-Tyr-331 (red) angs-Phe-410 (green). To facilitate orientation, closed a-subunit. To demonstrate this point, we have
the Walker A (“P-loop”, ref42) residues are shown in orange. In included in Figure 4 (dashed line) a fit where thevalue

the occupied site, the nucleotide is shown in purple. At the empty for one of the thre@-Trp-331 residues was held constant at
site, the arrow points to the adenine binding pocket (widt18 the value determined fom-Trp-365 to resemble a closed
A) of the nucleotide binding site, which bran(/:&hes off from a cleft conformation, and only, for the remaining two sites was
between ther- andS-subunits that is about 15 A wide at this point. oih . X ' e

This cleft is C|ose% in the occupied site. (B) Noncatalyticpsites. allowed to iterate. It is obvious that the resulting fit is worse
Residuea-365 at an empty (top) or at an occupied (bottom) than that assuming three identical quenching constants. It
noncatalytic site. The wild-type residaeArg-365 is shown inred,  should be noted that this result was obtained even in the

the P-loop in orange, the nucleotide in purple. The cleft between ; PN i
o- and S-subunits (arrow) is much narrower than in an empty presence of M (Figure 4), which is a prerequisite for

catalytic site, impairing the accessiblility to acrylamide (blue, drawn functional asymmetry between the three catalytic sites. The
to scale). data strongly support the conclusion that when a catalytic

site is unoccupied, it assumes, in time average, an open
work (14) had shown that in empty noncatalytic sites the conformation. Other support for this conclusion comes from
o-Trp-365 emission spectrum was strongly red-shifted (Table the kinetic data for Mg-nucleotide binding, which show that
2), and that the fluorescence signal was virtually completely all three catalytic sites bind Mg-nucleotide with rapid and
quenched upon nucleotide binding. Thus, in several ways, approximately equal on-rateg)( In (44) it was concluded
o-Trp-365 in the noncatalytic sites behaves similarly to from Cys—Cys cross-linking studies thag3sy complex with
B-Trp-331 in the catalytic sites (residues365 ands-331 unoccupied catalytic sites exists with two sites in the closed
are equivalent in the sequences). In the crystal structure theand one site in the open conformation. Possibly, random
relative position of the protein backbone around these fluctuations of the protein may close the catalytic sites from
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time to time, leading to their being trapped in the closed
conformation by the cross-linking procedure, which therefore
would not give a true view of the predominant time average
conformation.
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