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ABSTRACT Detailed circular dichroism (CD), steady-state and time-resolved tryptophan fluorescence studies on the holo-
and apo- forms of high potential iron protein (HiPIP) from Chromatium vinosum and its mutant protein have been carried out
to investigate conformational properties of the protein. CD studies showed that the protein does not have any significant
secondary structure elements in the holo- or apo- HiPIP, indicating that the metal cluster does not have any effect on
formation of secondary structure in the protein. Steady-state fluorescence quenching studies however, suggested that
removal of the iron-sulfur ([Fe,S,]°") cluster from the protein leads to an increase in the solvent accessibility of tryptophans,
indicating change in the tertiary structure of the protein. CD studies on the holo- and apo- HiPIP also showed that removal
of the metal prosthetic group drastically affects the tertiary structure of the protein. Time-resolved fluorescence decay of the
wild type protein was fitted to a four-exponentials model and that of the W80ON mutant was fitted to a three-exponentials
model. The time-resolved fluorescence decay was also analyzed by maximum entropy method (MEM). The results of the MEM
analysis agreed with those obtained from discrete exponentials model analysis. Studies on the wild type and mutants helped
to assign the fast picosecond lifetime component to the W80 residue, which exhibits fast fluorescence energy transfer to the
[Fe,S,]*" cluster of the protein. Decay-associated fluorescence spectra of each tryptophan residues were calculated from the
time-resolved fluorescence results at different emission wavelengths. The results suggested that W80 is in the hydrophobic
core of the protein, but W60 and W76 are partially or completely exposed to the solvent.

INTRODUCTION

Iron-sulfur proteins serve as electron carriers in virtually allThe origin of the high reduction potentials of HiPIPs is not
living organisms and participate in plant photosynthesisyet known. There has been extensive speculation on their
nitrogen fixation, steroid metabolism, oxidative phosphor-involvement in respiratory electron transport chains (Hoch-
ylation, and several other processes (Lovenberg, 197Xoeppler et al., 1995a,b, 1996; Kerefeld et al., 1996). Sup-
Spiro, 1982). Proteins containing iron-sulfur clusters haveport for such a hypothesis has recently emerged from stud-
now been identified in a large number of functional con-ies of a partially reconstructed reaction center complex from
texts, varying from a structural or sensory role in RNA- andRhodoferax fermentan@ochkoeppler et al., 1995a,b). In
DNA-binding and repair proteins or enzymes (Michaels etvitro experiments have shown HiPIP to be an electron donor
al., 1990; Prince and Grossman, 1993; Cunningham et altp the Chromatiumreaction center (Kennel et al., 1972).
1989; Haile et al., 1992; Kennedy et al., 1992; Roulat et al., HiPIP from Chromatium vinosuneontains three trypto-
1991) to metabolic enzymes (Switzer, 1989), including caphan residues (W60, W76, and W80) (see Fig. 1). It also has
talysis of hydrolase isomerization reactions (Chang et al.g tyrosine residue (Y19), which lies in the hydrophobic
1996; Emptage, 1988). It has been reported (Cowan angiyster-binding pocket (Parisini et al., 1999) and plays a
Lui, 1998) that, for some iron-sulfur proteins where a struc-critical role in stabilizing the cluster. Both kinetic studies of
tural role in a DNA binding protein is suggested, the clustercjyster stability and multinuclear NMR experiments support
appears to be n_onredox-active. High-potential iron_ proteing, model where Ty? serves to maintain a hydrophobic
(HiPIPs) comprise a subset of theBg cluster family of  parrier for exclusion of water from the cluster cavity (Agar-
metalloproteins that are characterized by a high positivg,| et al., 1995; Agarwal et al., 1996; Li et al., 1996). The

reduction potentialky,) in the range oft 50 to+ 450 MV jnyinsic fluorescence of the indole moiety of the tryptophan
(Cowan and Lui, 1998). This class is differentiated from the,ggjqye is a valuable probe to monitor the conformational

Fe484 Cente_rs in low p_otential ferredoxins that show Nega-properties of the protein (Brand and Johnson, 1997). A
tive En, typically varying between-100 and—650 mV.  ¢,mpination of steady-state and time-resolved measure-
ments of the protein fluorescence has been useful in obtain-
ing details of the local environment of the protein, its
dynamics, and the conformational change associated with
?he interaction of various molecules.
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FIGURE 1 Location of the tryptophan residues, the tyrosine residue, and the iron sulfur cluster (shown in ball and stick) of high potential iron protei
(HiPIP) from Chromatium vinosuniThis schematic representation of the protein (monomer unit) was generated from the crystal structure (Protein data
bank), accession number 1CKU using the Weblab Viewer program (MSI). The coordinates were obtained from the Protein data bank (Parisini et al., 1999).

ated with mutation and removal of the iron-sulfur cluster. Inguanidine hydrochloride was added drop wise with stirring to achieve a

W8O0N, tryptophan 80 has been mutated by asparagine. final concentration of 5 M, and this solution was cooled to 4°C. A solution
of 12 N HCI was added to a final concentration of 0.5 N, and the brown or

dark green solution immediately turned pink and finally became colorless.

MATERIALS AND METHODS This clear solution Wgs agitated ur\der Ar flow for 30 min.. and neutralizgd
with concentrated Tris-base solution to pH 7.0. The obtained apo-proteins

Molecular biology and protein chemistry were exchanged into pH 7.0 distilled water by Amicon ultrafiltration and
lyophilized by spin vacuum using a Savant speedvac.

Protocols for site-directed mutagenesis and characterization of mutant

clones have been described elsewhere (Agarwal et al., 1995). Cell cultures

were grown, expression induced by IPTG, and initial protein purification

was carried out as previously described (Agarwal et al., 1993). FinaSteady-state fluorescence

purification was carried out by FPLC on a Mono Q columnX15 cm) )

using nondenaturing condition. Optimal separation of bands was obtainegte2dy-state fluorescence measurements were carried out on a SPEX
by a gradient method, using two stocks of degassed phosphate buffer, at Fﬁ.\(pectroﬂuonmeter. The intrinsic fluorescence of the proteins arises from

7.5 (A: 10 mM phosphate and B: 10 mM phosphate, 500 mM NaCl). Thethe aromatic amino acid residues such as tryptophan, tyrosine, and phe-
total running time was 20 min. (3 min. with 0% B, and 17 min. from 0 to nylalanine. We have used here the fluorescence of the intrinsic tryptophan

100% B). residues, which are available in the protein under our study. The fluores-
cence excitation wavelength of 295 nm was used to eliminate the contri-
bution from amino acids other than tryptophan. The emission spectra were
Preparation of Apo-HiPIP recorded from 310 to 500 nm. The monochromator slit width was kept at
5 nm in excitation and emission measurements. The fluorescence measure-
A 15-mg/mL solution of HiPIP in 10 mM NaCl pH 7.5 was diluted with ments of the protein samples were carried out with an optical density of
distilled water to a final concentration of 1 mg/mL. A solution of 7.6 M less than 0.1 at 295 nm to avoid the inner filter effect.
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The quantum yield for the tryptophan fluorescence of proteins waswheres is the shift parameter, which is a fraction of the time/chanRg);
determined with N-acetyl tryptophanamide (NATA) in water as referenceis experimentally determined, ahd) is a function assumed to describe the
(Das and Mazumdar, 1995a,b). The absolute quantum yields were detefluorescence dynamics of the sample. The analysis of the data involves the
mined using the reported value of quantum yield of NATA in water as 0.13determination of the best values for the parameteigtjn
(Das and Mazumdar, 1995a,b; Khan et al., 1997). The fluorescence decay was fitted to a function that is a sum of discrete

To understand the solvent accessibility of the tryptophan residues oéxponentials,
proteins, tryptophan fluorescence quenching experiments were carried out
using three different quenchers; acrylamide (neutral), potassium iodide, |(t) = E Q EXF( - t/Ti), i=1-n (4)
and cesium chloride (ionic quenchers). For quenching experiments with !
potassium iodide, 10 mM sodium thiosulfate buffer was used to prevent thevhere o; and 7; are the amplitude and fluorescence lifetime for ttie
formation of ;. This was necessary becauge &lso absorbs in the region  component. To determine the amplitudes and lifetimes, an iterative recon-
of tryptophan fluorescence. The Stern—Volmer equation can be used tgolution was applied using nonlinear least square regression by Mar-

analyze the quenching of the tryptophan fluorescence: quardt’s algorithm for parameter optimization (Das and Mazumdar,
1995a,b). The validity of the exponential fit was always checked by many
Fo/F =1+ Kg[Q], D) cycles of iteration. The goodness of the exponential fit was determined

from the random residual distribution with)& value close to unity.

whereF, andF are the fluorescence intensities in the absence and presence Analysis of the fluorescence decay profiles was also carried out by the
of quencher. Q] is the concentration of the quencher, ald, is the  maximum entropy method (MEM) using a uniform distribution of the
Stern-Volmer quenching constant. In a protein, which contains severaifetime components in a logarithmic time scale. This method is based on
tryptophan residues, the presence of different classes of tryptophan resthoosing a distribution of amplitudes, that yields maximum value of the
dues (exposed and buried) is reflected in the Stern—Volmer plot. Thentropy, S (also called Shannon-Jaynes entropy) at the optimized
fraction of total fluorophore accessible to the quencher can be calculateghich is defined as (Das and Mazumdar, 1995ab; Khan et al., 1997).
from the modified Stern—Volmer plot, also known as Lehrer plot (Khan et
al., 1997). a(7)

E. 1 . 1 " S a(T)log m7) dr (5)
AF KQfa[Q] fa where the starting modem(7), is a flat distribution of amplitudes in the
log T scale. Maximization of the entropy functio®, was carried out under

whereF, is same as defined earlier aidr is the change in the fluores ; )
X2 constraint defined as

cence intensity due to quenchingy is the Stern-Volmer quenching

constant of the exposed tryptophan residues fansl the fraction of the 1 M [Fm (t) — Em (t)]2

initial fluorescence, which is accessible to the quenchgiand [Q] have 2 _ cal exp ~1.0 (6)
‘ X' =M ,& o’ Y

the same meaning as above. m=1 m

whereFg,(t) andFg (t)are the calculated and observed intensities respec
tively at timet, o2, is the variance of thetth channel, and\/ is the number
of the data points (total number of channels). Here, the fluorescence

The time-resolved tryptophan fluorescence studies were carried out usingjtensity can be defined as

a tunable dye-laser pulse from a synchronously pumped cavity-dumped

dye laser (Rhodamine 6G) driven by frequency-doubled output (532 nm) of

the CW mode-locked Nd-YAG laser system described elsewhere (Das and F() = Rt) ® [a(r)exp(—t/7) dr (7
Mazumdar, 1995ab). Fluorescence decay profiles were collected using a

time-correlated single photon counting device coupled to microchannel

plate photomultiplier. The width of the dye laser pulse was typically 4—6"WereR() is the temporal shape of the excitation pulse, @ndenotes a
onvolution product. The optimized amplitude distributigrrecovered by

ps and the half-width of the instrument response function was frequenc - e s '
doubled to generate the ultraviolet beam at 295 nm, which was used t EM represents the maximum probable distribution of amplitudes along

excite the samples. The instrument response functions were obtained frofj€ lifétime components. The final outputs of MEM analysis were dis-
a purely scattering medium. Emission profiles were collected at the magi(played as amplitude distribution of lifetime components in a logarithmic
angle (54.7°) of emission polarizer to avoid any contribution from anisot—scale'

ropy. A Schott WG 320 cutoff filter was used before the monochromator

to remove any scattering from samples at wavelengths below 320 nm. Tg B

get the fluorescence decay curves, 2240 counts were collected in the Decay-associated spectra

peak channel (total counts, 7-X210°). Each data set was collected in 512 The decay-associated emission spectra (DAS) of tryptophan fluorescence

phigr(l)els;wandéhe W'dhth wzs t37l')8£f1f0r 75|_'|6i73 gsf P;ﬁte'tr.‘ samplels erf? us%? proteins were constructed from the steady-state spectra and the time-
n mM sodium phosphate butier, pr 7.LTor Ihe ime-resolved Tuo- o4\ eq flyorescence decay paramete(a) and 7,(A) at different wave

S

rescence measurements. The apparatus response was always checket{e th (Das and Mazumdar, 1995a,b; Khan et al., 1997). The intelf(aily
measuring the lifetime of N-acetyl tryptophanamide (NATA) as a standarddue o theith component at’particuyla’r Wavelengt’h can be written as
before starting the accumulation of data for the protein samples.

The observed fluorescence decay daFgf)], is a convolution of the ai(A)7(X)
. . . . | I
instrument response functioR(t)], and the intensity of fluorescence decay
function [I(t)] of the sample,

Time-resolved fluorescence spectroscopy

li(A) = |(7\)m, (8)

i where I(A) is the total fluorescence intensity obtained from the steady
. fluorescence emission spectra,(A) and 7(A) are the amplitude and
F(t) - R(S + B)I(t - S)ds’ (3) lifetime of ith component at wavelength Hence,|(A) multiplied by the
0 fractional contributiory; (A) 7;(A)/Z; o;(A)7(A) will give the individual con
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tribution to the steady-state intensity due to each component at a particular 0.15
wavelength\. The decay profiles were obtained at a particular wavelength
in the wavelength range of the steady-state spectra. o
&)
c 0.10
3]
o
Fluorescence-energy transfer 5
1]
. . . o . 0.05
The major mechanism of the decrease in fluorescence lifetimes in heme 2

proteins arises from energy transfer to the heme group (Khan et al., 1997;
Hochstrasser and Negus, 1984). In iron-sulfur proteins, the decrease in 0.00 o
tryptophan fluorgscence lifetime |Sfjue to energy transfer from tryptophan 300 400 500 600 700
residues to the iron-sulfur cluster."ister's theory of resonance-energy
. ) A (nm)
transfer can be used to estimate the distance of the fluorophore from the
acceptor group (Khan et al., 1997; Hochstrasser and Negus, 1984, ) ) ) o )
Beechem and Brand, 1985). The efficiency of energy tranEferom the FIGU_RE 2 Opt_lcal_ spectra of wild-type HiPIBdlid line) and its apo-
donor to the acceptor group is given byrEer's theory, protein @ashed lingin 100 mM NaHPO, at pH 7.0. The concentrations
of the proteins were 2.5 and 9;a\, respectively.
E=1_TdJTd, (9)

where 74, and 74 represent the lifetime values of the fluorophore in the
presence and absence of the acceptor group, respectively. The energﬁ—ESULTS AND DISCUSSION
transfer efficiency E) is related to the distanc®, between the centers of Electronic absorption spectra
the fluorophore and the acceptor by the equation (Hochstrasser and Negus,

1984; Beechem and Brand, 1985), Figure 2 shows the optical spectra of wild-type HiPIP and
6 its apo-protein. Upon removal of the [[83]®* cluster from

E= % , (10)  the wild-type protein, the optical band at 398 nm disappears,
R+ Ro indicating that the band is due to the |Bg]>* cluster. The

whereR, is the distance at which the energy-transfer efficiency is 5R%. optlcal_sp_ectra for the mutant W8ON and its apo-proteins
is defined by the equation, were similar (data not shown).

R, = (Jk2Qun"4)¥6 X 9.79X 107 nm, (11)
CD spectra
where J is spectral overlap integrak® is the orientation factor for the
dipole—dipole interactiom is the refractive index of the medium separat- Figure 3 shows the CD spectra of the wild-type HiPIP and

ing the donor and acceptor groups and was taken to be 1.-Qaiwthe  jts apo-protein. Complete absence of the CD of the apo-
quantum yield of the donor in the absence of acceptor. The value of thgyip|P in the visible region (300—600 nm) showed that the
overlap integral (Hochstrasser and Negus, 1984) between the donor emiss~ - . . S " .
sion and acceptor absorption is given by the equation, €D in 3t{ns region prlglnates from the transitions in the
[Fe,S,]°" cluster (Fig. 3A). The magnitudes of the mean
I F(A)e(A)A* dA residue molar ellipticity @]) for the holo- and the apo-
~ JE(WdA (12) " HiPIP in the protein region (190—260 nm) are very small,
which indicated that the protein has very little secondary
whereF(A) and e(A) are the observed fluorescence intensity of the donor sty cture both in the holo- and apo- forms (Fig3)3 Anal-

and the absorption coefficient (ciiM ~2) of the acceptor at a wavelength : : :
A, respectively. The value ol was determined numerically (Das and ysIS of the CD spectra in the far UV region by neural

Mazumdar, 1995a,b; Khan et al., 1997) over the region 310-500 nm fonnetwork method using CDNN program (BOhm etal, 1992)
tryptophan emission. showed that there is<10% helicity in the protein and
One of the important factors that determine the efficiency of energypractically no Change in the helicity was observed between
transfer is t_he relative orier?tation of the transition‘dipoles of the dongr andhe holo- and the apo-protein (Table 1)_ The CD spectra of
acceptors in space, described abovexasDepending upon the relative the holo-protein matched with earlier report (Przysiecki et
orientation of donor and acceptor, this factor can range from 0 to 4. For .
parallel alignment of the transition dipoles’ = 4 and if the dipoles are al. 1985)' The bands near 230 and 200 nm (F@) Bave
oriented perpendicular to one anothe?,= 0. earlier been shown (Przysiecki et al. 1985; Brahms and
Brahms, 1980) to arise due to tertiary interactions and
] . . contributions from the [F£5,]3" cluster, which become
Electronic absorption and CD studies predominant in the holo-HiPIP. Removal of the [Bg>*
Electronic absorption spectral studies of HiPIP were carried out using £lUster thus does not have any effect on the secondary
Shimadzu UV2100 spectrophotometer attached to an IBM PC-486. Constructure of the protein but causes change in the tertiary
centrations of the proteins were determined by reported methods (Prstructure of the protein, which gives rise to the differences
zysiecki et al. 1985; Kulzer et al., 1998) usiage = 16.1 mM *cm™* for observed in the CD spectra of the holo- and apo-HiPIP in

the holo-HiPIP and,g, = 11.8 mM * cm™* for the apo-protein. Circular . . . .
dichroism studies were carried out using a Jasco J-600 spts:ctropolarimetgF|e protein region. The Crystal structure of the protein (Flg.

(Chattopadhyay and Mazumdar, 2000). All experiments were carried out ak) §l|SO shows very little helical structure in the protein,
room temperature, i.e., 25°C. which agreed with the CD results. NMR studies of apo-
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FIGURE 4 Steady-state fluorescence emission spectra of wild-type
HiPIP (solid line) and its apo-proteindashed ling in 0.1 M sodium
—_ phosphate buffer at pH 7.0. The concentrations of the wild-type HiPIP and
"—3 its apo-protein were 8.7 and 16uM, respectively. The excitation wave-
E length was 295 nm.
°
S
°
> Steady-state fluorescence
o : :
2 L : Fluorescence emission spectra
o Vol ’
x 31 W The fluorescence emission spectra of wild-type HiPIP and
o ; W8ON-HiPIP showed a broad band at 347 nm, whereas, for
-4 their apo-proteins, a band around 352 nm was observed (see

T v T T T T
200 220 240 260 Fig. 4). This agrees with the reported fluorescence spectra
A (nm) of HiPIP (Bian and Cowan, 1998). The position of the
tryptophan fluorescence emission spectrum is indicative of
FIGURE 3 Circular Dichroism spectra of holadgshed linesand apo-  the nature of the environment and the dielectric constant of
(solid lineg HiPIP in 100 mM NaHPO, at pH 7.0, in @) visible region  the medium around it. The steady-state fluorescence emis-
(300600 nm), andH) protein region (190-260 nm). The CD in the gjon spectrum of NATA shows a fluorescence emission
protein region is expressed as mean re.smllu'e ellipticity whereas that in thﬁand at 360 nm in 100 mM phosphate buffer, pH 7.0. The
visible region is expressed as molar ellipticity. - . . . .
observed emission maxima of wild type HiPIP and their
mutant proteins at 347 nm thus indicate that the average
environment of the tryptophan residues is relatively polar.

HiPIP and holo-HiPIP have recently been reported (Natara:

jan and Cowan, 1997), which showed that the tertiary struc!_| owever, the bands for the apo-proteins show red shift

ture of the holo-protein was formed on gradualcompared to their native form, suggesting that the removal

3+ ; ; ;
incorporation of iron forming the [E&,]>* cluster in the of [Fe,S,]°" cluster increases the polarity of the environ

i LY ment of tryptophan residues.
protein. The results thus indicate that, although both the The steady-state quantum yields of wild-type HiPIP, its

apo- and holo-HiPIP do not have any secondary structuremutant' and their apo-proteins were determined using

but different segments of the apq—protem m|ght_ come CIOS?\IATA in 100 mM phosphate buffer, pH 7.0 as reference
together to form a compact tertiary structure in the holo-

. . X and are listed in Table 2. The low quantum yields of native
protein on incorporation of the metal cluster. Removal of

the [FeS,]*" cluster from the holo-protein thus breaks the and mutant proteins compared to their apo-proteins suggest
. : that there is an efficient energy transfer from the tryptophan
tertiary structure of the protein.

TABLE 2 Quantum yield (with respect to NATA) of the

TABLE 1 Analysis of the circular dichroism spectra of the protein and percentage of tryptophan residues accessible to
holo- and apo-proteins of wild-type HiPIP and W80N HiPIP the solvent
Anti- Beta- Random % of Tryptophan
Helix  Parallel Parallel  turn coil Quantum residues
Protein (%) (%) (%) (%) (%) Protein Yield accessible to solvent

Wild-type HiPIP 4.6 39.3 5.0 18.1 33.0 Wild-type HiPIP 0.002 60
Apo-HiPIP 3.6 41.7 4.8 17.6 32.3 Apo-HiPIP 0.022 75

W80N HiPIP 5.0 39.5 5.1 17.9 325 W80N HiPIP 0.007 75
Apo-WB80N HiPIP 4.7 37.0 5.1 17.4 35.8 Apo-WB80N HiPIP 0.020 85

Biophysical Journal 81(4) 2320-2330



Fluorescence Studies on High Potential Iron Proteins

residues to the iron-sulfur cluster. The low quantum yield of

2325

>

A

the tryptophan fluorescence has also been found in several 90~ & Acrylamide
heme proteins due to efficient energy transfer from the ' .

tryptophan residues to the heme group (Hochstrasser and . R 4
Negus, 1984). o YK
<154 R

Steady-state fluorescence quenching ,," ]

. : 1.04%
The quenching of fluorescence requires the molecular con-

tact between the quencher and the fluorophore in either S ——
ground or excited states, and can therefore be used to 0.0 0.1 0.2 03 0.4
determine the surface accessibility of the tryptophan resides [Quencher] (M)

by using different quenchers. Acrylamide, a neutral and

efficient quencher is known to quench the fluorescence of

tryptophan residues exposed to the solvent and buried in the
protein. However, potassium iodide and cesium chloride,

positively and negatively charged quenchers, respectively,
could quench only those tryptophan residues, which are
exposed to the solvent but not the ones buried inside the 4
protein. Fluorescence quenching studies can therefore give
information on the number of tryptophan residues exposed
to the solvent.

The fluorescence intensities of the holo and apo-proteins 2~
of HiPIP were found to decrease on addition of the quench-
ers. The decrease in the fluorescence intensity was much
smaller for KI or CsClI than for acrylamide. The nature of
the Stern—Volmer plot for acrylamide is linear, indicating
that all the tryptophan residues are accessible to acrylamide
(Fig. 5A). This is further confirmed from the Lehrer’s plot
(Fig. 5B), which is linear with intercept-1. However, the
Stern-Volmer plots for KI and CsCl show downward cur- F'GURE 5 @) Stern-Volmer plots for the tryptophan fluorescence

. . . quenching of wild-type HiPIP by three quenchers: acrylamide, Kl, and
vature (Fig. 5A) at higher concentrations of the quenchers, - @) Lehrer plots for the same set of data.
indicating that only part of the tryptophan residues is ac-
cessible to these ionic quenchers. The percentage of the total
:‘Iuoresgence gquenched by these’ ionic qu'enchers was CalCPe_moval of the [FgS°" cluster increases the solvent-ac
ated using Eq. 2 from the Lehrer’s plot (FigB) and found L
to be ~60%. The fluorescence quenching of apo-HiPIP byce‘%'b'“ty of the tryptophan.
the quenchers was carried out to investigate whether there
was any change in the environment of the tryptophan resiTime-resolved fluorescence
dues on removal of iron-sulfur cluster from the holo-protein.
The Lehrer plot for acrylamide is linear with intercept,
indicating that all the tryptophan residues in the apo-proteirrhe time-resolved fluorescence decay curve of wild-type
are also accessible to acrylamide (data not shown). HowHiPIP protein is shown in Fig.A& Attempts to fit the data
ever, the percentage of total fluorescence quenched by Kb one, two, or three exponential models were found to be
and CsCI from Lehrer plot was found to be75% in  inadequate, and the data fitted best to a four-exponential
apo-HiPIP. The removal of the iron-sulfur cluster in apo-model. The goodness of the fit was judged by the random
HiPIP thus slightly increases the solvent accessibility of theesiduals distribution, autocorrelation function ayfdmin-
tryptophan compared to the holo-protein. imization criteria §* was kept in the range of 1.0-1.2). The

The data of the fluorescence quenching experiments ofiuorescence lifetimes obtained from the exponential anal-
W8O0N HiPIP and its apo-protein with these quenchers wergsis werer; = 0.04 ns,r, = 0.5 ns,7; = 2.1 ns, andr, =
similarly analyzed. The results obtained from the Lehrer's5.4 ns. The amplitudes of these lifetimes were found to be
plot are included in Table 2 and show that the solventa; = 75%,a, = 13%, a5 = 10% andw, = 2% respectively.
accessibility of the tryptophan residues of W80N protein is The analysis of the fluorescence decay curve was also
more than the native protein. As in wild-type HiPIP, the carried out by the maximum entropy method (MEM). The

s CSCl K B

Acrylamide

0 J T T T
0 5 10 15 20

1/[Quencher] (M)

Fluorescence decay curve
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16%, and 2%, respectively. The fluorescence decay of the
mutant W80N-HiPIP and its apo-protein were obtained and
the data were similarly analyzed. The fluorescence decay
for WBON-HIPIP and its apo-protein was best fitted to a
three-exponential model. The lifetimes and their amplitudes
are listed in Table 3.

The fluorescence decay for tryptophan residue is known
to be multiexponential in single and in multiple tryptophan-
b containing proteins (Das and Mazumdar, 1995a,b; Khan et
al., 1997; Hochstrasser and Negus, 1984; Beechem and
Brand, 1985; Robbins et al., 1985). The multiexponential
- decay may arise due to the conformational isomers in the

La ground state of tryptophan residue, where the local environ-
0 1 , ment of the indole chromophore differs substantially. The
0 4 8 12 time-resolved fluorescence decay of the wild-type HiPIP
and its apo-protein show four lifetimes obtained by discrete
exponential and MEM analysis method. The choice of a
0.6 four exponential model is adequate as judged by the random
residual distribution and thg?minimization criteria.

The decrease im, of HiIPIP compared to its apo-protein
is due to fluorescence resonance energy transfer between
the tryptophan residue and the iron-sulfur cluster, which is
absent in the apo-protein. The absence of the shortest life-
time component 1) in W80N-HIiPIP indicates that; of
HiPIP possibly arises solely from the W80 tryptophan res-
idue. It has been observed that fluorescence lifetimes of
0.0 L L different tryptophan residues in heme proteins generally lie

0.001 0.01 0.1 1 10 in the picosecond range due to very efficient electron trans-
fer from the excited state of tryptophan to the heme
T (ns) (Beechem and Brand, 1985, Das and Mazumdar, 1995b).

The low value ofr, in wild-type HiPIP is therefore not

FIGURE 6 @) Time-resolved fluorescence decay af ¢ild-type HiPIP ~  grrising. The other three lifetime components of the pro-
and @) the instrument response function. The solid line drawn through thet . ibl ise f the trvbtobh id W76 d
decay curve shows a four-exponential fit to Eq. 4 with= 4. The upper €in possibly arise from the tryptophan residues an

curve shows the random residual distributi®ip J(t) — Fe,(t)] plot show W60, which are far away from the iron-sulfur cluster and
ing the accuracy of the exponential fitB)( Amplitude distribution of  less efficient in the energy transfer to the cluster.
tryptophan fluorescence lifetimes for wild-type HiPIP recovered from  Table 3 shows that the average lifetimes,)( for the
MEM analysis. holo-proteins are larger than those of the apo-proteins.
Moreover, the values of,, for the wild type protein are
smaller than those for the W80N mutant, whereas their
MEM analysis of fluorescence decay data assumes that atibserved quantum yields are almost similar to each other.
possible lifetimes in a given range of 10 ps to 10 ns haveRemoval of the metal cluster from the holo-protein causes a
equal probability. The initial assumed distribution plot of drastic change in the tertiary structure of the protein as
probability or amplitude versus lifetime is flat and the discussed in the previous section, which may significantly
analysis starts from the unbiased distribution of the life-affect the solvent environment (e.g., polarity) of the trypto-
times. The MEM analysis of the wild-type protein shows phans lying far from the metal cluster. Such changes in the
four classes of lifetime distributions with bericenters aroundtertiary structure might thus lead to decrease in one or more
0.04, 0.5, 2.2, and 5.4 ns (FigBj. The values of the mean long-lifetime components (e.grg in Table 3) in the apo-
lifetimes obtained by the MEM analysis agreed very wellHiPIP compared to the holo-protein, causing an apparent
with the discrete exponential analysis method. decrease in the average lifetime of the apo-protein. Mutation
The time-resolved fluorescence decay curves for apoef the W80 residue (i.e., in W80N) leads to complete
HiPIP were similarly obtained and the data were analyze@bsence of the fast-lifetime component)( The remaining
by the discrete exponential and MEM analysis methodstwo tryptophans (W76 and W60) in the mutant protein do
The data were best fitted to a four exponential model withnot show appreciable energy transfer to the iron-sulfur
lifetimes of 0.14, 0.5, 1.8 and 5.5 ns. The correspondingluster, which possibly leads to an apparent increase in the
amplitudes of these lifetimes were found to be 54%, 28%average lifetime of the mutant protein. The observed steady-
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TABLE 3 Fluorescence decay parameters recovered by exponential analysis

Protein 71(a;) (nS) () (NS) 73(ag) (NS) Ta(ay) (NS) T (nS)

Wild-type HiPIP 0.04+ 0.01 0.5+ 0.1 2.1+ 0.2 5.4+ 0.3 2.3+ 0.1
(0.754) (0.128) (0.103) (0.014)

Apo-HiPIP 0.14+ 0.01 0.5+ 0.1 1.8+ 0.2 55+ 0.3 1.8+ 0.1
(0.543) (0.278) (0.164) (0.015)

W80N HiPIP — 0.4+ 0.1 2.1+ 0.2 5.6+ 0.3 3.8+ 0.1
(0.370) (0.424) (0.207)

Apo-WB80N HiPIP — 0.5+ 0.1 1.9+ 0.2 57+ 0.3 2.8+ 0.1
(0.550) (0.364) (0.080)

T = E(0‘i7'i2)/2(6“i’ri)-

state fluorescence of the holo- and apo-protein would posresidue corresponding to the lifetime componenis blue
sibly have very little contribution from the fast-lifetime shifted Q. = 320 nm) compared to those of the other
component (e.g., W80 residue in holo-protein, see below)lifetime components. Based on our data, we have assigned
Hence the observed steady-state fluorescence intensity (Fig, of wild-type HiPIP to the W80 residue. W80 is therefore
4) and quantum yields (Table 2) for the holo-proteins of theexpected to lie much deeper in the hydrophobic core of the
wild-type and W80N mutant are much smaller compared tgrotein than the other tryptophan residues. The lifetime
the apo-proteins. The fluorescence decay of the W80MNomponents,, 75, andr, may originate from either or both
mutant is dominated by the longer lifetime componentsW76 and W60 residues. We have also studied the wave-
(15, T3, T4), hence the average lifetime of the mutant is largerlength dependence of fluorescence emission dynamics for
than that of the wild-type protein. W8ON-HiPIP and its apo-protein, and the decay-associated
spectra were similarly constructed.

Decay-associated spectra

DAS were computed from the steady-state fluorescence

emission spectra and the wavelength dependence of the 0.8 A T,
time-resolved fluorescence decay of the proteins (Khan et ® T,
al., 1997; Robbins et al., 1985; Das and Mazumdar, A T,
1995a,b). The fluorescence decay profiles with excitation at T,

295 nm and emission at wavelengths ranging from 315 to
400 nm were analyzed by discrete exponentials and by
global analysis methods. The lifetimes obtained by discrete
exponential analysis at different wavelengths were found to
show only a small variation with wavelength. This type of

variation of lifetime components has also been observed in 320 340 360 380 400 420
previous reports and possibly arises from differences in A (nm)
experimental conditions and instrument responses (Robbins
et al.,, 1985; Das and Mazumdar, 1995a,b; Godik et al.,

Intensity (arb. units)x10

1993). To obtain the decay-associated spectra, global anal- % 3 B 7Y Ty
ysis of the fluorescence decay was carried out to produce * 2
optimized values of lifetimes consistent with all experimen- 2 T,
tal data. The values of lifetimes obtained by global analysis 5 21 T
of the decay profile at different emission wavelengths were g °

found to be close to those obtained at 347 and 352 nm for Z 144

the native and their apo-proteins, respectively. The pre- %’

exponential factors from the time-resolved data were used £ v

to construct the decay-associated emission spectra using Eq. O+—T———7—7 71—
8. Figure A shows the DAS for the wild-type HiPIP, 320 340 360 380 400 420
calculated from the four exponentials model, and solid lines A (nm)

show the Gaussian fits to the spectra. The values
P "%t( FIGURE 7 Decay-associated emission spectra of the lifetime compo-

Correspondllng to the lifetime components obtained by th%ents, as calculated from Eq. 8, @)(wild-type HiPIP and B) apo-HiPIP
Gaussian fits to the decay-associated spectra are given yatained from the four-exponential global fit to the time-resolved fluores-

Table 4. Table 4 shows that the DAS of the tryptophancence decay data. The solid lines show Gaussian fits to the data.
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TABLE 4 Fluorescence emission maxima (A,,,,) obtained

from the decay-associated spectra 1]
w
3
Amax (Tl) /\max (TZ) Amax (73) /\max (74) 6
Protein (nm) (nm) (nm) (nm) > | R=14.0 A®
28
Wild-type HiPIP 320 347 343 348 o
Apo-HiPIP 337 348 355 361 £ % - R=10.0 A°
WS8ON HiPIP — 347 342 349 < LRy 5 A0
Apo-W8ON HiPIP — 348 353 359 Z '
e
5
ko
. . . D T T T
The DAS analysis indicated that the overall steady-state 0 o ) » 3 4
spectrum of the protein would have lesser contribution from b3
K

the W80 residue than that from other tryptophan residues.

The quantum vyield is proportional to the area of the emis- y _ _
sion band of the fluorophor. The DAS analvsis showed tha IGURE 8 Plot ofx” against the distance of tryptophan residue from the
P ’ Y on-sulfur cluster. The dotted line shows the crystallographic distance for

the area of the DAS corresponding 19 is ~20% of the  the tryptophan residues W80, W76, and W60. The solid lines labgleg
total area of the steady-state emission of the protein, indir, andr, show the calculated distances of the iron-sulfur cluster from the
Cating that the W80 residue would have lower quantuntryptophan residues, determined from fluorescence energy transfer using
yieId compared to the other two residues. Assuming that thé“ possible va_lues_ ok? (0.0_—4.0). The point of in_tersection between the
fluorescence quantum yields of W76 and W60 were equal\(;rystalloggaphlc distance line aqd calcul_ated dlstancg c_urve shows the
. alue of k= for the tryptophan residue assigned to the lifetime.
one could estimate that the observed (60%) solvent acces-
sibility of tryptophan fluorescence (see Table 2) in the
holo-HiPIP corresponds te1.5 tryptophans exposed to the experimentally observed values of 7, 75, andr,. Figure
solvent. This result agrees with the quenching results of th& shows plots of the calculated distancBgs,)) between the
WS80N mutant of HiPIP (Table 2). Similar assignment of tryptophan residue and the JS3°" cluster againsk? for
lifetimes could not be made in case of the apo-proteins, andach lifetime component. The intersection of a calculated
the emission maxima of all the lifetime components in DASdistance curve and the horizontal line of crystallographic
of the apo-HiPIP are red shifted compared to the holo-distance would give the estimated value of the orientation
proteins (Fig. 7B, Table 4). This indicated that there might factor, k*> expected for the corresponding tryptophan resi
be change in the tertiary structure of the protein so that thelue. The fastest lifetime component, in HiPIP, as dis
tryptophan residues possibly move toward the solvent uporussed in the previous section, was assigned to arise solely
removal of the [FgS,]®* cluster from the HiPIP. This result due to fast energy transfer from the W80 to the iron-sulfur
agrees with the circular dichroism (Table 1) and with thecluster; whereas assignment of other lifetime components
steady-state fluorescence quenching (Table 2) studies devere ambiguous. The value ef was found to be-2.8 (see
scribed in the previous section. the intersection of the two lines in Fig. 8, labeled W80) for
W80 residue. The, so determined, was found to agree
well with the known crystallographic disposition of W80
with respect to the iron-sulfur cluster. Figure 8 also shows
The spectral overlap integral)( determined numerically the calculated distance plots for other tryptophan residues
over the region 310-500 nm for tryptophan emission, wereand tentative assignments of their lifetimes (labeled as W76
found to be 1.09< 10 *®and 8.6x 10 **cm*M tat pH  and W60 at the intersection points). However, as mentioned
7.0 for the wild-type HiPIP and W80N HiPIP, respectively. above, W76 and W60 residues may also have multiple
The efficiency of energy transfer from tryptophan to thelifetimes (as indicated by DAS analysis) hence the assign-
iron-sulfur cluster depends on the distance and the relativenent of a single lifetime to them may be ambiguous (hence
orientation of the cluster and tryptophan residue, and it waghe assignments are shown in brackets).
calculated using Eqg. 9. The relative orientation of the two
Chpromophores is gxpressed by a quantity caH%anen CONCLUSIONS
tation factor). The distances of the tryptophan residues from
the core of the iron-sulfur cluster were determined from theSteady-state and time-resolved fluorescence studies on
x-ray crystallographic data (PDB code 1CKU, Parisini et al.,wild-type HiPIP, its mutant, and their apo-proteins have
1999) using the Biosym program (Mol. Sim. Inc.), and werebeen carried out to investigate the structural properties of
found to be 7.5 A (W80), 10 A (W76) and 14 A (W60), the protein in the holo- and apo- forms. Steady-state
which are shown as horizontal lines in Fig. 8. The values ofjuenching results show that the solvent accessibility of the
calculated distancesR(,) were determined from Egs. tryptophans increases upon removal of the iron-sulfur clus-
10-11 for all values ofc? (in the range 0—4) using the ter from the native and mutant proteins. The time-resolved

Fluorescence energy transfer
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fluorescence results on the wild-type HiPIP showed that th®ahms, T. E. S., and A. G. Szabo. 1997. Conformational heterogeneity in
fluorescence decay is dominated by a picosecond-lifetime crystalline proteins: time-resolved fluorescence studreSluorescence

. . Spectroscopy. L. Brand and M. L. Johnson, edittMsthods Enzymol.
component £, =~ 40 ps), which arises due to fast energy 258:202_22"{ Y

transfer from tryptophan to the iron-sulfur cluster. Thepas, T.K., and S. Mazumdar. 1995a. Conformational substates of apopro-
lifetime componentr; of wild-type HiPIP was found to tein of horseradish peroxidase in aqueous solution: a fluorescence dy-
arise solely from W80. Apo-HiPIP shows an enhancemen'lg ”a“;'cls( St“d;"]s' Plclys' Cze"gf;tii%_f’zjo' 4 conformational
I 5 Das, T. K, and S. Mazumdar. . pH-induced conformational pertur-
O_f 71 upon removal of the iron-sulfur _Clu_Ster' Decay asso_ bation in horseradish peroxidase. Picosecond tryptophan fluorescence
ciated spectra suggested that W80 is in the hydrophobic studies on native and cyanide-modified enzymEsro. J. Biochem.
core of the protein, but W60 and W76 are partially or 227:823-828.
completely exposed to the solvent. Emptage, M. H. 1988. Aconitase; evolution of the active-site pictlre.
A comparison of the results of Wild-type HiPIP and Mgtal Clusters in Protelns-, Que, L., editor. ACS 372:343-371.
WB8ON HiPIP brinas out a special feature of the trvoto hanGodlk, V. I, R. E. Blankenship, T. P. Causgrove, and N. Woodbury. 1993.
: g . p ¢ yptop Time-resolved tryptophan fluorescence in photosynthetic reaction cen-
fluorescence in the iron sulfur proteins. The absence of the ters fromRhodobacter sphaeroideBEBS Lett.321:229-232.
Trp®in the WBON HiPIP results in complete absence of theHaile, D. J., T. A. Roualt, J. B. Harford, M. C. Kennedy, G. A. Blondin, H.
fast picosecond-lifetime component in the tryptophan fluo- Belnert,'and R. D. Kl_au_sner. 1992. C_eIIuIar regulation of the iron-
d fth tant tein. Th ild-t tei responsive element binding protein: disassembly of the cubane iron-
rescence decay o e_ mutant protein. € Wila-type protein gy sy cluster results in high-affinity RNA bindin@roc. Natl. Acad. Sci.
follows four exponentials fluorescence decay, whereas the U.S.A.89:11735-11739.

mutant protein shows three exponentials decay of the trypHochkoeppler, A., P. Kofod, G. Ferro, and S. Ciurli. 1995a. Isolation,

tophan fluorescence. chara_cterigation, and functional role of the high—_potential i}'on—sulfur
P protein (HiPIP) fromRhodoferax fermentanérch. Biochem. Biophys.
322:313-318.

) Hochkoeppler, A., P. Kofod, and D. Zannoni. 1995b. HiPiP oxido-
Authors wish to thank Mr. Bharat T. Kansara and Dr. Gong Wu for help.  reductase activity in membranes from aerobically grown cells of the
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