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ABSTRACT Time-resolved polarized flavin fluorescence was used to study the active site dynamics of Escherichia coli
glutathione reductase (GR). Special consideration was given to the role of Tyr'””, which blocks the access to the NADPH
binding-site in the crystal structure of the enzyme. By comparing wild-type GR with the mutant enzymes Y177F and Y177G,
a fluorescence lifetime of 7 ps that accounts for ~90% of the fluorescence decay could be attributed to quenching by Y177.
Based on the temperature invariance for this lifetime, and the very high quenching rate, electron transfer from Y177 to the
light-excited isoalloxazine part of flavin adenine dinucleotide (FAD) is proposed as the mechanism of flavin fluorescence
quenching. Contrary to the mutant enzymes, wild-type GR shows a rapid fluorescence depolarization. This depolarization
process is likely to originate from a transient charge transfer interaction between Y177 and the light-excited FAD, and not from
internal mobility of the flavin, as has previously been proposed. Based on the fluorescence lifetime distributions, the mutants
Y177F and Y177G have a more flexible protein structure than wild-type GR: in the range of 223 K to 277 K in 80% glycerol,
both tyrosine mutants mimic the closely related enzyme dihydrolipoyl dehydrogenase. The fluorescence intensity decays of
the GR enzymes can only be explained by the existence of multiple quenching sites in the protein. Although structural
fluctuations are likely to contribute to the nonexponential decay and the probability of quenching by a specific site, the
concept of conformational substates need not be invoked to explain the heterogeneous fluorescence dynamics.

INTRODUCTION

Increasingly, protein flexibility and conformational dynam- thioredoxin reductase. The enzyme catalyzes the NADPH-
ics are considered to play a role in the catalytic mechanisndependent reduction of oxidized glutathione (Williams,
of enzymes (Careri et al., 1979; Welch et al., 1982; KarplusL976). The primary function of glutathione reductase is to
and McCammon, 1983; Frauenfelder et al., 1988). Yemmaintain a high GSH/GSSG ratio in cells, which is crucial
visualizing protein motions by experimental methods is stillfor a variety of cellular functions, including the biosynthesis

a little explored field. In enzymes containing an intrinsic of DNA (Holmgren, 1985). Glutathione reductase is a ho-
fluorescent group like Trp, protein dynamics of the fluoro- modimeric enzyme with a molecular mass-650 kDa per
phore environment can be monitored by time-resolved flusybunit. The enzyme contains one molecule of FAD per
orescence and fluorescence anisotropy detection (Millarsypunit. This flavin cofactor is noncovalently bound, and is
1996). Flavoproteins, which have either flavin adenineirapped in a tight binding-site between the two subunits. The
dinucleotide (FAD) or flavin mononucleotide (FMN) as a kinetic mechanism of glutathione reductase from various
redox-active prosthetic group, offer the unique possibility ofgq,rces has been studied extensively. The native enzyme
probing the dynamical behavior of the active site via thisgqg according to a ping-pong mechanism, but branched
specific cofactor. The fluorescence characteristics of th%ing-pong and ordered sequential mechanisms have been
isoalloxazine ring of the cofactor vary highly among differ- ¢\, qgested for specific mutants and for high concentrations
ent flavoproteins, thus reflecting structural and dynamical s "~ggg (Williams, 1992). Extensive site-directed mu-

differences near the active site. In this study polarizeqagenesis experiments with. coli GR have resulted in
time-resolved flavin fluorescence is used to monitor the

i te d ics dEscherichi lalutathi duct mutants that yield information on the mechanism and sub-
active-site dynamics ascheric .|a colglutathione reductase. o e and coenzyme specificity (Berry et al., 1989; De-
Glutathione reductase (GR; EC 1.6.4.2) belongs to the . ) ] )

- : o . . . Onarain et al., 1989, 1990; Scrutton et al., 1990; Bashir et
pyridine nucleotide disulfide-oxidoreductase family, which

; ) . I, 1995).
includes, among others, dihydrolipoyl dehydrogenase an Detailed structural information on glutathione reductase

from both human erythrocytes aiid coliis available from

high-resolution crystal structures (Thieme et al., 1981; Kar-
Received for publication 23 September 1997 and in final form 19 Januaryp|ys and Schulz, 1987, 1989; Mittl and Schulz, 1994; Erm-
1998. ler and Schulz, 1991). Although the enzymes have only
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tics is the position of the tyrosine adjacent to the flavinwith a certain probability to deexcitation of the donor. In
(Y177 in E. coli GR and Y197 in erythrocyte GR). From contrast to the conformationally determined models of
both crystal structures it is clear that this tyrosine residuegquenching, which all assume energy transfer via collisional
blocks the active site, thereby preventing the binding ofquenching, the model of multiple quenching sites is not
NADPH (“in” position). The catalytic mechanism, which dependent on collisions, but includes other deexcitation
was based on three-dimensional structures of free and suprocesses such as fluorescence resonance energy transfer
strate-bound forms of the human enzyme, therefore includeand electron transfer. A multiexponential model for the
a movement of this tyrosine away from the flavin (“out” fluorescence decay can then be justified without invoking
position) (Pai and Schulz, 1983). multiple protein conformations.

To explore the role of this flavin-shielding tyrosine,  This paper focuses on the active site dynamick.ofoli
Berry et al. (1989) used site-directed mutagenesis to changgutathione reductase, and the role of Y177, which shields
Y177 of the E. coli enzyme. Kinetic analysis of these the flavin part of the FAD. For this, comparison of wild-
mutants showed that a Y177F mutation hardly affected théype E. coli GR with site-directed mutants of Y177 (Y177F
enzymatic activity. The activity of the Y177G mutant, how- and Y177G) is indispensable. Variations in temperature and
ever, was significantly diminished. For both mutants anconcentration of the cosolvent glycerol are used as comple-
increase in fluorescence intensity o25-fold with respect mentary approaches to influence protein dynamics. Absorp-
to that of the wild-type enzyme was observed. A previoustion spectra serve to visualize possible changes in the direct
time-resolved fluorescence study of wild-type glutathionemicroenvironment of the flavin. The fluorescence lifetime
reductase from human erythrocytes showed considerabldistributions are discussed in terms of the proposed models
quenching of the flavin fluorescence, presumably caused bthat account for multiexponential fluorescence decay kinetics.
interaction with Y197 (Bastiaens et al., 1992b).

In that same study, the heterogeneous fluorescence decay
of the flavin in erythrocyte glutathione reductase was ex-MATERIALS AND METHODS
plained by the existenge of distinct conformational SUbState?’urification and preparation of wild-type and
of the enzyme (Bastlaen§ et al., 1992b). The model OFnutant glutathione reductase
conformational substates is based on the idea that a protein
in a certain state has a wide variety of nearly isoenergetic\fV”d'tyPe and mutant glutathione reductases were purified frongtre
conformational substates, which perform the same functiof{¢'tec. colistrains NS3 and SGS, respectively, which were transformed

. with the appropriate expression plasmid (Scrutton et al., 1987). The puri-
but at different rates (FrauenfEIder and Gratton, 1986fication was based on the method described by Berry et al. (1989), with a
Frauenfelder et al., 1988, 1991). Between the differentnogification similar to that described by Bashir et al. (1995). Instead of the
substates energy barriers prevail, the height of which i$E-52 column, Highload Q (Pharmacia) was used for ion exchange, but
assumed to be correlated with the extent of protein motiorhe elution conditions were unaltered. Except for the preparation of the cell
that is involved with interconversion. If different conforma- extract, no additional FAD or EDTA was used. GR activity was measured
. . . as described by Scrutton et al. (1987). During the purification, fractions
tional substates resultin mhomogenelw of the ChromOphorﬁlere also tested for dihydrolipoyl dehydrogenase activity (Benen et al.,
environment, excitation will lead to different excited-state 1991), to ensure that no trace of this more fluorescent, iso-molecular-
processes and consequently to nonexponential fluorescenegeight protein contaminated the samples. The enzyme preparations were
decay (Beechem and Brand, 1985). Such a heterogeneobd® as judged by sodium d(_)decyl sulfate—polyacrylamide gel el_ectrophore—
fluorescence decay can be described by a multiexponentié'ls and fluorescence c_ietectlon of the protelns on a nondenaturing gel. Pure

. . s . e enzyme was stored in 80% ammonium sulfate at 277 K. Before use,

model or a quasicontinuous distribution of lifetimes (Alcala possible traces of free FAD were removed by chromatography on a Biogel
et al., 1987; Siemiarczuk et al., 1990; Ferreira et al., 1994pGp-6 column (Biorad) equilibrated with phosphate buffer. In all spec-
Bismuto et al., 1996). When conformational transitions takeroscopic measurements the enzyme concentration was/@ith respect
place during the lifetime of the excited state, the fluorophoréo FAD. The final potassium phosphate concentration was kept at 50 mM,
will sample a variety of environments, which also results inand the pH at 7.6 (293 K). Buffers were made from nanopure-grade water

L . e - (Millipore) and were filtered through a 0.22m filter (Millipore). All
a distribution of fluorescence lifetimes (Alcala etal, 1987)'chemicals used were of the highest purity available. Samples containing

In explaining fluorescence decay in terms of conforma-giycerol were prepared by gently mixing the eluted protein with fluores-
tional substates, however, it is assumed that in each substatent-grade glycerol (Merck). Before and after a series of fluorescence
the interactions between the chromophore and its direc@xperiments, flavin absorption spectra (Aminco DW2000 spectrophotom-
environment will result in a single fluorescence lifetime. eter; SLM Instruments, Urbana, IL) were measured at 298 K to check the
This model has been challenged by Bajzer and Prenderga%tfallty of the samples.

(1993), who have proposed that the heterogeneity in fluo-

rescence decay can arise from a multiplicity of competingrime-resolved fluorescence and fluorescence
interactions that involve transfer of energy in a broad sensgnjsotropy measurements

from the light-excited chromophore to different sites in the

molecule (multiple quenching sites). They showed that thé’ime-resolved polarized fluorescence experiments were carried out using

tial fl d i | trvbtooh the time-correlated single photon counting technique (TCSPC) (O’Connor
nonexponential Tiuorescence decay ol several ryptop ar.L\'nd Phillips, 1984). The TCSPC set-up used was basically as described in

Cpntaining proteins .Can'be explaingd by energy trans_fer tQetail elsewhere (Bastiaens et al., 1992b), with a few modifications. A
different acceptor sites in the protein, which all contributemode-locked CW Nd:YLF laser (model Antares 76-YLF; Coherent, Santa
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Clara, CA) was used for the synchronous pumping of a cavity-dumpedelative to the parallel one. In our TCSPC set-up, thfactor equals 1 (van
(Coherent Radiation model CR590) dye laser with Stilbene 420 (ExcitonHoek et al., 1987). In the analysis, the starting model for the distribution of
Inc., Dayton, OH) as a dye (van Hoek and Visser, 1992). The samples weréetimes was chosen to be flat in log(space, as no a priori knowledge
excited with vertically polarized light of 450 nm, with an excitation was introduced. The lifetime spectrusfr) that was recovered consisted of
frequency of 594 kHz and a duration of 4 ps full width at half-maximum. 150 decay times equally spaced in leggpace between 1 ps and 10 ns. As
Parallel and perpendicular polarized fluorescence was detected with ao density filters were needed, the optical paths of reference and samples
557.9-nm interference filter (half-bandwidth of 11.8 nm; Schott, Mainz, were identical. No indications of the existence of significant amounts of
Germany) in combination with a KV 520 cutoff filter. Time-resolved scattered light were found. The average fluorescence lifetimevas
fluorescence experiments with sucrose were carried out at a later datealculated from the lifetime spectrua(r) according to

using Coumarin 460 (Exciton) as a dye and an excitation wavelength of

460 nm. To avoid possible distortions caused by Raman scattering of EiN=1 QT

water, fluorescence here was detected with a 526.0-nm interference filter (1) = W 2
(half-bandwidth of 12.6 nm; Schott) in combination with a KV 520 cutoff =1

filter. A turbid glycogen solution (OD 0.1 at 450 nm) was used to Verify \hereN is the number of; values of thex(r) spectrum. The barycenter of
that the data were free of scattered excitation light. Fluorescence wag peak is determined in a similar fashion, with the summation carried out

sampled in cycles of 10 s in each polarization direction. By adjusting theyyer g limited range of, values encompassing a local peak (Ma et al.,
excitation energy, the detection frequency of the parallel polarized comggg).

ponent was set to 30 kHz to prevent pile-up distortion. Detection electron- |5 5 similar way, a rotational correlation time spectrysb) was
ics were standard time correlated single photon counting modules. Thgptained from the anisotropy decaft), which is defined as
presented data were collected in a multichannel analyzer (MCA board from

Nuclear Data model AccuspecB, Schaumburg, IL) with a time window of () — 1.
1024 channels at 15.1 or 16.7 ps/channel respectively. As a control, data of r( ) = m (3)
wild-type GR were also collected at 5.0 ps/channel. Instrumental sources I L

for distortion of data were minimized to below the noise level of normal ypger the assumption that the fluorescence lifetime and the rotational

photon statistics (van Hoek and Visser, 1985). correlation time ) are uncorrelated, the time dependence of the anisot-
The dynamic instrumental response function of the set-up58 ps ropy afters-pulse excitation can be described as

FWHM. The instrumental response was obtained at the emission wave-

length by measuring a reference compound with a known single fluores- «

cence lifetime (Vos et al., 1987). As a reference compound in the range rt) = B((b)e—t/q; do (4)

between 277 K and 313 K, erythrosine B in water 80 ps at 293 K) was

used. In the range between 293 K and 223 K, erythrosine B was dissolved

T e o her e eyt ampl)conesponcs 0t il aotny

P P P . fo. In the MEM analysis of the anisotropy, 100 decay times equally spaced

lifetime, the exact value at a certain temperature was determined b log(e) space between 0.01 and 100 ,ns were introduced. The starting

iterative reconvolution with the reference compound at a temperature at - . .
. o - model for the rotational correlation spectra was again chosen to be flat, as
which the lifetime was known. In each experiment, the parallel and

. ne a priori knowledge was introduced.
perpendicular fluorescence decay components of the reference compoun

(3 cycles), the sample (10 or 15 cycles), the background (one-fifth of the
sample acquisition time), and again the reference compound were detehESULTS
mined. The temperature of the samples was controlled with a liquid

nitrogen flow set-up with a temperature controller (model ITC4; Oxford Flavin fluorescence intensity decay
Instruments, Oxford, England). At temperatures below 273 K, the sample

housing was flushed with argon to prevent dew and ice formation (Basti-Both the wild-type glutathione reductase (GR) and the mu-
aens et al,, 1992a). tants GR Y177F and Y177G showed a very rapid fluores-
cence decay with respect to a nonquenched flavin com-
pound such as FMN in aqueous solution (Fig. 1). The
fluorescence of wild-type GR was obviously the most
The fluorescence intensity decdft) and anisotropy decay(t) were  quenched, which is reflected in an average lifetime of only
analyzed by the commercially available maximum entropy method (MEM)27 ps for Wild-type enzyme, which is approximately five to
(Maximum Entropy Data Consultants, Cambridge, England). With this . .. .

method, the fluorescence intensity and anisotropy decays can be describg&x “m?s shorter than that of the tyrosine mutants (Table 1)'
in terms of a continuous distribution of decay times, for which no a priori Analysis of the fluorescence decays of the enzymes resulted
knowledge of the system is required. A detailed description of the princi-in heterogeneous lifetime distributions containing five dis-
ples of MEM and analysis of the polarized fluorescence data can be founginct components varying in the range between 7 ps and 3 ns
elsewhere (Livesey and Brochon, 1987; Bastiaens et al., 1992b; Brochor(Fig_ 2)_ Eurther analysis of the decay by Ieast-squares
1994) and will be shortly outlined below. In the experiments the paraIIeIf.tt. f the dat in lobal analvsis with m of
I,(t) and perpendiculat, (t) fluorescence intensity components were ac- iting o . € data using glo a analysis asum o
quired separately after excitation with a vertically polarized light pulse. EXPOnentials revealed that all five components were needed
The lifetime spectruna(r) was obtained from the total fluoresceri¢@via ~ for a satisfactory approximation of the fluorescence decay.
the inverse Laplace transform The positions of the four longer lifetimes were almost
invariant for the different enzymes, but the relative contri-
butions differed highly (Table 2). In wild-type GR, the
ultrafast component of 7 ps was predominan®0%). The
uncertainty in the position of this lifetime was only 1 ps. In
whereE(t) is the instrumental response function, and the fagiescribes ~ the case of the mutants, a longer component 80 ps was

the sensitivity of the detection system for the perpendicular componentesponsible for~40-50% of the fluorescence intensity de-

0

Data analysis

1(t) = 1,(1) + 291, (1) = E®Q* | a(De"dr (1)

0
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FIGURE 1 Experimental total fluorescence decay of wild-type GR and
mutants Y177F and Y177G in 50 mM potassium phosphate buffer (pH 7.6)
and FMN in 50 mM potassium phosphate buffer (pH 7.0) at 293 K. Only
the initial part of the 16-ns experimental time window is shown.

-3

cay. In these lifetime distributions the 7-ps component dis-
appeared. Tyf’ could thus be identified as the residue
responsible for the extremely efficient fluorescence quench-
ing of the flavin in wild-typeE. coli glutathione reductase.
Varying the temperature between 223 K (in 80% v/v

o(T) x 10

glycerol) and 313 K did not affect the position of the 7-ps 0001 001 o1 ! 10
component in wild-type GR. Collisional quenching can T (ns)

therefore be excluded. Based on this temperature invariance

and the ultrafast lifetime, we propose electron transfer as the 25 c

mechanism of fluorescence quenching. In the excited state
the flavin may abstract an electron from Y177; return to the @
ground state may then occur via a radiationless process. The 15 -
edge-to-edge distance between FAD and the electron-rich o

Y177, as found in the crystal structure Bf coli GR, is 3.1 ~~ 10 -
A, thus allowing fast electron transfer (Moser et al., 1992). =

Supporting evidence for a strong interaction between 3 5
FAD and Y177 was found in the absorption spectra of the
enzymes (Fig. 3\). In the absorption spectrum of wild-type 0=
GR, a pronounced shoulder was present at the red-edge side 0.001 0.01 0.1 1 10
of the first absorption band of FAD, near 490 nm. This T (ns)

shoulder reflects the 0,0 absorption transitiop {S> S, o).

Although the mutation from tyrosine to phenylalanine doesFIGURE 2 Fluorescence lifetime distribution of wild-type GR) @and

not change the aromatic character of residue 177, and eVefutants Y177FR) and Y177G C) in 50 mM potassium phosphate buffer

increases its hydrophobicity, this shoulder was substantiallypH 7.6) at 293 K.

decreased in the spectrum of Y177F. Mutation into a gly-

cine residue also gave rise to a diminished shoulder at 490

nm and, in addition, to a blueshift of the absorption maxi- More evidence for this interaction was found upon addi-

mum from 462 nm to 458 nm. tion of the cosolvent glycerol. Contrary to the absorption
spectrum of the tyrosine mutants, the shape of the absorp-
tion spectrum of wild-type GR showed a clear dependence

TABLE 1 Average fluorescence lifetimes (7) of wild-type GR on the glycerol concentration. An increase in the glycerol

and mutants Y177F and Y177G in 50 mM potassium concentration up to 40% did not bring about any difference.

phosphate buffer (pH 7.6) at 293 K with 0% or 80% (v/v) However, at higher concentratiors§0%), the shape of the

glycerol absorption spectrum was altered (FigB}3in 80% glycerol

GR (1) 0% (ns) (1)80% (0S)  the spectrum of wild-type GR showed a diminished shoul-
Wwild type 0.027+ 0.003 0.38+ 0.03 der at 490 nm, now more resembling that of GR Y177F in
Y177F 0.18+ 0.004 18+0.08  zqueous solution. These results are in accord with time-
Y177G 0.12+ 0.017 1.3+ 0.3

resolved fluorescence measurements of wild-type GR in
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TABLE 2 Barycenters and fractional contributions of the fluorescence lifetime components of wild-type GR and mutants Y177F
and Y177G in 50 mM potassium phosphate buffer (pH 7.6) at 293 K

GR wild-type GR Y177F GRY177G
7 (NS) o 7 (NS) o 7 (ns) o
0.007=+ 0.001 0.90+ 0.01 0.020+ 0.005 0.34+ 0.01 0.023+ 0.01 0.44+ 0.1
0.090+ 0.008 0.076+ 0.005 0.087+ 0.01 0.41* 0.05 0.10*= 0.004 0.42+ 0.09
0.29+ 0.04 0.020+ 0.005 0.24+ 0.03 0.19+ 0.03 0.26* 0.006 0.10+ 0.02
1.0+ 0.2 0.003+ 0.001 0.8+ 0.04 0.03* 0.004 0.79+ 0.007 0.02+ 0.005
26+0.3 0.002+ 0.0005 2.5+ 0.1 0.02+ 0.001 2.2+ 0.05 0.02+ 0.003

80% glycerol. The lifetime pattern of the wild-type enzyme leading to the presence of unfavorable conformations for
again contained the ultrashort component, but its contribuefficient electron transfer to the light-excited flavin.
tion was substantially reduced (Fig. 4).
The average lifetime increased by a factor of more tharb . L. , .
10 (Table 1). Using high concentrations of sucrose (50— rotein dynamics in E. coli glutathione reductase
60% w/w) to increase the solvent viscosity to the same ordeThe fluorescence lifetime spectrum of FAD in wild-type GR
of magnitude as 80% glycerol did not affect the absorptionyas almost independent of temperature in the range be-
spectrum or the fluorescence lifetime distribution of wild- tween 277 K and 313 K (Fig. B). Using 80% glycerol, the
type glutathione reductase. A minor shift in the lifetime temperature of the samples could be varied over a wider
contributions—favoring the 90-ps component over the 7-psemperature range (223-293 K). In this range more signif-
component—was observed, which may reflect the influencécant differences in the contributions of the five lifetimes
of the increase in internal friction of the enzyn{e)(= 0.06  were found (Fig. B). The largest effect on the fluorescence
ns). The interaction between FAD and Y177 thus seemed tdecay patterns was caused by the addition of high concen-
be specifically perturbed in high concentrations of glycerol,trations of glycerol itself (Fig. 4). Up to a concentration of
40% glycerol the lifetime patterns remained identical. In
80% glycerol, however, the amplitude of the ultrashort

c 300
2
=S
o)
2 250 =
©
0% glycerol
0 200 —
350 400 450 500 550 600 2
wavelength (nm) 8
e 150 —
S 60% glycerol
B 2
100 —~
c
2 — GRwt
o w Y177F 80% glycerol
v Y177G 50 =
?
Q
©
< et 0 T —r—rrrhri—trt
I T T 4 T 1
350 400 450 500 550 600 0.001 0.01 0.1 ! 10
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FIGURE 3 Absorption spectra of wild-type GR and mutants Y177F andFIGURE 4 Normalized fluorescence lifetime distribution of wild-type
Y177G in 50 mM potassium phosphate buffer (pH 7.6) with 08 gnd GR in 50 mM potassium phosphate (pH 7.6) at 293 K as a function of
80% ([B) glycerol (v/v) at 293 K. glycerol concentration. For clarity, a vertical offset has been applied.
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1.0 277 K to 313 K again favored the contribution of the
] A shortest lifetime, and clearly shifted the barycenters (Fig. 6).
0.8 = In these lifetime spectra, a small contribution (less than 5%)
] - 277K of a lifetime of ~4.5 ns occurred. This lifetime points to the
0.6~ 285K presence of nonquenched flavin, and is also found for free
= ] - 293K FAD in 80% glycerol (unpublished observations). The larg-
Ll 303 K est effect on both barycentres and fractional contributions
: + 813K \as found in the temperature range from 293 K down to 223
a2 K, where only two lifetimes were present (Fig. 7).
A striking resemblance exists between the lifetime pat-
e 069 o 0.3 3 3 ‘ terns of the tyrosine mutants in 80% glycerol and those
reported for the enzyme dihydrolipoyl dehydrogenase (Bas-
T (ns) tiaens et al., 1992a,b), the spatial structure of which near the
active site greatly resembles that of GR (Mattevi et al.,
1.0 B 1991). For dihydrolipoyl dehydrogenase, a lifetime spec-
trum with three components at0.17 ns, 1.3 ns, and 2.5 ns
08 == 293K  was found in aqueous solution at pH 7, 293 K. In 80%
273 K glycerol the lifetime spectrum contained only two compo-
- « 253K nents, which show a temperature dependence similar to that
o] - 233K found for theE. coli GR mutants at low temperatures. The
o ws 223K ifetime values found for the tyrosine mutants@fcoli GR
- in 80% glycerol are shorter than those reported for wild-

type Azotobacter vinelandidihydrolipoyl dehydrogenase,
but do resemble those of the more solvent-accessible dele-

0.01 0. 1 3 5 tion mutant of dihydrolipoyl dehydrogenase, which lacks 14
C-terminal amino acids (Bastiaens et al., 1992a). These
T (ns) results show that the large differences in the fluorescence

FIGURE 5 Temperature dependence of the fractional contributions of
the lifetime classes of wild-type GR in 50 mM potassium phosphate buffer
(pH 7.6) in the range between 277 and 3134, @nd with 80% glycerol

(v/v) in the range between 223 and 293 B).(For reasons of clarity, the 400 -~
data presented are rounded off to the most significant digit.

313K

component drastically decreased {t65%), in favor of the
contribution of the two longest lifetimes (Fig. 4). The life- 300 —
time component at 0.3 ns was no longer resolved. Combined
with the absorption spectra described, the decrease in the
7-ps component was interpreted as a perturbation of th
interaction between the light-excited flavin and Y177. g

From the temperature independence it can be conclude® .,

that wild-typeE. coli glutathione reductase has a very rigid £
o

structure in the immediate vicinity of the flavin. In contrast &
to this is the dynamical behavior of the tyrosine mutants GR
Y177F and Y177G. The lifetime spectra of these enzymes 203K J

are much more dependent on both temperature and glycerol 150
concentration. In aqueous solution, a rise in temperature
favored the fractional contribution of the shorter lifetimes,
and the barycenters shifted to somewhat shorter values. As
the lifetime positions do not converge upon the rise in 277 K
temperature, which would be typical for interconversion 0 —r Tt rrri—irrm—
between different substates, we find the results more indic- 0,001 0.01 04 ] 10
ative of an increased flexibility of the protein matrix of

. ) B ! T (ns)
these mutants. A drastic change in the lifetime profiles was
found in high concentrations of glycerol. In 80% glycerol, FIGURE 6 Temperature dependence of the fluorescence lifetime distri-

only three discrete lifetimes could be distinguished for bothyytion of the mutant GR Y177G in 50 mM potassium phosphate buffer (pH
GR Y177F and Y177G. Increasing the temperature fronv.e6). For clarity, a vertical offset has been applied.

303 K J
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FIGURE 8 Experimental fluorescence anisotropy decay of wild-type GR
and mutants Y177F and Y177G in 50 mM potassium phosphate buffer (pH
7.6) at 293 K.

0.01 0.1 1 10

200 - resolved: based on a molecular mass of 100 kDa, one
B expects from the modified Stokes-Einstein relation (Visser
and Lee, 1980) a rotational correlation time of 38 ns at 293
h K. Owing to a much shorter fluorescence lifetime for both
wild-type GR and the tyrosine mutants (27 ps am@l15 ns,
223 K respectively), the intensity of the signal is insufficient to
resolve such a long correlation time. For this reason, only
the longer lifetime components will contribute to the anisot-
ropy decay. The rapid decay found for wild-type enzyme
corresponds to the results reported for human glutathione
reductase (Bastiaens et al., 1992b). In that study, a rotational
correlation time of 1.5 ns at 283 K was assigned to restricted
reorientational motion of the flavins. However, in the
present study, neither tyrosine mutant shows this rapid
10 depolarization: the flavin appears to be rigidly bound on the
T (ns) nanosecond time scale. A correlation time in the range
between 2 and 7 ns was resolved, but this process only
FIGURE 7 Temperature dependence of the fluorescence lifetime districontributed with a very small amplitude. In 80% glycerol
butions of the mutants GR Y177RYand Y177G B) i_n 80% glycerol, 50 (v/v) between 293 K and 223 K, this depolarizing effect was
EanZtaS"S;lém phosphate buffer (pH 7.6). For clarity, a vertical offset hasmvariably described by a correlation time of 6—7 ns. The
een appled time constant of this component agrees with a depolarizing

150 =

2563 K

e

normalized O,

504 273K

L L

! rﬁ

Ty
0.01 0.1

lifetime behavior of these homologous enzymes in aqueous

solution are cancelled out to a large extent by varying the
experimental conditions. In our opinion, this strongly favors %% 7
the idea of multiple quenching sites, of which the contribu- 0.08
tion and rate of quenching strongly depend on the exact
microstructure of the enzyme. Q. 006 —
0.04 =
Fluorescence anisotropy decay 002 -
The flavin fluorescence anisotropy decay of wild-tylRe
coli glutathione reductase differs strongly from that of the 000 LA AL
tyrosine mutants GR Y177F and Y177G. In aqueous solu- 0.1 ! o (ns) 10

tion at pH 7.6 and 293 K, wild-type GR shows a distinct

fluorescence dep0|anzatlon (Flg. 8)' This process can bEIGURE 9 Distribution of correlation times of wild-type GRbléck

described by a single rotational correlation time of 2 ns (Figsolid line) and mutants Y177Fdashed lingand Y177G gray ling) in 50
9). The effect of overall protein tumbling could not be mMm potassium phosphate buffer (pH 7.6) at 293 K.
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process reported for human erythrocyte glutathione reducappropriate expression for the free energy of photoinduced
tase that was assigned to intramolecular energy transferlectron transfer between a donor molecule (D) and accep-
between the two flavins (Bastiaens et al., 1992b). tor molecule (A) in solution is given by the Rehm-Weller
Based on the fluorescence lifetime experiments describedquation
above, we find no reason to assume the flavin to be more
mobile in wild-type GR than in the mutants. In fact, the . .
fluorescence dynamics indicate a more flexible structure fofrGer = EZR(D/D™) — ESAATIA) — ABoo—
the mutant enzymes. The difference between wild-type GR
and the tyrosine mutants leads us to propose a novel mechhere ES%(D/D™") and EfSYA/A) refer to the half-wave
anism for the fast anisotropy decay: not flavin mobility oxidation potential of the electron donor and the half-wave
itself, but the formation of a charge transfer complex be-reduction potential of the electron acceptor, respectively.
tween the flavin in the excited state and Tyrmay cause AEy is the electronic excitation energy corresponding to
the rapid depolarization. From studies of binary complexedhe energy distance between vibronic ground and first ex-
between wild-type glutathione reductase and substrate anaited states (§, — S, ), € is the dielectric constang, is
logs, there is evidence that Y177 is indeed involved in thehe permittivity of vacuum, an® is the distance between
process of fluorescence depolarization (P. A. W. van demonor and acceptor. For intramolecular photoinduced elec-
Berg et al., manuscript in preparation). Together with tem-ron transfer in proteins the same equation holds, although
perature and viscosity studies, these results suggest thtite precise contribution of the Coulomb energy term is
flavin excitation of enzyme molecules with Y177 in the difficult to calculate, owing to uncertainties in donor-accep-
“out” position induces relaxation of the protein environ- tor contact area and the local dielectric constant. However,
ment, followed by the formation of a charge transfer com-the Coulomb energy term will only contribute in favor of
plex that is accompanied by a change in the direction of théhe thermodynamic probability of the electron transfer pro-
emission dipole moment of the flavin. cess. For free FMN, the one-electron reduction potential
EFl/JEFIH is —238 mV at pH 7, whereas that of the
second half-reaction is somewhat less negativé12 mV
DISCUSSION versus SHE at 'pH 7) (Draper and Ingraham, .1968). Al-
though the precise redox properties of the flavin are con-
Comparison of wild-typée. coli glutathione reductase with trolled by the protein environment, the midpoint redox
the mutants Y177F and Y177G by time-resolved polarizepotentials reported for free flavin and proteins of the oxi-
flavin fluorescence clearly identified Y177 as the residuedoreductase family are in the same order of magnitude
responsible for the ultrafast quenching of flavin fluores-(Williams, 1992): e.g., foE. coli dihydrolipoyl dehydroge-
cence in this enzyme. In various flavoproteins that contaimase, the two-electron reduction potentiati264 mV at pH
a tyrosine residue adjacent to the flavin, the extremely low7 (Wilkinson and Williams, 1979). For glutathione reduc-
flavin fluorescence intensity of these enzymes has beetase, a midpoint potential 6f235 mV at pH 7, 293 K has
attributed to (static) quenching by this tyrosine (Maeda-been reported (Williams, 1992). The slope of a plot of this
Yorita et al., 1991; Karplus et al., 1991; Williams, 1992). potential as a function of pH changes fronb2 to —39
The 7-ps fluorescence lifetime component observed in thisnV/pH unit at pH 7.4, thereby indicating the presence of
study expresses the (pseudo)dynamic nature of quenchingther dissociable groups, whose plalues are linked to the
thereby contradicting the concept of a “dark” complex thatredox state of the enzyme (O’Donnell and Williams, 1983).
is formed in the ground state and remains dark in the excited stable oxidized tyrosine radical is known to be involved
state. In a similar study on human glutathione reductasen electron transfer processes in ribonucleotide reductase
Bastiaens et al. (1992b) proposed that the observed ultrafaahd the photosynthetic water-splitting system (Reichard and
quenching resulted from exciplex formation between theEhrenberg, 1983; Barry and Babcock, 1987; Prince, 1988).
flavin and Y197. By comparing wild-typ€&. coli GR with ~ The oxidation potential for the Tyr/Tycouple at pH 7 in
mutants in which Y177 is replaced by either Phe or Gly, weaqueous solution determined by pulse radiolysis and cyclic
have proved that an excited state reaction takes place. Theltammetry is+930 mV (Harriman, 1987). For photosys-
ultrashort fluorescence lifetime and the invariance of thistem Il, an E,,; of +760 mV has been reported for the
component with respect to temperature and viscosity indityrosineD/D’ couple, whereas that for the tyrosidé&Z has
cate that the mechanism of quenching is not collisionabeen estimated &, = +1000 mV (Boussac and Etienne,
quenching, but electron transfer from tyrosine to the light-1984). The oxidation potential of a tyrosine radical inside a
excited flavin. Such photoinduced electron transfer couldorotein thus seems to be in line with the value found in
generate an extremely efficient pathway to return to theaqueous solution. The redox potential of the Tyr/ Tauple
singlet ground state in a nonradiative way. in aqueous solution becomes less positive at increasing pH,
Excited-state electron transfer is known to be relevant fothereby facilitating electron transfer (Harriman, 1987).
a variety of chemical and biological processes and has bedBased on the redox potentials mentioned aboveRard3.1
studied extensively (for a selection, see Rehm and WelleA (edge to edge distance between Y177 and N10 of the
1970; Marcus and Sutin, 1985; Barbara et al., 1996). Arflavin), the excitation energy of 2.53 eV (490 nm) is more

47reeR ®)
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than sufficient to induce electron transfer from ¥yito the  enzymes in solution, in which Y177 occupies the “in”
isoalloxazine ring. The rate of electron transkgris deter-  position, the exact site of the phenolic side chain with
mined by the free energy, as well as the reorganizatiomespect to the isoalloxazine ring may differ from that found
energy A and the distanc® (for relevant equations, see in the crystal structures, and small positional fluctuations
Marcus, 1956; Marcus and Sutin, 1985; Moser et al., 1992)are likely to occur. Upon movement of the phenolic side
Comparison of the rates of electron transfer in a variety otthain toward the “out” position, the distance will only
biological and (semi)synthetical systems reveals typical raténcrease, and the hydroxyl moiety in particular will be
constants of 1 ps' to 0.1 ps * for donor-acceptor distances turned away from the flavin.
of 5 A, whereas distances of 10 A generally result in rates An alternative explanation for the absence of the ultrafast
between 10 ns' and 1 ns' (Moser et al., 1992). The component in the lifetime pattern of GR Y177F is that a
ultrafast fluorescence quenching i coli glutathione re-  phenolic side chain itself is a more effective electron donor.
ductase corresponds to a rate constant-6f14 ps* and A recent study on ribonucleotide reductase, in which long-
thus agrees well with the expected rate of electron transferange electron transfer occurs via a pathway that contains
in this system. Based on the known redox potentials and thewo tyrosine residues, showed that preservation of the aro-
excitation energy of the flavin, electron transfer is likely to matic character alone was not enough for electron transfer
be the common mechanism for fluorescence quenching i(Ekberg et al., 1996). The latter study indicated that the
flavoproteins that contain a tyrosine residue juxtapositionecfficiency of electron transfer via a hydrogen bond ap-
to the flavin. proaches that of a covalent bond. However, based on the
A similar mechanism of flavin fluorescence quenchingdistances in the crystal structure and the direction of motion
has been reported for tryptophanDresulfovibrio vulgaris  of the phenolic side chain upon cofactor binding, the for-
flavodoxin (Visser et al., 1987). For the Trp/Trgouple at  mation of a hydrogen bond between the tyrosine and the
pH 7 in aqueous solution, the oxidation potential is 1.015 Vflavin in glutathione reductase seems unlikely.
(Harriman, 1987). Picosecond absorption spectroscopy car- The fact that the interaction between the flavin and Y177
ried out with this enzyme revealed the existence of a tranis perturbed in high concentrations of glycerol supports the
sient exciplex absorption band ef30 ps lifetime, which  concept that the exact position of the aromatic side chain is
could be attributed to electron transfer from tryptophan tocritical for electron transfer. Besides its function as a vis-
the excited flavin (Karen et al., 1987). A study on peacogen, glycerol is also known to influence protein structure.
ferredoxin-NADP" reductase was also reported recently, inThe cosolvent glycerol is preferentially excluded from the
which replacement of the tyrosine adjacent to the flavin byprotein-solvent interface (Timasheff et al., 1976; Timasheff,
tryptophan as well as phenylalanine resulted in a minorl993), and it can therefore induce a decrease in the volume
increase in the flavin fluorescence quantum yield, whereaand compressibility of the protein interior (Priev et al.,
nonaromatic substitutions resulted in a large increase i1996). Consequently, protein fluctuations can be dampened
fluorescence (Calcaterra et al., 1995). However, in our studgs a result of both increased friction between the peptide
electron transfer did not occur in the phenylalanine mutanthain and the solvent molecules and increased friction be-
of E. coli GR, and the average fluorescence lifetime wastween the amino acid residues in the protein interior itself.
almost the same as for the glycine mutant. A plausibleGekko and Timasheff (1981a,b) have suggested that a bal-
explanation for this is a different orientation of the Phe sideance between repulsion of glycerol from hydrophobic sur-
chain that is unfavorable for electron transfer to the light-faces of the protein and interaction with the polar regions is,
excited isoalloxazine. In the crystal structurebofcoli GR,  in fact, the origin of the well-known stabilizing effect of
the closest contacts between the flavin and Y177 occur viglycerol (Jarabak et al., 1966; Bradbury and Jakoby, 1972;
the N10 and C& of the flavin and the hydroxyl moiety of Ogle, 1983). Moreover, glycerol can also induce structural
the tyrosine (3.1 and 3.2 A respectively; Table 3). Thechanges in a protein (Pourplanche et al., 1994; Raibekas and
hydroxyl moiety is close to the N5 and @4f the isoallox- Massey, 1996). Raibekas and Massey (1996) suggested that
azine ring, which can act as electrophilic sites. In thosehese structural changes may originate from the same repul-
sion mechanism, assuming the protein has solvent-exposed
TABLE 3 Distances between the hydroxyl oxygen atom of nonpolar rgsidues tqgethgr with erx'ibIe regions, as is often
Y177 and the isoalloxazine ring of FAD in wild-type the case in the active site. I&. coli GR, the NADPH-
E. coli GR* binding pocket is accessible to the solvent. Although the
crystal structure contains many water molecules (Mittl and

At A At A At A o .
om om om Schulz, 1994), none of them are positioned directly between
N1 4.1 Cv 3.7 cs 4.5 Y177 and the isoalloxazine ring. A large part of this binding
c2 5.0 N5 3.7 C8M 5.7 e .
pocket is, in principle, accessible for glycerol as well. Per-
02 5.9 Co 3.5 C9 3.7 : ) . : S
N3 5.3 c6 43 ca 3o turbation of the interaction betwgen the isoalloxazine ring
ca 4.8 c7 47 c1e 34 and Y177 as indicated by the time-resolved fluorescence
04 5.7 C7M 5.9 N10 3.1 and absorbance data may originate from direct interaction of

*Distances were retrieved from the crystal structur&o¢oli GR at 1.86-A j[hiS' residue with glycerol molecules, bl'Jt more likely is an
resolution, deposited by Mittl and Schulz (1994). indirect effect of glycerol on the hydration layer and, con-
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sequently, the protein structure. The fact that the flavin-Y177 mutant is not yet available, we expect that the muta-
tyrosine interaction remained nearly intact when sucroséion of tyrosine into phenylalanine or glycine has no signif-
was used as a cosolvent can be the result of the differeritant effect on the active site structure of the free enzyme.
interaction between sucrose molecules and the solvatethe fluorescence lifetime patterns of GR Y177F and GR
protein, but a decreased accessibility of the active siteyY177G were almost identical, and under mild conditions the
resulting from the bigger size of the cosolvent, may alsgpositions of the four longest lifetimes matched very well
play a role (Yedgar et al., 1995). with those found for wild-type GR. If the mutation itself
Supporting evidence for a close interaction between flacauses structural rearrangements within the active site, we
vin and Y177 inE. coli GR in solution, which is absent in would expect this to be reflected in changes in the flavin
GR Y177F, was found in the absorption spectra. Bothfluorescence lifetime patterns. Evidence for an increased
fluorescence and absorption data of wild-tyeecoli GR  flexibility of the protein structure of the mutant enzymes, in
and mutants Y177F and Y177G are in perfect agreemerdaddition to the studies presented in this paper, was also
with studies on E. coli dihydrolipoyl dehydrogenase. found in the fluorescence lifetime patterns of the enzymes
Maeda-Yorita et al. (1991) reported that mutation ofdfe  complexed to substrate analogues (P. A. W. van den Berg et
which is at the position equivalent to that of Y177, into aal., manuscript in preparation). Under extreme conditions,
tyrosine resulted in nearly complete quenching of the FADsuch as 80% glycerol, a very small fraction of FAD was
fluorescence. A redshift of the absorption maximum of 455liberated from the free mutant enzymes. Upon long-term
nm to 462 nm, mimicking the situation in glutathione re- storage of these enzymes, a similar tendency was found.
ductase, was also found. Although the authors mentione@hese results all point to a diminished stability of the mutant
that the spectral shape of the spectrum did not change up@nzymes with respect to wild-type GR. Thermal and urea-
introduction of the 1184Y mutation, the published spectrainduced denaturation studies on pea ferredoxin-NADP
do reveal a more pronounced shoulder at the red edge of theductase and mutants in which Y308 was replaced indi-
spectrum, similar to that described here for wild-typecoli  cated that the presence of an electron-rich aromatic side
glutathione reductase. It thus seems possible to relate spehain adjacent to the isoalloxazine ring is essential for
cific interactions, between the flavin and its microenviron- stabilization of the holoenzyme (Calcaterra et al., 1995).
ment, of a nature other than the occurrence of a charg®ptimal stabilization, however, was found for the tyrosine
transfer interaction with the redox-active thiolate, to partic-containing wild-type enzyme. It is possible that this contri-
ular properties of the flavin absorption spectrum. bution to the stability of the oxidized enzyme is a physio-
Although the juxtapositioning of a tyrosine residue andlogically relevant characteristic of flavoproteins that have a
the isoalloxazine ring is a commonly observed phenomenotyrosine adjacent to the isoalloxazine ring.
in flavoproteins, the biological function of this architecture The interpretation of the results in this paper differs
is still not clear. Crystal structures of glutathione reductasesignificantly from that reported for human erythrocyte glu-
as well as ferredoxin-NADP reductase an@rithidia fas-  tathione reductase (Bastiaens et al., 1992b). Recent studies
ciculatatrypanothione reductase that were complexed withthat we performed on the human enzyme (P. A. W. van den
their nicotinamide cofactor revealed a sandwich stacking oBerg et al., manuscript in preparation) show that the differ-
this cofactor between the isoalloxazine ring and the tyrosykences in fluorescence lifetimes of tiie coli and human
moiety, thereby stabilizing binding (Pai et al., 1988; Kar- enzyme result merely from the improved time resolution of
plus and Schulz, 1989; Bailey et al., 1994; Serre et al.the current time-resolved fluorescence set-up. However,
1996). A similar mode of cofactor binding with a phenyl- comparison of wild-typeE. coli GR, with the site-directed
alanine instead of a tyrosine was reported for NAD(P)H:mutants Y177F and Y177G in combination with tempera-
quinone oxidoreductase (Li et al., 1995) ahgpanosoma ture and viscosity studies, reveal new insights into both the
cruzi trypanothione reductase (Zhang et al., 1996). Kinetionechanism of nonexponential fluorescence decay and the
studies orE. coli GR mutants Y177F, Y177S, and Y177G, active-site dynamics of the glutathione reductase enzyme.
however, showed that neither the hydroxyl group nor theOne important difference we have already mentioned is the
aromaticity of Y177 is strictly necessary for binding of the interpretation of the fast fluorescence depolarization in
nicotinamide cofactor (Berry et al., 1989). Earlier, Rice etwild-type glutathione reductase. Based on comparison of
al. (1984) proposed a lid function for the tyrosine in gluta- wild-type E. coli GR with the tyrosine mutants and the
thione reductase, to protect the reduced flavin against oxinformation available from crystallographic studies (B-fac-
dation. Berry et al. (1989) showed that reoxidation of thetors), we propose that not internal mobility of the flavin, but
flavin in the GR Y177 mutants is still rather slow. They side-chain relaxation and concomitant formation of a charge
proposed that the position of the active site in a cleft buriedransfer complex between Y177 and the light-excited flavin
in the enzyme itself provides sufficient protection againstare responsible for the observed fluorescence depolariza-
unwanted oxidation. In the present study, the fluorescencton. Supporting evidence for this model is obtained from
lifetime patterns of the enzymes as a function of bothstudies of binary enzyme-substrate complexes of GR
temperature and viscosity strongly suggest that the tyrosingP. A. W. van den Berg et al., manuscript in preparation).
mutants are more sensitive to fluctuations and changes iHere we want to focus on the interpretation of the highly
the protein structure. Although a crystal structure of a GRnonexponential fluorescence decay in glutathione reductase.
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In wild-type erythrocyte glutathione reductase, the heterobserved for the tyrosine mutants reflect the influence of
ogeneous fluorescence decay yielding five lifetime composmall structural rearrangements. Induction of these rear-
nents has been explained by the existence of (at least) fiveangements by glycerol at low temperatures seems to elim-
conformational substates of the enzyme, with different ori-inate the differences in fluorescence lifetime distributions of
entations of tyrosine residue 197 (Bastiaens et al., 1992b). the structurally closely related glutathione reductase and
was proposed that interconversion between the assumetihydrolipoyl dehydrogenase. Although this study clearly
substates corresponded to gross structural changes in theveals the existence of multiple quenching sites, the pos-
protein. From both this study da. coli GR and the one on sibility of different conformers is not ruled out. Small struc-
erythrocyte GR, it can be concluded that in the majority oftural fluctuations such as the movement of Y177 are likely
the enzyme molecules in solution, the tyrosine residue is io contribute to the heterogeneous character of the flavin
close contact with the flavin, thereby probably blocking thefluorescence decay. Conformational fluctuations on the
active site, as evident in the crystal structures. However, ifjsub)nanosecond time scale as well as on longer time scales
this study with the GR mutants, we found no evidence towill create a heterogeneous ensemble in which the rate and
sustain the model of conformational substates. probability of fluorescence quenching by a specific site are

The fact that the mutant enzymes GR Y177F and GRcontrolled by the precise microstructure and dynamics of
Y177G still exhibit a rapid heterogeneous fluorescence dethe light-excited enzyme molecule.
cay can only be explained by the existence of quenching
sites in the protein other than the juxtapositioned tyrosine.
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