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Abstract

The conformational dynamics of wild-tygescherichia colithioredoxin reductase (TrxR) and the mutant
enzyme C138S were studied by ultrafast time-resolved fluorescence of the flavin cofactor in combination
with circular dichroism (both in the flavin fingerprint and far-UV regions) and steady-state fluorescence and
absorption spectroscopy. The spectroscopic data show two conformational states of the enzyme (hamed FO
and FR), of which the physical characteristics differ considerably. Ultrafast fluorescence lifetime measure-
ments make it possible to distinguish between the two different populations: Dominant picosecond lifetimes
of [ ps (contribution 75%) and 7 ps (8%) are associated with the FO species in TrxR C138S. Long-lived
fluorescence with two time constants in the range of 0.2—1 ns (total contribution 17%) originates from
enzyme molecules in the FR conformation. The near absence of fast lifetime components in oxidized
wild-type TrxR supports the idea of this enzyme being predominantly in the FR conformation. The emission
spectrum of the FO conformation is blue-shifted with respect to that of the FR conformation. Because of the
large difference in fluorescence characteristics, fluorescence measurements on time scales longer than 100
ps are fully determined by the fraction of enzyme molecules in the FR conformation. Binding of the thiol
reagent phenyl mercuric acetate to wild-type enzyme and TrxR C138S stabilizes the enzymes in the FR
conformation. Specific binding of the NADPH-analog, AAQRo the FR conformation resulted in dynamic
fluorescence quenching in support of the multiple quenching sites model. Raising the temperature from
277K-323K resulted in a moderate shift to the FR conformation for TrxR C138S. High concentrations of
the cosolvent glycerol triggered the domain rotation from the FO to the FR conformation.
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Indications for the involvement of conformational dynamicsreduced and four-electron-reduced state (Lennon and Willi-
in the catalytic mechanism of enzymes often arise from aams 1996). From kinetic studies on the reductive half reac-
conflict between structural and kinetic data. For many ention of the enzyme, a three-phase mechanism has been pro-
zymes such as, for example, alcohol dehydrogenase (Eklurgbsed in which the rate-limiting step is attributed to a gross
et al. 1981) and glutathione reductase (Pai and Schulzonformational change of the protein (Lennon and Williams
1983), the resolution of the three-dimensional solution1997).
structure of the protein raised as many questions as it Indications for the requirement of a large conformational
solved; prerequisites for catalysis such as substrate bindinghange first arose from the high-resolution crystal structure
product release, or interactions between different catalytiof the free enzyme (Kuriyan et al. 1991; Waksman et al.
groups involved, could often not be clarified on the basis 0f1994). In these studies it was shown that each TrxR mono-
the structural data. Mobility of the peptide chains then offersmer consists of an NADPH-binding domain and an FAD-
a likely explanation. For a number of enzymes, includingbinding domain, connected by a double-strangesheet.
examples like citrate synthase (Remington et al. 1982; Lesklowever, no obvious path for the flow of electrons from
and Chothia 1984) and adenylate kinase (Schulz et al. 1990JADPH to the active-site disulfides via the flavin could be
Gerstein et al. 1993), the occurrence of large conformationgbund. In the crystal structure, the active-site disulfides are
changes during catalysis has indeed been confirmed by Xsuried in the protein interior near the flavin ring. However,
ray structures of free protein and protein substrate (analoghere is no binding site present for thioredoxin, leaving
complexes. Movements of complete protein domains calithiol-disulfide interchange with the protein substrate un-
then play a prominent role (for review, see Gerstein et alexplained. Moreover, NADPH is bound 17 A away from the
1994). flavin ring, with the nicotinamide ring positioned in a sol-
From the point of view of domain motions, a particularly vent-accessible area. Both NADPH and the disulfides are
interesting enzyme is the flavoprotein, thioredoxin reduc-located on thee-side of the flavin in such a way that access
tase, fromEscherichia coli Thioredoxin reductase (TrxR) is of the NADPH to the isoalloxazine ring is blocked. By
a member of the pyridine-nucleotide oxidoreductase familygraphically rotating the NADPH domain over 66°, Waks-
which includes glutathione reductase, lipoamide dehydroman et al. (1994) showed that the problems of juxtaposition
genase, and NADH peroxidase (for review, see Williamscould be overcome. In the resulting model, the relative po-
1992, 1995). The enzyme catalyses the NADPH-dependeisitioning of the FAD-binding and NADPH-binding domains
reduction of the single disulfide bridge in the protein sub-is similar to that of other oxidoreductases such as glutathi-
strate thioredoxin (M= 11,700) (Moore et al. 1964; one reductase. Now, the nicotinamide C4 and the isoalloxa-
Holmgren 1968). Thioredoxin is involved in a variety of zine N5 atoms are in close contact, with both rings parallel
cellular processes, including ribonucleotide reduction (Theto each other, thus allowing efficient hydride transfer. In
lander 1967; Holmgren 1989), and protein folding (Ya-addition, the redox-active disulfides move to the surface
sukawa et al. 1995). of the protein where they become accessible for the pro-
The features and redox properties of TrxR enzymes frontein substrate. Based on these findings, it was proposed
various organisms have been studied extensively (Williamshat E. coli thioredoxin reductase has two conformational
1992, 1995; Arscott et al. 1997, and references thereinstates: the form corresponding to the original crystal
Wang et al. 1999; Williams et al. 2000). The enzymes carstructure, in which the disulfide can oxidize the flavin (FO),
be divided into two classes based on differences in molecuand a conformation in which the rings of NADPH and
lar weight, amino acid sequence homology, and catalyti®AD are juxtaposed, suitable for dithiol-disulfide inter-
mechanism. High molecular weight thioredoxin reductaseghange with thioredoxin and reduction of the flavin (FR)
from higher eukaryotes resemble other oxidoreductases likg=ig. 1).
glutathione reductase and lipoamide dehydrogenase in To trap the enzyme in the FR conformation, crosslinked
structure and mechanism (Arscott et al. 1997). Howevercomplexes have been constructed from mutant forms of
low molecular weight TrxRs occurring in prokaryotes, thioredoxin and thioredoxin reductase that all had one of the
fungi, and plants appear to be more distinctly related (Kuri-two active-site cysteines mutated to serine. The remaining
yan et al. 1991; Arscott et al. 1997; Williams et al. 2000). active-site cysteine in thioredoxin and TrxR was then used
E. coli thioredoxin reductase (EC 1.6.4.5) is a homodi-to form a covalent bond between the two proteins. Kinetic
meric enzyme that contains one redox-active disulfide bridgetudies of TrxR C135S linked to thioredoxin C32S showed
and one molecule of FAD per subunit of, M 35,300. The that this complex was locked in one conformation in which,
protein has a high affinity for the noncovalently bound fla- indeed, FAD could be reduced by NADPH, but the elec-
vin cofactor (Moore et al. 1964; Thelander 1967; Williams trons could not be transferred to the active-site disulfide
et al. 1967).E. coli thioredoxin reductase uses a ternary (Wang et al. 1996). Similar results were reported for TrxR
complex mechanism (Lennon and Williams 1995). DuringC138S complexed with thioredoxin C35S (Veine et al.
catalysis, the enzyme shuttles between the two-electrort998a).
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Fig. 1. Cartoon representation of TrxR C138S in the FO and FR conformations. The FAD and pyridine nucleotide domains are
indicated as triangles and connected by lines depicting the double-stranded 3-sheet. The three circles represent the isoalloxazine ring
of FAD, and PN indicates the pyridinium ring of the bound pyridine nucleotide. In the FR conformation, the flavin is in contact with

the nicotinamide of bound NADPH or the aminopyridine of bound AAD#Re remaining thiol is at the surface where it can react with

thiol reagents stabilizing the FR conformation. In the FO conformation, Cys135 is buried close to the flavin and the pyridine
nucleotide-binding site is exposed. Free enzyme in the FR conformation is relatively fluorescent, whereas in the FO conformation,
fluorescence is quenched. Although the rotation between the FO and FR is shown as 180° in this illustration, it is actually 67°.

The properties of the mutant enzyme used in this studymicroenvironment. In addition, mobility of the flavin co-
TrxR C138S (Prongay et al. 1989), were recently reevalufactor during the lifetime of the excited state can be visu-
ated (Veine et al. 1998a). In contrast to wt TrxR, which hasalized by time-resolved fluorescence anisotropy detection.
a flavin fluorescence quantum yield (Q) comparable to thaRecent time-resolved flavin fluorescence studies on the oxi-
of lipoamide dehydrogenase (€ 0.1), TrxR C138S is doreductases glutathione reductase and NADH peroxidase,
only slightly fluorescent (7% of that of wt TrxR). This have yielded profound information on the protein dynamics,
flavin fluorescence quenching was postulated as due to theonformational stability, and mechanism of fluorescence
proximity of Ser138 to the isoalloxazine ring, which occurs quenching in these enzymes (van den Berg et al. 1998;
in the FO conformation (Mulrooney and Williams 1997). Visser et al. 1998).

Steady-state flavin fluorescence studies on wt TrxR and In this study, time-resolved flavin fluorescence is used to
TrxR C138S were performed to find support for the exis-monitor the conformational dynamics Bf coli thioredoxin
tence of FO and FR conformations in solution. It was pro-reductase. Subpicosecond resolution fluorescence lifetime
posed that in the mutant enzyme TrxR C138S, the FO condata in combination with fluorescence lifetime and fluores-
formation is stabilized by a hydrogen bond between thecence anisotropy data on a picosecond-to-nanosecond time
serine residue and the N5 atom of the flavin ring systemscale, show two different protein conformational states and
Results from intrinsic fluorescence spectra, fluorescence tiyield a picture of the dynamic behavior of the active site.
trations with the thiol-specific reagent PMA and the Binding of substrate (analogs) and a specific thiol reagent is
NADPH analog AADP, as well as from absorption and used to trap the enzyme in one conformational state. Varia-
limited proteolysis experiments, agreed with the model thations in temperature and concentration of the cosolvent
in solution, the FO and FR conformations are in equilib-glycerol, serve as complementary approaches to influence
rium. Only recently, crystal structure analyses of theconformational dynamics. Time-resolved fluorescence data
crosslinked enzyme—protein substrate complex have indeaate supported by fluorescence and absorption spectra and
shown the existence of this FR conformation ©f coli ~ CD spectra in the visible light region, which show clear
thioredoxin reductase (Lennon et al. 2000): The structure ofransitions in the direct microenvironment of the flavin.

this complex resolved at 3.0 A revealed a conformation in

which the pyridine nucleotide domain was rotated by 67°

with respect to the structure of the free enzyme. Results

More details of the conformational dynamics can be re-
vealed using high time-resolution spectroscopic techniquesdentification of the FO and FR conformation by
Time-resolved flavin fluorescence detection offers theyltrafast time-resolved fluorescence spectroscopy
unique possibility of probing the dynamic processes right on
the site where catalysis occurs. The flavin fluorescence lifeTo explore the conformational dynamics Bf coli thiore-
time spectrum is very sensitive to the specific environmentdoxin reductase, a series of four different protein/inhibitor
of the isoalloxazine and amino acid motions that alter thiscombinations was investigated. This set consisted of wt
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TrxR, TrxR C138S, and both proteins complexed to theof the fluorescence decay of wild-type protein at 293K
specific thiol reagent PMA, yielding a phenylmercuric ad- yielded a fluorescence lifetime distribution containing two
duct on the (remaining) active-center cysteine residue. Thevell-separated components@d.4 ns and 1.0 ns (Fig. 2B).
choice of this combination was based on an earlier studyrhese two lifetime components were found to be predomi-
(Mulrooney and Williams 1997), in which it was proposed nant in the lifetime spectra of TrxR C138S and the PMA-
that wt TrxR is mainly in the FR conformation, whereas in treated enzymes as well. The exact time constants of the
TrxR C138S, the equilibrium is shifted toward the FO con-components in the latter three enzymes were slightly shorter
formation. PMA treatment would force the equilibrium to than in wt TrxR (difference of0.02—-0.05 ns and 0.05-0.1
the FR conformer because of steric limitations of the phenns, respectively), whereas the relative amplitude of the long-
ylmercuric adduct. According to this model, the time-re- est lifetime was somewhat smaller (Table 1). These slight
solved fluorescence characteristics and the dynamic behadifferences are indicative of a minor change in structure or
ior of both PMA-treated proteins should be identical anddynamics of the microenvironment of the flavin. The life-
should resemble those of wt TrxR, whereas TrxR C138S isime spectra of both PMA-treated enzymes were identical.
expected to display different features. Besides the above-mentioned two predominant compo-
Despite the large difference in fluorescence quantumments, a short lifetime dfflLO0 ps was found to contribute to
yield of wt TrxR and TrxR C138S (14-fold), the flavin the fluorescence decay. The lifetime pattern of TrxR C138S
fluorescence intensity decays of all four proteins showedontained an ultrafast component in most measurements.
little difference when measured by subnanosecond-resolvethis component was analyzed to be on the order of 5 ps,
time-correlated single-photon counting (Fig. 2A). Analysiswhich is on the border of the detection limit of the TCSPC

setup used.
The close resemblance of the fluorescence lifetime pat-
1007 A terns of the four enzyme forms was difficult to reconcile
E 40 with the clear differences found in absorption spectroscopy
3 (Fig. 3A) and steady-state fluorescence intensity. CD spec-
T 607 - zt_PMA tra in the visible light region, the so-called flavin fingerprint
% — C138S spectra, confirmed the dissimilarity in the physical nature of
£ 407 — — CI38S-PMA the flavin microenvironment in TrxR C138S on the one
g 20 reference hand, and those in wt TrxR and the PMA-treated enzymes
J on the other (Fig. 3B). Close inspection of the fitted fluo-
o4 o , — rescence intensity decay of TrxR C138S revealed that the
0 1 o2 3 4 steep leading edge could not be fitted optimally with the
4 time (ns) lifetime component of 5 ps. In addition, the amplitude of
the ultrafast component as well as its precise time constant
. 407 proved to be highly dependent on the exact analysis param-
S 37 C1388 eters. These features may suggest an extremely fast process
307 on a subpicosecond time scale.
% 95 The possibility of such an ultrafast process was examined
2o A ‘\ J\_C1385-PMA using subpicosecond- and wavelength-resolved fluores-

The images, containing fluorescence intensity information
wt in one dimension and spectral information in the second
o : dimension, were analyzed through a global analysis proce-
0.001 0 10 dure to yield the minimal number of spectral and temporal
T(HS) components needed to describe the data. Time traces of

_ , images of the proteins at 500 nm, showing both the experi-
Fig. 2. The experimental total fluorescence dec&y &nd fluorescence
lifetime distributions B) of wt TrxR, TrxR C138S, TrxR wt-PMA, and mental fluorescence intensity in the first 200 ps (partly loga-
TrxR C138S-PMA in 50 mM potassium phosphate buffer (pH 7.6) atfithmic scale) and the corresponding fits, are presented in
293K. Experimental data (grey) and fitted data (black) overlie one anothefFFigure 4. Now the enzymes show a clearly different picture:
well and cannot be distinguished clearly. The experimental decay of tha\/ith TrxR C138S, the experimental time trace at 500 nm

reference compound, erythrosine B=£ 80 ps), is also given. In the fluo- shows a predominant ultrafast decay, which is completely
rescence lifetime spectra, a vertical offset has been applied for clanty absent in that of wt TrxR. ’

Because of the resolution limitations of the TCSPC setup used, the amph
tude and time constant of the ultrafast component in TrxR C138S could not FOr Wt TrxR, analysis of the data again yielded two life-
be determined accurately (see text). time components, with time constants of 0.25 and 0.93 ns,

cence spectroscopy via a streak camera setup. With this
157 Wt-PMA method, the time resolution was increased up to 0.5-1 ps.
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Table 1. Temperature dependence of the barycenters and fractional contributions of the three longest fluorescence lifetime
components of wt TrxR, TrxR C138S, and the PMA-complexes of both enzymes as measured with TCSPC

277K 285K 293K 303K 313K 323K
wt Ty - - - 0.090 + 0.02 0.090 +0.01 0.085+0.01
oy - - - 0.050 +0.01 0.12+0.03 0.19+0.04
T 0.55+0.03 0.44 +0.01 0.42 +0.03 0.41+0.02 0.39+0.02 0.38+0.01
o, 0.55+0.05 0.52+0.11 0.47 £0.06 0.49 +0.09 0.43+0.09 0.41+0.07
T3 1.35+0.05 1.15+0.04 0.99 +0.05 0.93+0.03 0.83+0.02 0.79+0.03
Qg 0.44 +0.05 0.48+0.11 0.51+0.07 0.46 +0.09 0.44 +0.09 0.37+0.06
C138S Tu ++ ++ ++ ++ ++ ++
Qf ++ ++ ++ ++ ++ ++
Ty - 0.11+0.04 0.094 £ 0.02 0.089 +0.01 0.097 £0.01 0.092 +0.01
ay - 0.06 +0.05 0.09 +0.02 0.12+0.03 0.17 +0.03 0.22+0.03
T, 0.40+0.01 0.39+0.01 0.39+0.01 0.36 +0.04 0.36+0.01 0.35+0.01
a, 0.62 +0.03 0.60 +0.09 0.56 +0.09 0.55+0.09 0.54 +0.09 0.51+0.06
T3 1.04 £0.04 0.97 £0.03 0.92 +0.03 0.83+0.03 0.78 £0.03 0.73+0.02
Qg 0.36 +0.02 0.35+0.06 0.32+0.05 0.30+0.06 0.26 +0.05 0.27 +0.04
wt-PMA T - 0.089 £ 0.01 0.093 £0.01 0.090 +0.01 0.089 +0.01 0.089 +0.01
oy - 0.09 +0.02 0.14 +0.03 0.21+0.04 0.24+0.03 0.29+0.02
T 0.42 +0.02 0.42 +0.02 0.40 +£0.02 0.40 +0.02 0.38+£0.02 0.37+0.01
o, 0.57+0.11 0.50 +£0.07 0.48 +0.09 0.47 £0.08 0.42+0.06 0.44+0.04
T3 1.03+0.04 0.97 £0.03 0.90 +0.03 0.84 +0.03 0.78 £0.02 0.78 +0.03
ag 0.44 +0.08 0.40+0.06 0.39+0.07 0.33+0.06 0.30+0.04 0.26 +0.02
C138S-PMA Ty - 0.11+0.02 0.11+0.01 0.088 +0.01 0.086 +0.01 0.091 +0.01
ay - 0.04 £0.02 0.13+0.02 0.22 +0.02 0.29+0.05 0.34+0.04
T, 0.41+0.01 0.39+0.01 0.39+0.02 0.37+0.01 0.36+0.01 0.36+0.01
a, 0.65+0.12 0.60+0.11 0.54 +0.06 0.48 +0.05 0.44 +0.07 0.43+0.05
T3 1.00£0.03 0.91+0.03 0.87+0.04 0.82+0.03 0.77 £0.02 0.76 £ 0.04
ag 0.35+0.06 0.41+0.07 0.31+0.05 0.28 +0.04 0.26 +0.04 0.21+0.04

#In TSCPC measurements, the time constant and amplitude of the ultrafast component could not be resolved accurately. The presence of this component
in the lifetime spectra of TrxR C138S is therefore depicted with ++. Amplitudes were normalized excluding the amplitude of the ultrafast confygonent. T
lifetime spectra of wild-type TrxR revealed a component of 90 ps at temperatures of 303 K and higher, while the spectra of the TrxR C138S and the
PMA-enzyme complexes revealed this component at temperatures from 285 K.

matching closely the TCSPC data. The DAS of these twdimit of the setup and any static fluorescence quenching
lifetime components are identical and agree with the steadysccurring in the TrxR C138S enzyme is not taken into ac-
state fluorescence spectrum of wt TrxR (Fig. 5A). For TrxRcount, this percentage is expected to be an underestimation.
C138sS, however, more lifetime components were needed tFrom a 14-fold difference in fluorescence quantum yield
describe the fluorescence decay (Fig. 5B). Two ultrashorbetween wt TrxR and C138S, one would expect a popula-
lifetimes of 1.2 and 7.3 ps determine the ultrafast fluorestion of FO conformers ofB0%, given the lifetime constants
cence decay of the mutant enzyme with a main contributiorand ratios of amplitudes resolved in the streak camera ex-
of the 1.2 ps component (74.9% and 8.1%, respectively)periments.)

The two long-lived components found correspond to those The structure of the FO conformation can well ex-
observed for wt TrxR, having identical decay associateglain the ultrarapid processes observed; in the crystal
spectra and again, as in the TCSPC experiments, somewhsttucture, the serine at 138 and the remaining active-site
shorter time constants (0.18 ns [contribution 5.5%] and 0.74hiol at position 135, which both act as quenching sites,
ns [11.6%], respectively). The DAS of the ultrashort com-are at van der Waals distance of the flavin or closely to it
ponents, however, afé8 nm blue-shifted from those of the (see Discussion). A charge-transfer reaction, such as a hy-
longer components and the spectra found for wild-type endrogen or electron transfer from the thiol group, or a tran-
zyme. In this case, it is legitimate to interpret the DAS assient hydrogen bond between the hydroxyl group of the
species-associated spectra: The ultrashort components aerine and the N5 atom of the flavin is likely to be the origin
thus related to a separate conformational state in which thef the ultrafast processes observed. Wt TrxR in the FO
flavin experiences a completely different environment fromconformation has the disulfide bridge juxtapositioned to the
that in wild-type enzyme. Based on the resolved amplitudeflavin instead of the above-mentioned quenching sites.
corresponding to the two enzyme species, 83% of the oxibisulfide bridges, however, have also been reported as
dized TrxR C138S is found in the FO conformation. As thefluorescence quenching sites (van den Berg et al. 1998, and
dominant lifetime component is still close to the detectionreferences therein). The absence of short fluorescence
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025 - " Substrate analog binding and the conformational state
p— In the previous section it was shown tHat coli TrxR is
o locked in the FR conformation by reaction with the specific
S ois A — gggg.pm thiol-reagent PMA. Binding of substrates and substrate ana-
=" , . logs may also shift the dynamic equilibrium and induce
§ 616 \ — WEPMA conformational transitions. A suitable analog for studying
i such an effect in TrxR is the oxidized NADPH analog,
AADP™, which binds to wt TrxR and the PMA-treated en-
005 zymes (Mulrooney and Williams 1997): In time-correlated
single-photon counting experiments, binding of the analog
0.9 540 400 &6 s 520 .1l resulted in an additional very short quore;cence lifetime
wavelength (am) compongnt_oﬂo_—l_s_ ps (Fig. 6). The contnbgnon of the
longest lifetime diminished, whereas the contribution of the
0.3 7 100 ps component, which was observed in the PMA com-
B plexes but not previously in the free wt TrxR, was enlarged
0.2 — (1388 in all three enzymes. Even under saturating conditions (mil-
C1385-PMA limolar concentrations of AADB, all four fluorescence
= ﬁ _— lifetime components remained present. These findings con-

firm the existence of multiple quenching sites that together
determine the heterogeneous fluorescence decay originating
from a single conformational state (the multiple quenching
sites model): By binding AADPto the FR conformers, an
additional quenching site is introduced near the flavin, caus-
ing rapid fluorescence quenching. The phosphate moiety of

[0] (deg mM-! cm™)

s
n

-0.2

1 T L) ] T 1
300 350 400 450 500 550 600
wavelength (nm)

. 1.0M
Fig. 3. Absorption spectraX) and flavin fingerprint CD spectraBj of 20 E A
M wt TrxR, TrxR C138S, TrxR wt-PMA £,5¢ estimated to be identical 8
with wt TrxR), and TrxR C138S-PMA in 50 mM potassium phosphate ‘ff‘
buffer (pH 7.6) at 293K. The ellipticity is represented ty g
<
2
e
lifetime components for wt TrxR is consistent with the 0.0 20

idea that oxidized wild-type enzyme predominantly has the
FR conformation (Mulrooney and Williams 1997).
Although it could not clearly be resolved, a small popula- = 1 g a " ij
tion of FO conformers (estimated between 1% and 5%) & B e, ""‘MA‘M
might be hidden in the residual 16 ps lifetime componentS S
with an extremely low amplitude found in the fits of the I’
wild-type enzyme (Fig. 5A). Experiments with the (<“E)
PMA-treated enzymes confirmed the interpretation of two g,
conformational states: TrxR C138S-PMA and TrxR wt- &8
PMA gave identical results with similar decay-associatedl
spectra and lifetime components as found for wild-type en-= 0.0 | T I
zyme, except for a minor contribution of a lifetime compo- — =20 0 20 200
nent near 0.05 ns. The ultrashort lifetime components found time (ps)
for TrxR C138S were completely absent in both PMA-
treated enzymes. From the ultrafast fluorescence measurgig. 4. Subpicosecond streak camera data of wt TrxR and TrxR C138S in
ments, in combination with the other spectroscopic50 mM potassium p‘hosphate buffer (pH 7.6) at 298K. Experimental time
data presented, it can therefore be concluded that thtéace at 500 nm (solid) togetherwnh fit (dgshed) of wt Tndg &nd TrxR

. . 138S B). Insets show residuals. The time base from -20 to +20 ps
PMA-treated enzymes are indeed fully restricted to the FRyejative to the maximum of the instrument response) is linear, and from
conformation. 20-200 ps is logarithmic.

R e L
20 0 20 200
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1.0 4 A cofactor. Given the extremely short fluorescence lifetime of
J the FO conformer, the anisotropy decay only provided in-
~ l,f' N o 8'32 E: formation on the FR conformer. For all four enzymes, only
S / N 16ps fluorescence depolarization resulting from overall protein
Zc} A S, —-=pf tumbling occurred, yielding a rotational correlation time of
A \’/\ \ [P5 ns. The absence of any fast depolarizing processes
D shows that the flavin is rigidly bound; no mobility of the
’ I P r1 ' ' flavin cofactor occurs on the nanosecond time scale.

480 500 520 540 560 580 600 620 e
The effect of temperature on the fluorescence lifetime

distributions was studied in the range between 277K and

10 SN 2 12ps B 323K by TCSPC and relative fluorescence quantum yield.
) ' ' - = 074ns The ability to detect changes in the dynamic equilibrium
[ 2 L N 0.18 ns was thereby limited to an indirect approach, because the
(m) —— 73ps ultrafast component could not be well resolved. With in-
< —— lL2ps creasing temperatures, all fluorescence lifetimes shifted to
A ol m\f_\:: pf somewhat shorter time constants (Table 1). At low tempera-
0.1 [ : i | | | | | t_ure;, the lifetime of 100 ps Qid not appear in any of t.h.e
480 500 520 540 560 580 600 620 lifetime spectra, whereas at high temperatures, it was visible

in all spectra, including that of wt TrxR. This points more to
a slight difference in dynamic behavior between wt TrxR
Fig. 5. Decay-associated spectra of the individual lifetime components ofand the other enzymes than to a static structural difference.
wt TrxR (A) and TrxR C138SE). Vertical lines indicate plus or minus By comparing the lifetime spectra with the one of free FAD
Sfa”da}f(d eAf f01f6in a(mﬂl-zt;dg'zgiﬁeF(ththSoa; deFZLCteﬁ tg; ?gfgfe“t line gt 323K, it could be concluded that at this high temperature
types. KeyA: S (solid), 0. ns (aotteaq), 0. ns (aasned), oliower L;:
()él?)t-dashid). KSB: 1.2 ps (chain-dashed). 7.3 ps (solid), 0.18 ns (dottedy, S| N0 fraces of free FAD appeared. Wt TrxR and both
0.74 ns (dashed), IRF follower (dot-dashed). Raman scatterings&t nm PMA-treated enzymes, over the range from 277K-323K,
is visible as a shoulder in the 1.2 ps DAS and as a peak in the IRF followershowed a gradual decrease in relative fluorescence intensity
of [60%, which corresponds to the changes observed in the
lifetime spectra. For TrxR C138S, the fluorescence intensity
the AADP" appears to be essential for the binding of thedid not alter significantly in the range between 277K and
NADPH analog. On titration with millimolar concentrations 293K. From 293K-323K, however, the enzyme showed a
of the analog AAD, which lacks the phosphate moiety, no gradual increase in fluorescence intensity [&0%. This
quenching of the flavin fluorescence was observed. effect can only be explained by a change in the conforma-

In contrast to wild-type enzyme, titration of the mutant tjonal equilibrium toward the FR conformer. Taking into
enzyme TrxR C138S with AADPdid not lead to signifi-

cant changes in the lifetime distribution. Because of the
nature of free TrxR C138S, in which fluorescence is already
strongly quenched, fluorescence quantum yields do not pro-
vide a sensitive tool to observe AAD®Inding to this mu-
tant enzyme. However, from the distinctive lifetime com-
ponent introduced on AADPbinding, a conformational 20

wavelength (nm)

TrxR + 0.38 mM AADP*

25

transition resulting from binding of this analog should have &
been easy to detect. This supports the earlier conclusion that 15 -
AADP* cannot induce the conformational transition from e } C138S-PMA
FO to FR (Mulrooney and Williams 1997). 3 10 —r
wt-PMA

. . . 5
Probing the dynamic behavior J\ \_Wf
The dynamic behavior of the TrxR enzymes was examined 0 . ' T T
from fluorescence lifetime data as well as time-resolved 0.0 0.0l 01 1 10
anisotropy data. The temperature and viscosity dependen- T (ns)

cies of the lifetime spectra of the enzymes were determined. e

in the ranage between 277K and 323K. usin lvcerol OrF|g.6. Fluorescence lifetime distributions of wt TrxR, TrxR wt-PMA, and
n 9 » using gly TrxR C138S-PMA complexed to 0.38 mM AADRN 50 mM potassium
sucrose as a cosolvent. Fluorescence anisotropy data W&losphate buffer (pH 7.6) at 293K. For clarity a vertical offset has been

recorded to gain information on the mobility of the flavin applied.
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800 7 cosolvent (up to 64% wi/w, yielding a viscosity similar to the
wi 80% glycerol mixtures), only a minor effect on the fluores-
600 , — CI1385/80% gly cence intensity, and no effects on the absorption spectra and

wt/80% gly
— — C138S/60% gly
- —= C138S8/40% gly

fluorescence lifetime patterns, were found.
CD experiments provided further support for the effect of

400 7 glycerol on the conformational equilibrium: Flavin finger-

fluorescence intensity (a.u.)

""""" C1388 print CD spectra in the visible region from 300-600 nm

200 4 show a clear transition for C138S, going from the FO spec-
: trum in pure buffer to the FR spectrum in high glycerol
0 ....n.m;m_?\?aﬁ concentrations (Fig. 8B). The slight effect of 80% glycerol
650 700 on the photophysical properties of wt TrxR and the PMA-

wavelength (nm) treated enzymes may reflect a minor structural adjustment

in the microenvironment of the flavin, but might also be
Fig. 7. Fluorescence spectra of 1M wt TrxR and TrxR C138S, as a  explained by the effect of the altered solvent composition on
function of percentage (v/v) glycerol, 50 mM potassium phosphate bufferthe photophysics of the flavin; in the FR conformation, the
(pH 7.6) at 293K. The spectra were corrected for the wavelength responSﬁaVin is to a large extent directly exposed to the solvent
of the setup. :

Far-UV CD spectra showed that glycerol does not affect the

secondary structure content of the TrxR enzymes: All four
account the decreasing fluorescence quantum yield of thenzyme combinations have a virtually identical far-Uv CD
other enzymes corresponding to the shift in lifetime con-spectrum with or without glycerol as a cosolvent (data not
stants, the increase in FR conformers can be estimated to Iséown). Therefore, it can be concluded that glycerol indeed
100%-150% (from 277K-323K). Apparently the applied
change in kinetic energy alone is not sufficient to induce
major changes in the dynamic equilibrium.

A pronounced effect on the equilibrium was found using g
glycerol as a cosolvent: Whereas the quantum vyield of w A
TrxR in 80% v/v glycerol was1.0% lower than in buffer — — C1388
without glycerol, the fluorescence of the C138S enzyme g —— C1385/60% gly
increased to a level identical to that of wild-type enzyme in g, *° ] C1385/80% gly
80% glycerol (Fig. 7). The fluorescence lifetime patterns of p—
the enzymes were only slightly influenced by the high con-& %1 et
centrations of glycerol: For all enzymes, including TrxR
C138S, the ratio of the amplitudes of the two longest life- 9957
time componentd0.35 and 0.9 ns) gradually changed with
increasing glycerol concentration from 1:1 to 3:2 in favor of =~ 0.00 = T T T T 1
the shorter time constant. In addition, for wt TrxR a shift of 330 400 430 500 550 600
the longest component to a time constant identical to that o wavelength (nm)
the other enzymes was found. The glycerol effect on the 0.3 B
fluorescence lifetime patterns corresponds with the smal ~ "
gradual decrease in fluorescence quantum yield of wt TrxF g 0.2 C1388/b0e
and the PMA-treated enzymes, but is in clear contradictior - F—— &y
with the major increase in fluorescence for TrxR C138S in = 0.1 & — Wi/80% gly

a high concentration of glycerol: This indicates strongly that 2,
glycerol can trigger the conformational change from the FC .8 0.0
to FR conformation. These findings were confirmed by light —
absorption spectra of C138S, which clearly changed fron = -0.1 1
the characteristic FO spectrum (peaks at 380 and 456 nm) 1

the FR spectrum (peaks at 368 and 448 nm) in high con 02
centrations of glycerol (Fig. 8A). At moderate levels of 300 - 350 400 450 300 350 600
glycerol (up to 40%), no spectral changes occurred, and th wavelength (nm)

fluorescence intensity was comparable to that in pure buffer.

. . . Fig. 8. Absorption spectra/) and flavin fingerprint CD spectraBj of
In absorption as well as in fluorescence, the behavior of thg s uM wt TrxR and TrxR C138S, as a function of percentage (vv)

_PMA'U‘eated enzymes was comparable to vyild-type €NZYyM@iycerol, 50 mM potassium phosphate buffer (pH 7.6) at 293K. The ellip-
in high concentrations of glycerol. When using sucrose as &city is represented by.
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triggers the domain rotation, instead of just inducing a locaflavins seems a rather common event. Eorcoli glutathi-
conformational change. one reductase and NADPH-peroxidase, we have shown ear-
lier that a photoinduced electron transfer process from a
juxtapositioned tyrosine residue to the flavin causes rapid
Discussion fluorescence quenching, with lifetime components on the
order of 5-15 ps (van den Berg et al. 1998; Visser et al.
E. coli TrxR is a beautiful example of nature’s ingenuity in 1998). Strong indications exist that a similar mechanism
using protein dynamics to catalyze reactions with large subapplies to many other flavoproteins containing one or more
strates. The catalytic cycle, in which electrons flow from thetyrosine residues at Van der Waals distance of the flavin
substrate NADPH via the flavin cofactor and the disulfide (van den Berg and Visser 2001). It should be emphasized
bridge to the protein substrate thioredoxin, requires a majothat the observation of (ultrashort) fluorescence lifetimes
domain rotation. Earlier results from steady-state spectroeriginates from dynamic quenching as opposed to static
scopic experiments and kinetic data on crosslinked proteigquenching, which by definition originates from a ground-
substrate complexes strongly suggested the existence of tvatate complex. However, dynamic quenching should be in-
separate states with both involved in catalysis (Lennon anterpreted in a broad sense; not only collisional quenching,
Williams 1995, 1996, 1997; Mulrooney and Williams 1997; but also interactions, such as electron or energy transfer that
Veine et al. 1998a,b; Wang et al. 1996). The crystal structake place in the excited state, fall within this category.
ture of the FR conformation recently resolved for the TrxR-Therefore, the observation made in the previous study that
thioredoxin crosslinked complex (Lennon et al. 2000)fluorescence quenching . coli TrxR C138S has a static
clearly shows the capacity of the protein to accommodat@ature (Mulrooney and Williams 1997) is not completely
such large domain movements. Here we were able to showaorrect, but results from a lack of time resolution in these
the presence of both states of the free enzyme in solutioexperiments.
and to determine the specific photophysical characteristics Based on the rapidity of the process, we expect that flavin
of the FO and FR conformations. To directly detect the FOfluorescence quenching in the FO conformer of TrxR
conformation and clearly distinguish between the two en-C138S originates from a charge-transfer interaction with a
zyme species, advanced fluorescence equipment was reesidue located at Van der Waals distance from the flavin,
quired that allows accurate analysis of states with fluoresresulting in a nearly instantaneous return to the ground state
cence lifetimes in the (sub)picosecond range. The approacha a radiationless process. The only candidates for such a
to use such ultrarapid photophysical processes to charactemapid charge-transfer interaction in TrxR C138S are Ser138
ize the conformational dynamics of (flavo)proteins is quiteand the thiol group at position 135. These residues are only
new. Because of the limited time resolution of equipmentin close proximity of the electrophilic site of the flavin (N5
regularly used in biochemical studies on protein fluores-and C4a atoms) in the FO conformation (Table 2). In the FR
cence, such ultrarapid effects are either not resolved or igeonformation, these residues are shifted further away to-
nored because of measurement inaccuracy. As a conserard the side of the methyl groups of the flavin, which
quence, even in time-resolved fluorescence measurementppears less favorable for fluorescence quenching (vide in-
it is possible that not all existing conformational states thaftfra). Earlier, residue Ser138 had been proposed to be the
have different fluorescence characteristics, are observegredominant source of quenching (Mulrooney and Williams
Obviously, as steady-state fluorescence measuremenit®97): According to the crystal structure, this residue can
mainly detect conformations with a high fluorescence quanform a hydrogen bond with the N5 atom of the flavin. Such
tum yield, care has to be taken when interpreting these data. hydrogen bond will not only stabilize the FO conforma-
In this study, it is evident that because of the large differ-tion, but it will also provide a highly efficient pathway for
ence in fluorescence quantum yield between the FO and FRhotoinduced hydrogen transfer or electron transfer to this
conformation, measurements on time scales > 100 ps amdectrophilic site of the flavin. However, thiol groups are
fully determined by the fraction of enzyme molecules in thealso known to be efficient fluorescence quenchers. An in-
FR conformation (vide infra). dication that both Ser138 and Cys135 are involved in the
Recently, Mataga et al. (1998, 2000) have been the firsprocess of quenching may be derived from the presence of
to report on femtosecond fluorescence quenching in flavotwo ultrafast fluorescence lifetimes in the FO conformer.
proteins. By means of fluorescence upconversion, they werBased on the distance to the flavin, a logical assumption
able to detect ultrarapid processes in the formerly so-calledvould be that Ser138 is responsible for the 1.2 ps lifetime
nonfluorescent flavoenzymes riboflavin-binding protein andand Cys135 for the 7 ps component. The rate constants
glucose oxidase, and the D-amino acid oxidase benzoaworresponding to these fluorescence lifetimes (0.83 asd
complex. Although the study presented here is one of th€.14 ps?) are in good agreement with the typical rate con-
first to report fluorescence quenching processes on the ordstants for electron transfer found for a variety of biological
of 1 ps, ultrarapid fluorescence quenching of protein-boundand (semi)synthetic systems with a donor—acceptor distance
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Table 2. Distances D between the isoalloxazine ringeofcoli located further away or less well positioned for a charge-
TxrR and possible quenching sites located within 10 Alinthe  transfer interaction with the flavin. In general, electron-rich
FO conformation and/or FR conformation. The expected amino acid residues, such as tryptophans, tyrosines, and

efficiency of quenching Qef is expressed in H (high), M

thiols, can be efficient quenching sites. Despite its aromatic
(moderate), and L (low).

character, phenylalanine appears to be a much less effective
EO conformatiof ER conformatioB flavin fluorescence quencher (van den Berg et al. 1998). For
intraprotein electron transfer, the rate of electron transfer

Res-Atom Flavin D (A)  Qef. Flavin D(A) Qef  paqheen shown to decay exponentially with the distance R
Ser/Cys138# Cda 25/31 H c7M -/10.2 L between the donor and acceptor (Marcus and Sutin 1985,
(Ser-OH, Cys-SG) N5 2833 H and references therein). In general, proper orbital overlap
Cys/Ser135 Ring B 4.2-4.9/~ H  CIM  -/8.7 “L  patyeen the donor and acceptor favors charge transfer. For
Tyr118-OH C7M 35 M/L C8M 114 L the orientation d q f electron transfer. h

NG 8.4 ML NS 168 L e orientation dependency of electron transfer, however, no
Tyr023-OH 02 3.6 M 02 32 M specific laws are yet available. Based on these general re-
Trp52-CE3 02 5.7 M 02 58 M lations and experimental evidence from various flavoen-
Cys303-SH 02 7.0 Mo 02 69 M  zymes, we can speculate on the efficiency of flavin fluores-
Phel42 04 62 L C/M 164 L cence quenching ifE. coli TrxR for possible quenching
Phe240 C7M 8.5 L C7M 103 L

sites in the FO and FR conformations (Table 2): The ori-
Distances were retrieved from the crystal structures of: entation of quenching sites toward the methyl substituents
aE._ coli TrxR and (#) TrxR C138S resolved at 2 A resolution (Waksman and parallel to the xylene-like ring seems unfavorable.
etal. 1994). , Highly efficient quenching rather seems to occur on inter-
E. coli TrxR C135S-Trx C35S crosslinked complex resolved at 3 A . . . T

resolution (Lennon et al. 2000). acFlon ywth _the pi syste_m of the polar pyrlmldln_g- and pyr-
©The hydroxyl/thiol group is directed away from the flavin ring. azine-like rings, especially near the electrophilic center of
4 The tyrosyl group is located beside the flavin. the molecule located at C4a and NS5.

It should be stressed that the fluorescence lifetime distri-
of 5 A (1 ps*-0.1 ps?) (Moser et al. 1992, and references bution is only a representation of the ensemble average of
therein). distinctly different fluorescent conformations. In a dynamic

The idea that multiple fluorescence lifetimes can origi-equilibrium in which the enzyme shuttles between two (ex-
nate from various quenching processes that occur in a singkeeme) conformations, intermediate states can only be de-
protein conformation, the so-called multiple quenching sitesected by (conventional) fluorescence methods, provided
model, was introduced by Bajzer and Prendergast (1993}hey have a significantly different fluorescence lifetime or
By a theoretical description, they showed that the multiex-correlation time distribution, and that the lifetime of the
ponential fluorescence decay of several tryptophan-contairintermediate state (and related to this, the amplitude) is
ing proteins can be explained by energy or electron transfesufficiently large. These preconditions limit the chance of
to different acceptor sites in the protein. These differentdetecting intermediate states, especially when different sites
processes, which in principle do not require any collisionalcontribute to fluorescence quenching in a single conforma-
interaction, all contribute to the deexcitation of the donortion. Because of the asymmetrical distribution of the strong
with a certain probability, thereby giving rise to more than quenching sites in the rotating domain (all close to the flavin
one fluorescence lifetime. Studies on glutathione reductas& the FO conformation, none in the FR conformation), the
and NADH peroxidase, in which by site-directed mutagen-situation for detecting intermediate states is here relatively
esis tyrosine and cysteine residues were replaced by alfavorable. The additional short lifetime emerging after
phatic amino acid residues, have shown that this model iPMA treatment might reflect the occurrence of such an
indeed valid; distinct fluorescence lifetimes could be attrib-intermediate state; it could, however, also originate from
uted to quenching by a single amino acid residue (van desubtle structural changes in the microenvironment of the
Berg et al. 1998; Visser et al. 1998). In the present studyflavin.
clear evidence of the validity of the multiple quenching sites Environmental factors, such as temperature and solvent
model is found in the lifetime patterns of wt TrxR and the composition, are known to have a pronounced effect on
PMA-treated enzymes saturated with AADMinding of  protein dynamics and may thus influence the conforma-
this nicotinamide cofactor analog close to the flavin ringtional equilibrium. Whereas in this study the effect of tem-
introduced an additional fluorescence lifetime componenperature appeared to be limited, the importance of solvent
without further affecting the time constants of the proteincomposition is clearly shown by the effect of glycerol: High
(complexes) without AADP. concentrations of glycerol clearly triggered the domain ro-

The presence of two long-lived fluorescence lifetimes fortation from the FO to FR conformation. Besides its function
the FR conformation further supports this model. Theseas a viscogen, glycerol is also known to affect the hydration
lifetimes may result from interactions with quenching siteslayer and volume of proteins (Timasheff et al. 1976; Gekko
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and Timasheff 1981a,b; Timasheff 1993; Priev et al. 1996performed in 50 mM potassium phosphate buffer (pH 7.6) at
and to induce structural changes (Raibekas and Masse%?3K- The enzyme concentration was based on the FAD content:

. ; - Base Wt TrXR = 11.3 mM™ cm™ (Williams et al. 1967),e445
1996; van den Berg et al. 1998). The mechanism by whic xR C138S= 11.8 MM * cm* (Mulrooney and Williams 1997).

glycerol triggers the domain rotation B coli TrxR C138S  preparation of TrxR C138S-PMA:fe. = 12.3 mM™ cm™Y) was
should be sought in the effect on the interface between thgerformed by adding three to five equivalents of PMA to the
FAD and NADPH domains; the hydration layer and in par- prote_in after gel chromatography (Mulrooney and Williams 1997).
ticular, the interactions that stabilize the FO conformation.'r:eonrqct)'\’/g(ej'ﬁ;g'e"lef‘ijltggﬁsgvee'}c: é?c?;;u{:eemoerétsc’oﬁjxéﬁsi/vfl\ﬂép\;vas
Alt.hOUQh in the FO conformat.lon the fIaV|r.1 rlr?g IS. more was first anaerobically reduced by adding five equivalents of
shielded from the solvent, the interface region is fairly Sol-NApPH. After subsequent reaction with three equivalents of PMA
vent accessible (Waksman et al. 1994). It is possible thafor 15 min, the sample was reoxidized by air. Excess PMA and
glycerol perturbs the interface region so that stabilizing in-NADPH were removed from the enzyme preparations by a second
teractions, such as the hydrogen bond between Ser138 244 filtration over a Biogel PGD-6 column. Samples containing

: glycerol were prepared by gently mixing the eluted protein with
the flavin, can no longer be formed. The FAD and NADPHquorescent-grade glycerol. As PMA-treatment did not induce

domains were found to have only two interdomain bondingchanges in the absorbance spectrum of wt TrxR, the extinction
interactions via hydrogen bonds, whereas five crystal wategoefficient of PMA-treated wild-type enzyme was assumed to be
molecules mediated interdomain interactions betweems,ss TIXR Wt-PMA = g,5,wt TrxR = 11.3 mM™* cm™.

charged and polar residues on the interface (Waksman et al.

1994). In particular, the interdomain ion pair between Glu48S
and Arg130, which protrudes into solution, forms an excel-
lent target for glycerol. A recent study, in which these resi-Absorption spectra were obtained using a Hewlett-Packard 8453
dues were mutagenized to cysteines to form a stable croddV-Vis diode-array spectrophotometer with a resolution of 1 nm

- . . L P . and an integration time of 0.5 sec. Steady-state fluorescence emis-
link with N,N, 1,2 phenylenedimaleimide, indicated that thISsion spectra were recorded on an SPEX Fluorolog 3-2.2 spectro-

ion pair is indeed important for stabilization of the FO con- fiyorimeter with a slit width corresponding to a spectral resolution
formation (Veine et al. 1998b). The present study raises thef 2 nm for both excitation and emission and an integration time of
guestion whether the cellular environment of the coli 1 sec. The spectra were corrected for the wavelength dependency

TrxR directly influences the catalytic control of the enzyme.\?vfaflgeleﬁgmpé fTer:(eci tsa?{gr?'?jsga:r iggiﬂgugl)igeﬁrg-ﬂét Jge
Although as,yet the 'cel.lular mgchanlsm that. t”ggers dO'tained using a Jasco 715 spectropolarimeter with a Jasco PTC 348
main rotation inE. coli thioredoxin reductase is still un- | temperature controller. In the flavin fingerprint region (300—

known, the approach of using ultrarapid fluorescence teche00 nm), four or nine spectra with a resolution of 0.2 nm, a scan
niques has shed new light on the conformational equilib-speed of 50 nm/min and a response time of 1 sec were accumu-

rium and protein dynamics of the enzyme. The study&ted: '(;‘ Ihe far-UV region, typifa”y nine or SiXtegnzgpeCt;a (r;aso'

. L ution 0.1 nm, response time 1 sec, scan spee nm/sec) were
p!’esented here proves the important additional value of SUli:fveraged. Secondary structure determination was performed via
picosecond time-resolved and spectrally resolved fluoressiqge regression analysis with the CONTIN program based on a set
cence for detecting and characterizing distinct protein conef 16 protein structures (Provencher and Glockner 1981). All
formations and for exploring the conformational space ofsteady-state spectroscopic measurements were performed at 293K
flavoenzymes. and corrected for background contributions.

teady-state spectroscopic measurements

Time-resolved fluorescence and fluorescence

Materials and methods .
anisotropy measurements

Enzymes and sample preparation Polarized time-resolved fluorescence experiments were performed
using TCSPC. The complete TCSPC setup and the measurement
Wt TrxR was purified fronE. coli strain A326, which contains an procedures used were recently described in detail (van den Berg et
insertion in the genomic TrxR gene (Russel and Model 1986)al. 1998; Visser et al. 1998). A mode-locked CW Nd:YLF laser
transformed with the recombinant plasmid pTrR310 (Mulrooneywas used for synchronously pumping a cavity-dumped Stilbene
1997). TrxR C138S was expressed from the recombinant plasmid20 dye laser. The samples were excited with vertically polarized
pTrR336 as described elsewhere (Mulrooney and Williams 1997)light of 450 nm with an excitation frequency of 594 kHz (duration
Both enzymes were purified as described previously (Mulrooneyt ps FWHM). Both parallel and perpendicular polarized fluores-
1997). Pure enzymes were stored in 80% ammonium sulfate atence were detected through a 557.9 nm interference filter (Schott,
277K. All chemicals used were of the highest purity available, andMainz, Germany, half bandwidth of 11.8 nm) in combination with
buffers were filtered through a 0.32m filter (Millipore). a KV 520 cutoff filter (Schott). The data were collected in a
After centrifugation, 1 mM of DTT was added to the resus- multichannel analyzer with a time window of 1024 channels at a
pended TrxR C138S to remove potential sulfenic acid adducts otypical 7.0 ps/channel. The dynamic instrumental response func-
Cys135. For both wild-type and mutant TrxR, a Biogel PGD-6 tion of the setup is approximately 40 ps FWHM, which makes
column (Biorad) equilibrated with the appropriate measuringregistration of 5-10 ps lifetime components realistic. The instru-
buffer, was used to remove undesired buffer contents and possiblaental response was obtained at the emission wavelength using
traces of free FAD. Standard spectroscopic measurements wesgythrosine B in wateri{= 80 ps at 293K) as a reference com-
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pound (Bastiaens et al. 1992). The temperature of the samples wd983). The corrected and averaged images were reduced to a ma-

controlled using a liquid nitrogen flow setup with a temperaturetrix of 950 points in time and 44 points in wavelength. Data of the

controller (model ITC4, Oxford Instruments). 200 ps and 2 ns time windows were evaluated simultaneously in a
Analysis of the fluorescence intensity ded#ty and anisotropy global analysis fitting procedure (van Stokkum et al. 1993), in

decayr(t) was performed using the software package from Maxi-which the data were deconvolved with the (Gaussian-shaped) in-

mum Entropy Solutions. With the maximum entropy method, thestrument response. The width of this Gaussian was a free param-

fluorescence intensity and anisotropy decays are described ieter of the fit (typically, 3 ps FWHM). All measurements were

terms of a continuous distribution of decay times, for which no aanalyzed using a model with parallelly decaying components,

priori knowledge of the system is required. A detailed descriptionwhich yields DAS.

of the principles of MEM and analysis of the polarized fluores-

cence data can be found elsewhere (Livesey and Brochon 1987;

Bastiaens et al. 1992; Brochon 1994; van den Berg et al. 1998)Acknowledgments
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