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Amal K. Bandyopadhyay, G. Krishnamoorthy,* and Haripalsingh M. Sonawat*
Department of Chemical Sciences, Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 400 005, India
Receied July 12, 2000; Résed Manuscript Receéd Naember 21, 2000

ABSTRACT. The ferredoxin of the extreme haloarchaddaobacterium salinarunmequires high ¥2 M)
concentration of salt for its stability. We have used a variety of spectroscopic probes for identifying the
structural elements which necessitate the presence of high salt for its stability. Titration of either the
fluorescence intensity of the tryptophan residues or the circular dichroism (CD) at 217 nm with salt has
identified a structural form at low<(0.1 M) concentration of salt. This structural form (L) exhibits increased
solvent exposure of W side chain(s) and decreased level of secondary structure compared to the native
(N) protein at high concentrations of salt. The L-form, however, contains significantly higher levels of
both secondary and tertiary structures compared to the form (U) found in highly denaturing conditions
such & 8 M urea. The structural integrity of the L-form was highly pH dependent while that of N- or
U-form was not. The pH dependence of either fluorescence intensity or CD of the L-form showed the
presence of two apparenKalues: ~5 and~10. The structural integrity of the L-form at low<6) pH

was very similar to that of the N-form. However, titration with denaturants showed that the low pH
L-form is significantly less stable than the N-form. The increased destabilization of the L-form with the
increase in pH was interpreted to be due to mutual Coulombic repulsion of carboxylate side cKains (p
~ 6) and due to the disruption of salt bridge(s) between ionized carboxylates and protonated amino groups
(pK ~ 10). Estimation of solvent accessibility of W residues by fluorescence quenching, and measurement
of decay kinetics of fluorescence intensity and anisotropy strongly support the above model. Polylysine
interacted stoichiometrically with the L-form of ferredoxin resulting in nativelike structure. In conclusion,
our studies show that high concentration of salt stabilizes the haloarchaeal ferredoxin in two ways: (i)
neutralization of Coulombic repulsion among carboxyl groups of the acidic residues, and (ii) salting out
of hydrophobic residues leading to their burial and stronger interaction.

The structure, conformational stability, dynamics, and (22) and ferredoxinZ3) from Haloarcula marismortushow
function of globular proteins are controlled by the solvent clusters of the negatively charged amino acids on the protein
(1—8). The extreme effectiveness of this control is exempli- surface (Figure 1). The former is stabilized by specific
fied by the proteins found in the organisms which have network of hydrated salt ion24—28) and increased number
evolved in extreme environmental conditions such as in high of salt bridges 22), while the latter shows tightly bound
salt @, 10), acidic (L1), alkaline (L2), temperaturel(3, 14), water molecules 23). A moderately halophilic protein,
and pressurel§, 16) environment. For example, soluble dihydrofolate reductase ¢laloferaxvolcanii, on the other
proteins from halophilic organisms are expected to have hand, does not possess a significantly higher molar excess
structural features which require high concentration of salt of negatively charged amino acid residues in comparison to
for stabilization and function of the protein. Molecular the nonhalophilic DHFR. This protein is stable at concentra-
understanding of the selectiveness by which the halophilic tion of >0.5 M NaCl and exhibits clusters of noninteracting
proteins are stabilized by high concentrations of salt would negatively charged residues on its surfa28).(
be useful in delineating the rules which govern the stability = Ferredoxin from the extreme halophilldalobacterium
of the protein in general. salinarum(HsFd)! is one of the ideal candidates for which

Halophilic proteins, in general, have been reported to have some of the basic questions on protein stability could be
a higher molar excess of acidic amino acids, fewer basic addressedHsFd is a small single subunit protein of 128
residues, and a higher number of small hydrophobic residuesamino acids. It has two tryptophan side chains (W16 and
than the corresponding nonhalophilic proteihg, (L8). This W59), no disulfide bonds, and a [2Fe-2S] chromoph8fe-(
is especially so for the soluble proteins from the extreme
halophiles. They are characterized by their conformational 1 Appreviations: CAPS, 3-[cyclohexylamino]-1-propanesulfonic acid;
stability and are optimally functional at salt concentrations CAPSO, 3-[cyclohexylamino]-2-hydroxy-1-propanesulfonic acid; MES,
in excess b2 M NaCl (19—21). Crystal structures of two 2-[N-morpholino]ethansulfonic acid; MOPS, BHmorpholino]propane-

h - . b sulfonic acid; NATA,N-acetyl+-tryptophanamidelHmFd, Ferredoxin
alophilic proteins, namely, halophilic malate dehydrogenase ,m Haloarcula marismortui HMMDH, malate dehydrogenase from

Haloarcula marismortui HsFd, Ferredoxin fronHalobacterium sali-

*To whom correspondence should be addressed. Pherit- narumN, native form ofHsFd at high &4 M) concentration of salt;
22-2152971 ext. 2377. Fax:+91-22-2152110. E-mail:hms@ L, low (<0.1M) salt form; U, unfolded form in the presence of 8 M
mailhost.tifr.res.in. urea; PL, polylysine bound form at low<Q.1 M) salt.
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Ficure 1: Space filling model of the ferredoxin bfaloarcula marismortui{23). Note the clusters of negatively charged residues, aspartate
(red) and glutamate (pink) on the surface. The tryptophan and cysteine residues are shown in black and blue, respectively. Two views of
the protein are presented.

32). Further, nearly one-third of its amino acids is either For pH 4.0, 4.5, and 4.75, sodium acetate buffer was used
aspartic acid or glutamic acid, similar to many other at25 mM concentration. The ionic strength was maintained
halophilic proteins 3). This provides a clue to the require- by including appropriate volumefd M NacCl. For salt-
ment of high salt concentrations for their stability. We had dependent equilibrium studies, a stock solutiés & NaCl
earlier reported on the salt-dependent stability of the tertiary in buffer A was prepared and diluted to various concentra-
and secondary structure and the integrity of its [2Fe-2S] tions using the same buffer (buffer A). Concentration of salt
center 84). Does the absence of high concentrations of salt in the equilibrium study was varied from 0.05 to 4.5 M.
destabilize local structure(s) or the entire structure? Desta- A stock solution 68 M urea was prepared in buffer A
bilization of the local structure(s) alone would result in containing 4.5 M salt. Concentration of urea was varied in
partially folded overall structure which would also be relevant the range 6-8 M. To avoid the presence of cyanides, the
in understanding the mechanisms of folding. With this view, urea solution was passed through Amberlite column and used
we have studied, by using fluorescence and CD spectroscopythe same day.
the various structural forms of the ferredoxin from the For polylysine, polyglutamate, and pentalysine titration
extreme haloarchaeohl. salinarum under a variety of  experiments, stock solutions were prepared for each of the
conditions. We have also found novel conditions for stabiliz- poly acids in buffer A and different concentrations were
ing the structure in low concentration of salt. achieved by taking aliquots from the stock solution and
diluting them with solution containing protein.
MATERIALS AND METHODS Equilibrium Studies in CD and Steady-State Fluorescence.
Purification and characterization bisFd were performed  All CD measurements were done on a Jasco600 spectropo-
by the method reported earlie84). The concentration of larimeter. Far-UV spectra were recorded from 200 to 250
ferredoxin was determined spectrophotometrically using nm using 0.1 cm path-length silica quartz cell. Ten scans
of 10 000 M~ cm™L. Protein concentration used was typically were accumulated per spectrum and were smoothed. All CD
4—25uM unless otherwise specified. MOPS, CAPSO, MES, data are expressed as mean residue ellipticities at a given
Tris, polylysine, pentalysine, poly-glutamate, acrylamide, and wavelength.
CsCl were purchase from Sigma Chemical Co., and ultrapure Steady-state fluorescence was measured using “Spex”
urea was from Boeheringer Mannheim, Germany. All other spectrofluorimeter. The T-format fluorimeter with two detec-
reagents were analytical grade and were used as suppliedtion channels help in improving the precision of fluorescence
The solutions used in the study were double filtered. All intensity ratio at two wavelengths and fluorescence aniso-
spectroscopic measurements were carried out at ambientropy measurements. Excitation wavelength was 295 nm with
temperature in 10 mM sodium phosphate buffer (buffer A), slit width 2, 3, and 4 nm depending upon the requirement
pH 7.3, unless mentioned otherwise. The samples wereand protein concentration. Emission spectra were recorded
incubated at ambient temperature in the correspondingfrom 310 to 500 nm usima 1 cmpath-length quartz cell.
solution for a period of 3540 h. For pH titration experiment,  For steady-state anisotropy measurements, each reading was
a cocktail buffer (buffer B) was prepared using 10 mM each an average of 10 individual readings.
of MOPS, CAPSO, MES, and Tris, and the pH of the  Fluorescence Quenching Measurememigasurements
solution was adjusted from 5.0 to 11.4 at an interval of 0.5. were made in protein having high-salt, low-salt, high salt in
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8 M urea, low-salt protein treated with poly-lysine. Quench-  Time-resolved anisotropic decay was analyzed based on
ing experiments were performed using acrylamide, Kl and the model
CsClI. For iodide quenching experiments, sodium thiosulfate
was 'added to avoid formation ol Freshly prepared (1) = ll(t)[l + 2r(1)] ()
solutions of quenchers were used each day. 3
Stern—-Volmer plots were constructed by using the varia-
tion of the fluorescence intensity at its maxima depending I,(t) = l|(t)[1 —r(t)] (5)
upon the state of the protein in the solution. Each value was 3
volume corrected. SterriVolmer plots were fitted to the )
following equation: rt) = roZﬁi expt-t/r;), i=1lor2 (6)
I

I_O = (1+ Kg[Q) (1) whererg is the initial anisotropyp; is the amplitude of the

| ith rotational correlation time, such thafy; i = 1. In cases
where the decay oft) was biexponentiak,, andr;, represent
the internal rotation of tryptophan (W) residues and the
overall tumbling of the protein, respectively. In the present
model, eachy, is associated with both, andz,,. Nonlinear
least-squares analysis was performed to extract the amplitude
parametersy;, i, lifetimest; and correlation times;, (36).
In the case of time-resolved anisotropy dedayandlg were

wherely is the fluorescence intensity of the protein in absence
of quencher] is the volume corrected fluorescence intensity
of the sample in the presence of a concentration Q of
guencherKsy is the Stera-Volmer constant (association
constant) and could be obtained from the slope of the curve.
Stern—Volmer constant is equal tok, wherek, is the

bimolecular quenching constant anglis the fluorescence analyzed globally 37) by using the measured IRF. Since

IIf(?lit:m:-getshoiezulglrl?gr:(;::;égeMib:seur;Z?nZL'?hufggrnerl.es the goodness of fit were satisfactory with two correlation
P times (, andt;,), we have not increased the numberrpf

were prepared as mentioned in the steady-state eXperimentCOmponents to more than two
?irr%tgjpeg;cgzn;{jgfelcgiieaﬂdevIcf:r ?)?(;errgggiilﬁ\revr\?aimc;b- All the time-resolved measurements involving systematic

X y _ variation of a specific experimental condition were carried
served by using a CW mode-lock frequency-doubled Nd:

. ; : out on the same day. Since the analysis of time-resolved
:(epﬁgtilt?ssrrgtreIVSfHS%%Gkﬁzh\?v?tﬁrgl?Ji_lgeG\)N Ithe :)?fhe;%tlggra; fa anisotropy decay involves multiparameter fitting with several
4-10 ps and tunability in the region of 5740 nm G5). unknowns, the values obtained were employed to calculate

. . . steady-state anisotro .
Fluorescence decay curves were obtained by using a time- Y Pys§

correlated single-photon counting setlgb)( coupled to a 1 111
microchannel plate photomultiplier. The instrument response "oz Zai ﬁj -+ —
function (IRF) was obtained at 295 nm using a dilute T Ti T
colloidal suspension of dried nondairy coffee whitener. lss= (7
Protein was excited at 295 nm using the second harmonic Zaifi

1

output of the dye laser from an angle-tuned KDP crystal,

and the fluorescence emission was collected through a 320

nm cutoff filter followed by a monochromator. The peak This value was compared with the experimentally obtained
counts obtained in control experiments were comparable toValue of the steady-state anisotropy at the same excitation
the background level. In fluorescence lifetime measurements,and emission wavelengths under identical conditions. Only
emission was monitored at magic angle (3310 eliminate  the set of parameters which gave the computed steady-state
the contribution from the decay of anisotropy. anisotropy value close to the observed value was accepted.

Time-Resaled Data AnalysisTime-resolved anisotropy

[r(t)] was calculated using the following formula: RESULTS
Fluorescence Intensity and CD Obsations The fluo-
_Ip = 15G() rescence emission spectrum due to W16 and W59ssd
rn = Ig + 21,G(4) @) was very sensitive to the concentration of salt (Figure 2).

The emission maximum shifted from355 nm to~335 nm
wherely andl are the emissions in the directions parallel When the salt concentration was increased from 0.05 to 4.5
and perpendicular to the polarization of the excitation beam. M- Comparison of these spectra with that of NATA, a model
Gy is the geometry factor at the wavelength of the emission. compound for tryptophan (Figure 2), shows that either one
Fluorescence decay curves at the magic angle wereOf both of the tryptophans get exposed to the solvent when
analyzed by deconvolution of the observed decay with the the salt concentration was reduced from 4.5 to 0.05 M. The
IRF to obtain the intensity decay function represented as aSPectra recorded under rigorously controlled anaerobic

sum of three exponentials: conditions (not shown) were similar to those presented in
Figure 2. Therefore, all the experiments reported here were
I(t) = zai exp(-tir), i=1-3 3) performed under ambient conditions. Figure 3 shows salt

I

concentration dependence of the ratigs{fFs3q) of fluores-

cence intensities at 360 nmsgp) and 330 nm (kzg). The
wherel(t) is the fluorescence intensity at timeand a; is Fss0Fs30 shows an apparent monotonic transition between
the amplitude of theth lifetime such thafo; = 1. two states. Since the ratio of the intensities does not depend
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Table 1

(A) Bimolecular Rate Constank{) for the Quenching
of Fluorescence of the Different Forms of the

Ferredoxin ofH. salinarum
kg x 1P (M~1sh)

2
2 form of HsFd iodide cesium chloride acrylamide
2 N 1.00 0.99 2.60
§ L 1.61 1.16 6.30
b U 1.62 1.16 6.10
% PL 1.01 0.99 2.30
5 (B) Bimolecular Rate Constankd) for Quenching of
= Fluorescence of N- and L-Forms of the Ferredoxin of
L H. salinarumat Different pH Using KI and Acrylamide
kg x 1° (M~1s7?)
- N-form L-form
350 400 450 500 pH acrylamide iodide acrylamide iodide
45 2.61 1.04 3.56 1.16
Wavelength (nm) 5.0 2.67 1.07 458 1.30
FIGURE 2: Fluorescence emission spectra of native (N), U-form 7.0 2.60 1.04 6.07 1.56
(U), and L-forms &1 M (L1), 0.2 M (L2), and 0.05 M (L3) NaCl 9.0 2.71 1.09 6.47 1.60

concentrations of ferredoxin frofdalobacterium salinarumThe

emission spectra of the model compound NATA has been presented

for comparison.

bty gt ——a o
2.0 4
NATA L
HsFd + 8M urea

[NaCl] (M)

Ficure 3: Equilibrium refolding titration of ferredoxin from
Halobacterium salinarumas a function of NaCl concentration
followed by tryptophan fluorescence. Salt dependence of NATA
presented as a reference. Equilibrium unfolding of naitigEd in

the presencefo8 M urea has been presented as a single point.
Other experimental conditions are similar as mentioned in the
Materials and Methods.

on the concentration of the protein but only upon its structural

that the L-form is partially structured compared to the
U-form. This was further tested by quenching of fluorescence
by either acrylamide (Ac), iodide ), and cesium (C39.
Accessibility to these quenchers is a good indicator of solvent
exposure of tryptophar88, 39). The bimolecular quenching
constantky derived from the SteraVolmer plots (data not
shown) are presented in Table 1A. Several points are
noteworthy in these data. First, tkgof the U-form is larger
than that of the native N-form suggesting, as expected, a
higher accessibility of the W side chains when the protein
is denatured. Second, the similar valuekgfobtained for
the L- and U-forms indicates similar solvent accessibility of
the W side chains in the two forms. Third, similar values of
kq for the N-form with both the ionic quenchers @nd Cs)
indicate that thek, reflect the true solvent accessibility
unaltered by any electrostatic interaction of the ionic quench-
ers with the charged side chains near the tryptophans.

Far-UV circular dichroism (CD) spectra indicate global
structural characteristics of proteins whereas tryptophan
fluorescence might be restricted to local changes in some
cases. Figure 4 shows typical CD spectra of the different
forms of HsFd. It is clear that the L-form is between the N-
and U-form. This, along with the fluorescence measurements,
indicates that L-form has a residual level of secondary as
well as tertiary structure.

How compact is the L-form? The equilibrium transition
curves for urea-induced unfolding éfsFd monitored by
fluorescence are presented in Figure 5. The transition curves

constituents, the ratio was used throughout the present work(Figure 3 and 5) suggest that the~lU transition may not

unless required otherwise. The ratigdFs30 decreased from

be cooperative unlike the transition™\ (Figure 3) or N—~U

1.55 to 0.6 when the salt concentration was increased from(Figure 5). The midpoint of U transition is at a

0.05 to 4.5 M. The intensity ratio of NATA was largely
insensitive to the salt concentration, as expected.

To check whether the change in the structureHsFd
(Figure 2) at low salt concentration (L-form) is due to either
local perturbation or complete denaturation of the protein,
comparison was made with the protein denatured by 8 M

concentration of~1.0M urea while that of N~U transition
occurs at~4.7 M urea indicating thereby that the L-form is
less compact than the N-form.

To explore the origin of the structural changes attributed
to the L-form, the BsgFz30 and ellipticity at 217 nm were
monitored for the protein at different pH values. The results

urea (U-form). The fluorescence emission characteristics are presented in Figure 6. The pH-dependent variation was

(Figure 2) and the intensity ratio (Figure 3) of the U-form
are closer to those of NATA than to the L-form. It is likely

observed only for the L-form and not for the N-form or, as
expected, for NATA. Thé of the N- and L-form at various
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FIGURE 4: Far-UV CD spectra of native (N), L-form (L1 at 1 M o 61
NaCl, L2 at 0.2 M NaCl and L3 at 0.05 M NaCl concentration), 'g
and U-form of ferredoxin fronHalobacterium salinarum E b
($)
20 8
v_vm_v_v/kv_i.v/vw
L>U
4 4 6 8 10
1.5 4
g PH
u FiIGUuRe 6: pH dependence of various forms of ferredoxin from
g Halobacterium salinarunas measured by (a) fluorescence intensity
w ratio (FseoFs30) and (b) far-UV CD ellipicity at 217 nm.
1.0 4
0 N>U 20
0-5 L] ¥ T 1] T 15
0 2 4 6 8 7
[Urea] (M) u.§
Ficure5: Urea-induced equilibrium unfolding transition monitored 2
by fluorescence intensity ratio {§5:F330) for L-form and N-form w
(pH 7.3). 1.0 4
pH values have been listed in Table 1B. The L-form shows
pH dependence whereas the N-form is independent of pH,
similar to the observation made in fluorescence and CD

(Figure 6). At low pH, the L-form exhibited parameters that
approached toward those of the N-form. This suggests that
the structure of L-form is similar to that of N-form at pH [Urea] (M)

<5. The pH titration curves (Figure 6) show two apparent pse 7: Urea induced equilibrium unfolding transition of
pK values, one at-6 and another at10. Does the similarity  ferredoxin fromHalobacterium salinarunmeasured by fluorescence
of spectral parameters of the L-form and N-form observed intensity ratio (s Fss0). L-form (0.05 M NaCl in 10 mM sodium

below pH 5.0 imply the similarity of their structure? Figure aceia:e Bu;ffer, IO|_|"| 21-55)), N(_jf(ng(‘LS ('\g é\la(iblin 1dQ mM hSOdilrJ]mt
. K ; A acetate buffer pH 4.5) an -form (2.5 mM sodium phosphate
7 shows equilibrium urea-induced unfolding of the L- and buffer pH 8.0, 0.05 M NaCl and 1:HsFd:polylysine). After

N-_forrr_l at pH 4.5 as monitored byséoFas The apparent  aqgition of urea, the solutions were incubated at ambient temper-
midpoints of transition for the L- and N-form are 1.6 and ature for 30 h.
4.6 M urea, respectively.

Can the effects of ionization of the carboxylates and the can one revert the L-form into N-form by any agent other
resultant spectral changes (Figure 6) be contained by anythan salt? The effect of polylysine and polyglutamic acid
means other than the high salt concentration? Specifically, on the spectral characteristics of the protein was examined.
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[Polylysine] / [polyglutamate] / [pentalysine] mM

[Polylysine] uM

Ficure 8: Equilibrium titrations of L-form of ferredoxin from
Halobacterium salinarunas a function of (a) polyglutamate (PG),
pentalysine (penta-PL), polylysine (PL) concentration. Hs&d
was 4uM in 2.5 mM sodium phosphate buffer, pH 8.0 containing
0.05 M NacCl. Similar titration of the N-form (4.5 M NacCl) of
ferredoxin as a function of polylysine is presented for comparison.
(b) The indicated concentration of the protein in the same buffer
was titrated with polylysine.

Figure 8a shows thesks F330 of the L-form ofHsFd titrated
with polylysine, polyglutamic acid and pentalysine. Of the
three, polylysine exhibited the most striking effect. Its
addition to the L-form of HsFd changedgtFs30 from 1.5

to 0.6, similar to the N-form. Further, the effect was
stoichiometric with respect to the concentration of protein
(Figure 8b). Higher concentrations BFd required higher
levels of polylysine for changing thesdgFss0 Polylysine
did not significantly affect the native protein in high salt

concentration (Figure 8a). Thus these data show that polyl-

ysine can indeed affect the transition B&Fd from the
L-form to a state almost similar to the N-form. We shall
call this form as PL-form.

For further characterization of the PL-form we measured

the accessibility of its tryptophans by fluorescence quenching,

as before. The value d; (Table 1A) for the PL-form is
similar to that of the N-form. The midpoint of denaturation
of the PL-form by urea is observed-a#.0 M urea, a value
higher than the L-form but lower than the N-form (Figure
7).

Fluorescence Anisotropy StudieBhe dynamics of the
various structural forms oHsFd was also examined by
steady-state fluorescence anisotropy)(of W16 and W59.
Table 2 lists the value ofss obtained under various
conditions. Thessof the L-form is intermediate of the values

Biochemistry, Vol. 40, No. 5, 20011289

Table 2: Steady-State Fluorescence Anisotropy of the Ferredoxin of
H. salinarum

anisotropy (s9

pH N L U PL
5.0 0.144+0.005 0.118+ 0.002 0.068t 0.003 nd
5.5 0.145+ 0.003 0.102+ 0.003 nd nd
6.0 0.144+0.001 0.087 0.003 nd nd
6.5 0.144+ 0.004 0.079: 0.003 nd nd
7.0 0.145+0.002 0.77+0.001 0.068: 0.002 0.298t 0.004
7.5 0.145+0.002 0.074+ 0.003 nd nd
8.0 0.153+0.003 0.075+ 0.002 nd nd
8.5 0.144+ 0.002 0.072+ 0.003 nd nd
9.0 0.144+0.002 0.074+ 0.003 0.067 0.002 nd

and, not determined.

Table 3: Parameters Obtained from Time-Resolved Fluorescence
Measurements of the Ferredoxin ldf salinarum

fluorescence

HsEd lifetime (ns) amplitude
form pH T1 T2 73 (08} o o3 Tm = Z(li‘fi XZ red
N 50 458 1.20 0.62 0.07 0.32 0.61 1.10 1.03
7.0 495 110 0.63 0.05 0.33 0.62 1.09 112
9.0 480 1.16 0.64 0.06 0.31 0.63 1.03 0.89
L 5.0 3.60 1.28 0.36 0.12 0.46 0.42 1.20 1.13
7.0 3.40 150 0.44 0.20 0.40 0.40 1.50 0.99
9.0 3.60 1.30 0.40 0.15 0.42 0.43 1.56 0.99
U 70 42 165 045 035 040 0.25 2.45 1.09
PL 80 48 124 0.75 0.03 0.15 0.82 0.94 1.30

of the N- and the U-forms and at pH 7.0, it is closer to that
of the U-form. Furtherfss of the L-form decreased from
0.118 to 0.073 when the pH was increased from 5.0 to 9.0.
In contrast, both the N-form and the U-form did not show
pH-dependentss values. Thus these data corroborate the
other observations which indicate that the L-form has a
partial structure whose level is pH-dependent. The signifi-
cantly higher value (0.298) afs of the PL-form could be
due to the overall increase in the hydrodynamic radius of
HsFd by the binding of polylysine. However, the conclusions
on the dynamics based ogs are only tentative sincessis

a function of both the dynamics and fluorescence decay
kinetics.

Decay Kinetics of Fluorescence Intensity and Anisotropy
Although controversial, time-resolved fluorescence of tryp-
tophan(s) has rendered useful information for numerous
proteins 40). Decay of fluorescence intensity of the tryp-
tophan residues iHsFd followed a sum of three exponentials
(Table 3). The mean lifetime) for different forms ofHsFd
is also presented in Table 3. The of the L-form increases
with increasing pH, whereas that of the N-form was
independent of pH. Moreover, the PL- and N-form exhibited
similar values ofrp,.

Rotational dynamics of tryptophan side chains has been
effectively used in probing the level of structural integrity
in proteins 41). The overall kinetics of fluorescence depo-
larization of both the tryptophan side chains in tHeFd
was analyzed by a sum of exponentials. The values of
rotational correlation timer{) were~0.1 and~6 ns for the
N-state (Table 4). In the L-form, the shortgrwas in the
range 0.1-0.2 ns and the longer in the range 1.62.5 ns.
While the shorterr; was not sensitive to pH, the longer
decreased from-2.5 to ~1.3 ns when the pH was raised
from 5 to 11. Thus, the L-form at higher pH values was
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Table 4. Parameters Associated with the Decay of Fluorescence W16-D17-M18-D19-D20-D21-D22) and, therefore, would

Anisotropy of the Ferredoxin afi. salinarum monitor the salt-induced structural changes. The fluorescence
HsFd of W59 would be highly quenched because of its nearness
form  pH & P(s) wPMs) B AL xlred to [2Fe-2S] center. The stability of the [2Fe-2S] chromophore

N 50 024 o011 61 060 o040 173 IS affected by unfolding of the pro_ten34). The contention _
70 0.23 0.15 6.7 058 042 161 that the observed fluorescence is largely due to W16 is
9.0 0.23 0.09 5.6 059 0.41 148 supported by the linear Stefrivolmer plots of quenching
L 45 029 020 2.6 053 047 158  of fluorescence by Ac,1, and C$ (not shown). The crystal
g:g 8:23 8218 %:g 8:2% 8:;3 i:gg structure ofHmFd (23), 88% homologous téiskd, shows
11.0 0.28 017 1.3 044 056 1.56 that W16 is exposed to the solvent more than W59. This is
PL 75 0.30 0.10 9.5 036 0.64 2380 true for the high-salt native N-form. The increase in
U 70 027 015 1.4 050 050 170 fluorescence of the L-form with increase in pHT) suggests
a|ntial anisotropy.” Rotational correlation time&. Amplitudes such that the W59 moves away from [2Fe-2S] center. The
that=8 = 1. fluorescence intensity under these conditions, therefore, has

contributions from both the W16 and W59. Enhancement
very similar to the U-form whose values were~0.15 and of fluorescence intensity, also observed in the presence of
1.4 ns. In the polylysine bound state (PL-form) the protein urea, therefore, seems to be a sequel to the unfolding of
showedr, values of 0.1 and 9.5 ns. HsFd. This difference in solvent exposure of W16 and W59
in the N-form should have resulted in nonlinear Stern

DISCUSSION Volmer plots as reported in other cas&g,(47—49). Hence

The adaptation of proteins to extreme environments suchkq of ~1 x 10° M~ s71, typical for exposed tryptophan side
as extreme of salinity, pH, temperature, and hydrostatic chains, suggests that the observed fluorescence is contributed
pressure 12) could involve more than one strategy. Even mainly by W16 in the N-form. Further, the observation of
for the proteins from the same species of extreme halophile,three fluorescence lifetimes cannot be used as an indication
e.g.,Halobacterium cutirubruma wide spectrum of adapta- for the number of tryptophan side chains as argued by several
tion modes with respect to its maximal activity and stability workers. Many proteins with single tryptophan have two or
is seen 19). Similarly, crystal structures aimMDH and three lifetimes and their origin is still disputedg 50—53).
HmFd from Haloarcula marismortuialso showed variation ~ Thus, the information from W fluorescence would largely
in their adaptation process. Excess surface negative chargepertain to the region around W16. However, since the cluster
along witha greater number of salt bridges in the former of negatively charged residues around W16 is one of several
and tighter binding of water molecules along with the such solvent exposed clustePs) its fluorescence properties
N-terminal extra segment in the latter were thought to be are likely to reflect the overall structural intactness of the
the reason for their adaptation in the supersaturated salingprotein.
environmentsZ2, 23). Homology-based modeling study of Our experiments at different pH (Figure 6) suggest that
halophilic glutamate dehydrogenase showed that with fewer the structures of the L- and N-form are similar at low pH.
surface lysine residues the hydrophobic interactions on theThis would imply that high concentration of salt is not
protein surface were considerably reduced which contributesnecessary for stabilizingisFd below pH 5. The first pH-
significantly to the halophilic adaptatioAd). The halophilic dependent transition (Figure 6) is due to carboxyl side chains.
protein studied here is a single subunit protéisi-d. It has The mutual repulsion of these solvent exposed side chains
88% homology withHmFd and is well suited for studying above pH 5 would destabilize the protein, increase the F
the mechanism by which the protein is stabilized at high Fs;30 and decrease the CD signal. The high appar&bfp
concentration of salt and understanding the cause of instabil-~6 is not unusual, since mutually interacting carboxyl side
ity in low-salt conditions. Baxter44) suggested that the chains exhibit high K values in many situation9, 54).
stability of halophilic proteins in high salt is due to The second transition observed at pHI® (Figure 6) could
electrostatic screening of mutually repelling negative chargesrepresent the loss of salt bridge(s) between carboxyl side
of the acidic amino acid residues. However, this has beenchain and basic residues such as lysines and arginines. Such
inadequate in explaining the requirement of very higld.@ salt bridges have been detected in the crystal structure of
M) concentration of salt for conferring stability. Salting out HmFd 23). Above pH 9-10, the deprotonated basic residues
of some segments of polypeptide leading to increasedwould result in the loss of positive charge required for the
hydrophobic interaction perhaps necessitates multimolarformation of salt bridges. Thus the pH dependence of
concentrations of salil@). Analysis of the structural features structural parameters suggests the following overall mech-
of HsFd observed under a variety of conditions at two anism of structural destabilization in the L-form. At p¥b,
extremes of salt concentrations namely at very high.b the carboxyl groups are protonated and neutral. This leads
M) and at very low £0.05 M), suggest the earlier electro- to a structure with secondary (CD) and tertiargstfsso)
static screening model as the major cause of stabilization incharacteristics very similar to the high salt N-form. When
moderately high salt concentration. In very high salt con- the pH is raised from 6 to 9, the carboxyl groups ionize and
centrations, other stabilizing factors such as hydrophobic the mutual electrostatic repulsion destabilizes the L-form
effects (L9, 45, 46) are also involved (see below) in the protein. However, the destabilization is not complete. The
stability of HsFd. Fss0 F330 is @ plateau around pH-@ and its value remains

Tryptophan fluorescence is a useful indicator of structural lower (~1.6) than that of either the U-form~.95) or
intactness oHsFd. W16 of the protein is close to one of NATA (~2.1). This lack of complete destabilization could
the clusters of negative charges (hamely D12-D13-N14-G15- be the result of salt bridge(s) mentioned above. The loss of
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these salt bridge(s) above pH 10 results in an L-form protein rotational dynamics of a protein of 15 0082 58). Fur-
which is devoid of any secondary and tertiary structures. The thermore, this observation indicates thédFd exists as a
similar ky for the L- (pH 7.0) and U-form (Table 1a) but monomer. This is unlike some other ferredoxins such as those
significantly higher fluorescence intensity for the U-form from Azotobactewinelandii (59) and Clostridium pasteur-
compared to the L-form (Figure 1) may appear counter ianum(60), which are homodimers. In contrast, of 1—3
intuitive. However, a plausible explanation could be that the ns in the L-form indicates the presence of segmental motion
observed fluorescence of the pH 7.0 L-form is mainly which decreases at low pH. However, its significant presence
contributed by the exposed W16. The fluorescence of W59 even at pH 4.5¢, ~ 2.6 ns) indicates the less compact nature
is still partially quenched by the nearby [2Fe-2S] center. The of the L-form at low pH when compared to N-form. (iii)
structure around W59 is destroyed by either higher pE)( Urea induced unfolding transition of the L- and the N-form
or by urea leading to further increase in fluorescence (Figure 7) at pH 4.5. The L-form has a transition midpoint,
intensity. Our observations on the pH dependence of which is~3 times less than that of the N-form under identical
structural integrity ofHsFd is similar to the theoretical conditions Thus, the L-form has far less structural stability
simulations orHmFd (54, 55). To the best of our knowledge, than the N-form even at low pH. However, the structural
our report is the first experimental observation on the pH intactness of the L-form in the pH range-2 is between
dependence of structural intactness of any halophilic protein.that of the N-form and the U-form. It is interesting to note
The model described above suggests repulsive electrostati¢hat this difference in dynamics as well as structural stability
interactions among the carboxyl side chains as the majorof the low-salt L-form and the high-salt N-form does not
cause of destabilization dfisFd at low salt concentration.  get reflected in our spectroscopic measurements either in
The structure of native protein (N) is, however, not pH fluorescence (§sgFssq) or in CD (6217).
dependent (Figure 6). The model also implies electrostatic  Overall, our results suggest that, at low salt in neutral pH,
screening of negative charges as the major role of salt in destabilization oHsFd is mainly guided by the Coulombic
stabilizingHsFd as proposed by Baxte44) for halophilic repulsion of the mutually interacting negative charges.
proteins in general. Strong support for this model comes from Further destabilization occurs either by increasing the pH
the effect of polylysine (Figure 8). It is interesting to note or by introducing chaotrophs (urea) indicating the importance
that 2uM of polylysine (MW 21 000) was able to reproduce  of salt-bridges in structural stabilization tFd. Neutraliza-
the effect of~2 M NaCl at a protein concentration of 1.6 tion of these charges by lowering the pH increases the
uM. Possibly polylysine wraps arourdisFd by forming salt  stability of the protein but it is far less compact and stable
bridges with the surface carboxylate clusters. The structurethan the native protein thereby pointing toward a second role
of PL-form is more stable than the L-form at neutral pH. of salt, i.e., hydrophobic interactiondq, 26, 57, 61), in
The presence of the alkyl groups of polylysine on the protein stabilizing halophilic proteins. Similarly, comparison of the
surface (in the polylysineHsFd complex) would decrease  midpoint of transition of PE=U (Figure 7) with that of N~U
the water activity and cause further stabilization by enhancing (Figure 5) shows that PL-form is less stable than the N-form,
the hydrophobic interactionst8, 56) of borderline hydro-  implying the importance of the second role of salt. Although
phobic amino acids present isFd. The inability of the  PL-form is far more stable than the L-form, polylysine cannot
pentalysine to wrap around the carboxylate clusters could substitute fully, the role of high concentration of salt in
be the reason for its significantly reduced efficiency. Sper- stabilizingHsFd. Our experiments also highlight the salting-
mine, a polycation used in earlier work?), requires higher  out effect which results in increased hydrophobic interaction
concentration similar to our observations on pentalysine. The among the buried segments; thus, enhancing the structural
extremely high efficiency shown by polylysine (Figure 8) stability and reducing the segmental dynamics.
points toward the following two implications: (1) polycations
could stabilizeHsFd at concentrations much lower than that ACKNOWLEDGMENT
of salts, and (2) the strong affinity toward polycations and .
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