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ABSTRACT: Several studies have shown that anions induce collapse of acid-denatured cytoclintmne

the compact A state having the properties of the molten globule and that the anion charge is the main
determinant for the A state stabilization. The results here reported show that the anion size plays a role
in determining the overall structure of the A state. In particular, small anions induce formation of an A
state in which the native Met8@e(lll) axial bond is recovered and the nativelike redox properties restored.
On the other hand, the A state stabilized by large anions shows a histidine (His26 or His33) as the sixth
ligand of the heme-iron, a very weak interaction between Trp59 and the heme propionate, and lacks
nativelike redox properties. The two anion-stabilized states show similar stability, indicating that (i) the
hydrophobic core (which is equally stabilized by all the anions investigated, independently of their size)
is the region that mainly contributes to the macromolecule stabilization, and (ii) the flexible loops are
responsible for the spectroscopic (and, thus, structural) and redox differences observed.

The high cooperativity and complexity of the protein fluctuating tertiary conformation. In particular, the hydro-
folding process makes the characterization of conformational phobic core containing the two major helices (the N- and
transitions and intermediate states hard to achieve, partly dueC-terminal helices) and the heme group is preserved in the
to the limitations of the experimental approach—@). A state, stabilized by nonbonded interactiof8, (16, 17),
Characterization of equilibrium intermediates provides a while the loop regions are fluctuating and partly disordered
direct and useful method to better elucidate the mechanism(13). Of the two native axial ligands of the heme-iron, only
of protein folding; in recent years, a number of equilibrium His18 is thought to remain coordinated to the heme iron in
intermediates has been detected and characterized, thuthe A state, while the Met80 axial bond is lo4tl( 13, 18).
permitting a correlation with the kinetic folding intermediates  Goto and collaboratord ) have shown that the net charge
(4). Several studies on folding, focused on the structural of the anion is the main determinant for the stabilization of
characterization of equilibrium intermediates, suggest thatthe A state; the higher the charge, the lower the anion
molten globule, a compact state with a significant amount concentration needed to induce formation of the molten
of ordered secondary conformation but fluctuating tertiary globule. Some effect was ascribed to the anion size (folding
conformation 2, 4—6), is a major intermediate of protein  occurs at lower concentrations of larger anions); however,

folding (7—10). this point was not furtherly investigated, the ion size having
The molten globule (A state) of ferric cytochrorndcyt being considered a minor effector.

c),! a single-chain hemoprotein composed by 104 amino Since structural information on partially folded forms is

acidic residues, has been extensively characterizedl(5). essential for a deeper understanding of the folding mecha-

At pH 2.2, ferric cytc is substantially unfolded at low ionic  nism and the factors affecting the structural stabilization, in
strength; upon addition of salts, the protein cooperatively this paper we have investigated the effect produced on acid
folds to a compact structure, the A state, stabilized by the denatured cyt by a number of anions carrying the same
binding of anions to the positively charged groups on the charge but differing in size. The choice of single-charged
protein surface {1, 12). The A state possesseshelix anions excludes the charge effect, and allows determination
structure comparable to that of the native form, but a of the role played by the ion size in affecting the structural
and functional properties of the molten globule. The results
*To whom correspondence should be addresssed. Pho86:06 obtained show that this is an important factor in determining
72596364. Fax:+39 06 72596353. E-mail: santucci@med.uniroma2.it. the shape of the tertiary structure and the redox properties
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Anion-Modulated Structure of Cyt A State
EXPERIMENTAL PROCEDURES

Materials. Horse cytc (type VI) and 6-mercaptopurine
(6-MP) were from SIGMA (St. Louis, MO). All the reagents
were of analytical grade and used without further purification.

Circular Dichroism (CD) Measurement§leasurements

were carried out using a Jasco J-710 spectropolarimeter
(Tokyo, Japan) equipped with a PC as data processor. The

molar ellipticity (deg crAdmol™?) is expressed a9, on a
molar heme basis in the Soret (38650 nm) and near-UV
(270—300 nm) regions and as mean residue ellipticitjs [
in the far-UV region (206-250 nm, mean residue molecular
mass= 119 g/mol).

Absorbance Measurement& Jasco V-530 spectropho-
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tometer (Tokyo, Japan) was used for absorbance measureF'GURE 1: Far-UvV CD spectrum of the chloride-induced A state

ments. Native cyc concentration was determined on the
basis of the extinction coefficient = 106 mM* cm™ at
408 nm.

(—). Experimental conditions: HCI, pH 2.2, and 26. All the

other anions investigated gave rise to far-UV spectra pratically
identical, in shape and intensity, to that illustrated in the figure
(the effect of the nitrate and iodide could not be monitored, due to

Electronic Paramagnetic Resonance (EPR) Measurements the excessive absorption). The spectrum of the native prote)n (
EPR spectra were recorded on a Bruker ESP 300 X-bandrunin 0.1 M phosphate buffer and pH 7.0, is shown for comparison.

spectrometer operating at 9 GHz with 100 Khz field
modulation. An Oxford Instruments liquid helium transfer
line was used for the measurements at 5 K.

Dynamic Fluorescence Measurementbe fluorescence

aqueous HCI, pH 2.2) after addition of few microliters of a
concentrated salt solution, to achieve the desired salt
concentration (0.5 M chloride and 0.2 M perchlorate). The

emission decay was measured by the phase-shift and?H of the sample (i.e., pH 2.2) was always controlled before

demodulation technique as elsewhere descri@éjl (1sing

as excitation source the harmonic content of a frequency-

doubled rhodamine 6G-Nd:YAG lasekef approximately
290 nm) at the LASP (Laboratorio di Spettroscopia al
Picosecondo) facility at the University of “Tor Vergata” in

measurements. (b) Voltammetric measurements (protein
concentration 0.4 mM: 10QL of a 4 mM cyt c agueous
solution was added to 0.5 mL of an aqueous HCI solution,
pH 2.2. The pH raised to above pH 3.0, while the protein
solution kept a reddish color. The pH was thus brought back

Rome. The emission was detected trough a WG 320 cutoff to pH 2.2 (the color of the solution changed to brown) and

filter to avoid scattered light. A discrete sum of exponentia
functions

f(t) = iFie_”"

was necessary to satisfactorily fit the data using the GLOBAL
Unlimited software 21), where for each component
represented the lifetime value.

Voltammetric Measurementgoltammetric measurements
were performed at 2%C in a glass microcell (sample volume
1 mL) equipped with a reference calomel electrode (Amel,
Milan, Italy), a Pt wire as the counter-electrode and a gold
electrode (2 mm diameter, Amel) as the working electrode.

Chemical modification of the gold electrode was obtained
as previously reporte@®). Briefly, the electrode (previously
cleaned with 0.3im alumina plus water and sonicated) was
dipped in a saturated aqueous 6-MP solution for 15 min.

| the desired salt concentration achieved by adding a few

microliters of a concentrated aqueous salt solution. The
volume was then brought to 1 mL and the pH controlled.

RESULTS

The salt effect on acid-unfolded oyhas been investigated
by choosing anions (as sodium salt) carrying the same charge
but displaying a different ionic radius. This choice allows
selective detection of anion size-dependent effects. Anions
used are here listed as a function of increasing ionic radius:
chloride (1.36 A), bromide (1.95 A), nitrate (1.96 A), iodide
(2.16 A), perchlorate (2.45 A), trichloroacetate (3.40 A). As
will be described below, we found that the chloride, nitrate,
and bromide (i.e., the small anions) stabilize an A state with
tertiary structure differing from that stabilized by the
perchlorate, iodide and thrichloroacetate (i.e., large anions).
Here we shall describe and compare the effect produced on
the protein by chloride and perchlorate, taken as representa-

The electrode was then rinsed with distilled water and dipped tive for the small- and large-size anions, respectively.

in the electrochemical cell containing the protein solution.
Before the voltammetric experiment, the solution was
deaerated for 30 min by a gentle flow of pure nitrogen
maintained just above the solution surface.

An Amel 433/W multipolarograph (Milan, Italy) interfaced
with a PC, was employed for voltammetric measurements.
pH Measurement# Crison 2001 pH meter (Alella, Spain)

was used for pH measurements.
Samples PreparatiorBamples were prepared as follows.
(a) CD measurements (protein concentratiomMy: 4 ulL

Structural Properties of the Salt-Induced Intermediates.
Figure 1 shows the far-UV CD spectrum (26850 nm,
which probes the secondary structure) of acid-denatured cyt
cin the presence of chloride, compared to that of the native
protein. The anion stabilizes the A state, inducing in the
denatured protein a nativelike-helix structure 12). The
perchlorate as well as the other anions investigated produced
a similar effect (not shown), though the concentration needed
to induce protein collapse into the compact state depended
on the type of anion. The titration curves of Figure 2 clearly

of a 1 mM cytc aqueous solution was added to an aqueous show the higher efficiency of larger anions in the stabilization

HCI solution, pH 2.2, and the volume brought to 2 mL (with

of the A state.
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Ficure 2: Salt-induced conformational transitions of denatured cyt FIGURE 4: Soret CD spectrum of the chloride-induced A state of
cin HCI, pH 2.2, measured by the ellipticity at 222 nm atZ5 cytc, recorded at 2C (—) and 25°C (— -- —). Other experimental
Anions investigated (all sodium salt) were: chlorid®)bromide ~ conditions as described to legend of Figure 1. The spectrum of the
(v); perchlorate @); trichloroacetate¥). native protein {-+) is shown for comparative purposes.

dichroic spectrum of the native protein is characterized by
two negative Cotton effects at 284 and 289 nm, attributed
to the interaction between Trp59 and one heme propionate
(24); such interaction is lost in the acid-denatured cyas
revealed by the absence of the two dichroic bands (spectrum
not shown). As illustrated in the figure, in chloride, the two
Cotton effects are partly recovered, their intensity being about

o
o

[®]x10*(deg.cm?.dmol ™)
o

20 1 one-third that of the native state, while in perchlorate the
F— broad and weak bands of the dichroic spectrum (which
40 | almost overlaps that typical of the denatured protein) provide

evidence for the absence of any significant Trppgopionate
group interaction. The smaller nitrate and bromide were
found to act like the chloride, while the larger iodide and
trichloroacetate like the perchlorate.

The 416 nm Cotton effect shown by the acid-unfolded cyt

400 410 420 430 440 450
wavelength (nm)

‘76 c in the presence of chloride is weaker than that of the native
E protein; to better understand the reason for such discrepancy,
NE' we followed the CD signal of the chloride-induced A state
X as a function of the temperature, in the-25°C range. In
) ; . chloride, the Soret CD is significantly affected by the
"’; -10 1 temperature, as shown in Figure 4. At low temperature the
= R intensity of the 416 nm Cotton effect increases and the
5) -15 : : ;
@ spectrum becomes reminescent of that of the native protein.
20 . : : _— The observed temperature-dependent effect probed to be fully
270 275 280 285 290 295 300 reversible. A similar temperature dependence was observed
wavelength (nm) in the near-UV (at low temperature, the intensity of the 284

FIGURE 3: Soret (panel A) and near-UV (panel B) CD spectrum of @nd 289 nm Cotton effects increases; spectrum not shown).
the chloride £)- and perchlorate-induced-(-+ —) A state of cyt For cytc, the near-UV and Soret CD are diagnostic for the
c. Other experimental conditions as described to legend of Figure Trp59 and Phe82 (and Met80) state, respectively; this
1. The spectrum of the native protein-f is shown for comparison. suggests that the flexibility of the 361 and 75-87 residue
loops is influenced by temperature. As the temperature
Figure 3A shows the effect of the chloride and perchlorate increases, the enhanced loops mobility causes a drop in the
on the Soret CD spectrum (46@50 nm, directly related to  strength of the Trp59heme propionate and Phe8Reme
the structure of the heme pocket) of acid-denaturedccyt interactions. Conversely, no change was monitored in the
Upon addition of salts, the native negative Cotton effect at far-UV region; this indicates that the hydrophobic core,
416 nm, ascribed to the Phe82nd Met86-heme interac-  composed by the main-helix segmentsi(3, 16, 18), is not
tion and diagnostic for the environment near the Met80 influenced by temperature in the range investigated. In
Fe(lll) axial bond in the wild-type protein2@), is partly perchlorate, no temperature-induced CD change was detected
recovered in chloride, but not in perchlorate (see Figure 3). in each of the regions investigated (not shown).
The lack of the 416 nm Cotton effect in perchlorate,  The structural properties of the anion-induced A state were
reflecting an increased distance between the residues Phe82lso monitored by dynamic fluorescence measurements.
Met80, and the heme group, reveals the lack of a direct Dynamic fluorescence technique is successfully employed
interaction between the heme and the—88 residues  for monitoring changes in the tertiary structure of proteins,
polypeptide segment, which is thus expected to have by measuring the lifetime values of tryptophan residues. In
enhanced mobility. As shown in Figure 3B, the near-UV the study of cyt, the measurement of the fluorescence decay
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Ficure 5: Dynamic fluorescence measurements for the native
protein (squares), the chloride- (circles), and perchlorate-induced }
(triangles) A states. Phase (full symbols) and modulation (empty
symbols) data are reported as a function of the modulation frequency !
of the excitation laser beam. Other experimental conditions as \
described to legend of Figure 1. \

Table 1: Dynamic Fluorescence Parameters for the Chloride- and A
Perchlorate-Induced A State of Cgft 20 520
exponential fit exponential fit Magnetic field (mT)

sample  »2 t(ns) 2 w(s) t.(ns) Fi  FONs) FiGUre 6: X-band EPR spectrum of acid-denatured cy#), of
- the perchlorate (b)- and chloride-induced (c) A state. The spectrum
”aé':‘l’fa 329281 12-74; 1111 é)ff? 2371?? 8-2120 11??15 of the native protein (d) and that of the Im-complex of carboxym-
_ : : : : : : ethylated cytc (e) are shown for comparative purposes. X-band
ClOs 399 162 10 045 259 025 118 EPR spectra were run at 5 K; protein concentration, 0.2 mM. Setting
a Experimental conditions: HCI solution, pH 2.2; the temperature conditions were 9.42 Ghz microwave frequency; 20 mW microwave
was 25°C. Data relative to the native protein (0.1 M phosphate buffer, power; 0.10 mT modulation amplitude.
pH 7.0) are reported for comparative purposes. Abbreviatigs:

reduced;g_2 value; F1, fluorescence fractional amplitude of the first by the decrease of the high-spin component, associated to
ezngerf'%' ggcﬁf"éfoggf:eﬁ?f(; rln ;V';llt eA“ = 30 ps;A7z = 50 the appearance of a low-spin species which is characterized
ps.2h=" — g by g values strictly depending on the type of salt added. It

) ) . ) . must be noticed, however, that independently of the presence
provides information on the single TrpS9 environment. of the type of anions, there is always an equilibrium mixture
Figure 5 shows the phase-shift and demodulation data, of high and low-spin forms. In detail, addition of perchlorate
graphed as a function of the modulation frequency, for the (Figure 6b) gives rise to a low-spin state characterized by
chloride- and the perchlorate-induced A states, compared tog, = 2 .87 andg, = 2.27, while thegs is not measurable
the native protein. The parameters used for fitting the peing its line too broad; a similar signal was observed for a
experimental curves (using both a single- and a double- nonhindered bis-4-methylimidazole complé6), thus sug-
exponential decay) are reported in Table 1. Both data andgesting that the denatured protein collapses into a form with
fits indicate that the perchlorate-induced A state displays a the heme iron coordinated to two histidine residues. This is
different fluorescence decay from that of the native protein, confirmed by the EPR spectrum of the Im-complex of

diagnostic of distinct tertiary conformations. The chloride- carboxymethylated cyt, shown in Figure 6e. The spectrum,
induced state shows an intermediate behavior, which is\hich surely belongs to a bis-histidine heme iron, is

indicative for a conformational state closer to that of the characterized by, = 2.96,9, = 2.26,gs = 1.48, values

native protein, at level of the TrpS9 surrounding. The cjose to those observed for the perchlorate-induced A state
evaluated average lifetime values, reported in Table 1, and indicating the same coordination; the slight differences
demonstrate that Trp59 experiences the strongest quenchingpserved, may be ascribed to different orientations of the
effect in the perchlorate-induced state; this finding, which imigazole ring £9). To our knowledge, this is the first time
is in agreement with the steady-state fluorescence intensitythat the stabilization of a bis-imidazole equilibrium inter-
(data not shown), likely reflects an enhanced accessibilty of medijate of cytc is directly probed. The highlow-spin
the triptophan side chain to the solvent molecules, indicative equilibrium here detected by EPR correlates well to the high-
for a high mobility of the 36-61 residues loop. In conclusion,  and Jow-spin intermediates detected by fast kinetics measure-
both fluorescence and CD data support the view that chloride ments during the cyt folding (26—28). Addition of chloride
and perchlorate stabilize A states of cytaving nativelike  gives rise to a low-spin species characterizedyby: 3.07
o-helix structures, but distinct tertiary conformations. and g, = 2.20, as shown in Figure 6¢c. This signal is
To get deeper insight, EPR measurements of the chloride-diagnostic for the Met88Fe(lll) axial coordination bond
and perchlorate-induced A states were performed, as showrand is shown also by native cgreported in Figure 6c24).
in Figure 6. The EPR spectrum of acid-denatured gyt  However, the signal of the salt-induced state shows a line
shown in Figure 6a, shows no low-spin signal (characteristic width larger than that of the native state, indicating a higher
of the native protein), but only an axial high-spin signal degree of structural heterogenei80). The EPR shows that
diagnostic for the rupture of the iron(lll) coordination bonds. the heme coordination depends on the type of anion present
Addition of salts induces refolding of the protein as noted in solution, even though a compact state is always achieved.
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Ficure 8: Absorbance spectra of chloride-Y- and perchlorate-
induced (:-) A state of cytc in the 666-750 nm range. Protein
. , . concentration: 0.25 mM. Other experimental conditions as de-

0.20 0 0.20 scribed to legend of Figure 1. Spectra of acid-denatured (- - -) and
’ ' native — — —) cyt ¢, and of the Im-complex of the carboxy-
E (V) vs SCE methylated derivative :+ —), are shown for comparison.

Ficure 7: Dc cyclic voltammograms of the chloride-}- and S .
perchlorate-induced (- - -) A state of ogtrun at a gold electrode ~ NHE, at pH 7.0 and 25°C), indicating that Met80 is
chemically modified with 6-mercaptopurine. Protein concentra- coordinated to the heme iron. This is furtherly confirmed

tion: 0.4 mM. Scan rate: 100 mV~-% Other experimental by the absorbance spectrum recorded in the-6€&8D nm
conditions as described to legend of Figure 1. Inset shows a plot range, shown in Figure 8, where the 695 nm-band [attributed
of ip vs (scan ratéf. to the Met80-Fe(lll) axial bond36)] is clearly observable.

The importance of the anion size in affecting the structural On the other hand, the 22 mV drop in the redox potential

i f the forming int diate is ob d al value may reflect a weakened interaction between the iron-
properties of the forming intermediate 1S obServea also y,, .4 \etgo and Tyr67, indicative for an increased distance
throu'gh the anaIyS|s'of the' high-spin component, Wh'Ch. N hetween the 60’s helix and the heme group. Tyr67 is known
chioride shows a Iln_e W'd?h larger (3.8 mT) th_an N {0 affect the heme redox potential of cgt(36), since it
perchlorate (7.5 mT), indicating the presence of a different modulates the Met86heme iron axial bond strength [a 50

microenvironment31). . . L .
. . mV drop in the protein redox potential is observed, as this
Redox Properties of the Salt-Induced Intermedialdwe side chain is replaced()].

redox properties of the salt-induced A states were investi- N | ic sianal d di hl d
gated by dc cyclic voltammetry. This technique provides N0 Voltammetric signal was detected in perchlorate, under

important information on the heterogeneous electron-transfertn® same co_nditions_, since the cycli(_: voltammogram recorded
kinetics between diffusing macromolecules and electrode (SNOWN in Figure 7) is almost superimposable to the baseline
surface and allows determination of the redox potential of (N0t showr.1)hTh|s resulr: Is in disagreement with a grewousl
the system investigate®Z?). Under the conditions investi- report @2); owever, the measurements, repeated severa
gated, no voltammetric signal is detected at a naked gold imes, were always identical to those shown in Figure 7. We
electrode; on the other hand, rapid electron transfer (eT) is °PServed that the simple mixing of a HCl solution, pH 2.2,
observed in chioride at a gold electrode chemically modified With @ cytc solution (final protein concentration 0.4 mM),
with 6-MP. No electrochemical signal is observed in per- Without pH-adjustment, gives rise to a sharp cyclic voltam-
chlorate. In chloride, the dc cyclic voltammograms of the Mogram; however, in these conditions, the pH is over 3.0
protein exhibited a well-defined electrochemistry for scan and. ;he displacement of Met80 frpm the sixth goordlnatlon
rates ranging between 20 and 200 mV/s. Figure 7 shows theP0Sition does not occur (as monitored by optical and CD
dc cyclic voltammogram run at 100 mV/s; the cathodic and spectrosc_opy). The pro_cedure we u_sed to _a_ch|eve a 0'4 mM
anodic waves are similar in shape and magnitude, with acytcsolutlon at pH 2.2, is described in detail in the I_\/Iat_erlals_
peak intensity ratiaJic close to unity. The peak separation, and Methods. The absence of a sharp voltammetric S|g.nal is
AE, =134+ 6 mV, is larger than the theoretical valust, well supported by the absorbqnce spectrum reqorded in the
=57 mV at 25°C) for a fully reversible one-electron-transfer ©60-750 nm range (shown in Figure 8), which shows
reaction 83). We found thatAE; increases at increasing scan absence of peak at 695 nm.

rates, its value ranging between 1675 mV (at 20 mV/s) In conclusion, the electrochemical data provide evidence
and 181+ 10 mV (at 200 mV/s). As shown in the inset to  that the chloride-induced A state shows nativelike redox
Figure 7,i, is proportional to the square root of the scan Properties, contrary to the perchlorate-induced A state. This
rate, indicating that the redox process is diffusion-controlled. underlines the relevant role played by the Met80 coordination
The peak separatipttarger than that shown by the native to the iron, for the relatively high redox potential of ayt
protein @4) and diagnostic for a slower eT rate, may reflect (38—40).

a perturbation in the heme pocket region likely in proximity  Stability of the Salt-Induced Intermediat€sgure 9 shows

of Phe82 and Met80, two side chains known to be involved the thermal denaturation profiles of the chloride- and
in the eT processThe redox potentialk;, = 233+ 5 mV perchlorate-induced A states of cgf as obtained from

vs NHE, (determined from the espressiga= Ei» — AEy/ ellipticity values at 222 nm. The thermal transitions probed
2) is close to that of the native proteiR;(, = 255 mV vs to be fully reversible. The shape of the unfolding profiles
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2 of cyt ¢ (43—45). On the other hand, the anion size does not
affect the stability of the two anion-induced intermediates
significantly. This indicates that the hydrophobic core
[formed by the mairo-helix segmentsi(3, 16, 18)] is the
region providing the strongest contribute to the A state
stability, while the contribution of the highly flexible loop
regions, responsible for the different spectroscopic and redox
properties detected, appears negligible.

Englander and co-workers have proposed a sequential
model (L9) to describe the folding mechanism of cyUnder
equilibrium condition, cyt unfolds through a well-defined,
fully reversible mechanism involving a small humber of
intermediate forms. Three are the partially unfolded forms
detected, which represent the sequential intermediates in the

Temperature (°C) unfolding-refolding process. According to the model, the
FicURe 9: Unfolding profiles of the chloride®)- and perchlorate-  unfolded protein is expected to refold by a pathway consist-
induced ©) A state of cytc, as a function of increasing temperature.  ing of the same number of intermediate forms, stabilized by
The experimental points refer to the ellipticity values at 222 nm. ha step-by-step folding of cooperative uni@-{oops or
Other experimental conditions as described to legend of Figure 1. mutually stabilizing helices and loops), one unit at a time.
As cooperative units, the model indicates five main segments
(composed of about 15 residues) characterized by distinct
unfolding energies. The loop formed by the—78b residues
is the one with the lowest unfolding energy and, thus, the
first segment to unfold under denaturing conditions (rupture
of the native Met86-Fe(lll) axial bond occurs at this stage);
this means that its formation marks the final step during the
protein folding. According to the model, the next segment
to unfold is the 36-61 residues loop (i.e., that containing
Trp59), then followed by the three segments constituting the
more stable hydrophobic core, i.e., the helical segments.
DISCUSSION I.n the present paper, we have shoyvn that binding.of small

anions to the acid-unfolded protein induces formation of a

Our data have shown that, under appropriate salt concen-highly structured, low-spin state in which the native Met80
tration, acid-denatured cytcollapses into a compact state Fe(lll) bond, essential for the stabilization of the native,
showing nativelike secondary structure but a tertiary con- biologically active conformation, is recovered. This implies
formation that strictly depends on the anion size. Small refolding of the 76-85 residues loop, according to the
anions (ionic radius< 2.16 A) induce formation of a  sequential model. Thus, small anions stabilize a state
compact, highly structured state, in which the native Met80  structurally close to the native and with nativelike redox
Fe(lll) axial bond is recovered and the nativelike redox properties. On the other hand, the Met§ee(lll) bond is
properties restored, although a bond between the iron andweakened. We ascribe this to the conditions employed; at
the other methionine present cannot be excluded. On theneutral pH, the Met88Fe(lll) bond is strengthened, due to
other hand, in the state stabilized by large anions (ionic radiusa number of hydrogen bonds between loops which decrease
> 2.16 A), a histidine (His26 or His33) is ligated to the the loops mobility and stabilize the rigid, native protein
heme-iron at the sixth coordination position, the Trp59 side conformation. At pH 2.2, this condition cannot be satisfied,
chain is more exposed to the solvent (while the H-bond with due to the high proton concentration which leaves the protein
the heme propionate is severely weakened), and the macwith a high positive charge; as a result, the dynamic
romolecule misses the functional properties typical of the properties of the free loops are considerably enhanced. Thus,
native protein. the axial bond might be weakened by the high degree of

Goto and collaborators demonstrated that formation of the flexibility of the 70—85 residues loop. A similar conclusion
salt-induced A state of acid-denatured ayis achieved may be reached to explain the reduced TrpB&me pro-
through an anion-binding mechanism and that the anion pionate interaction observed (in this case, the loop involved
charge is the main determinant of salt effectiven&gs. (n is the 36-61 residues loop); support comes from a prior work
the present paper, we show that the fine 3D conformation reporting that Trp59 loses its tertiary hydrogen bond and is
of the A state strictly depends on the anion size, at least for rotationally disordered in the A state, though remaining
single-charged anions. This scenario (i) suggests the presencburied in a hydrophobic environmeri§).
in the macromolecule of binding sites discriminating anions  For the six-coordinate, low-spin state stabilized by large
as a function of their size, and (ii) shows a high sensitivity anions, a bis-histidine coordination is observed. Provided that
of the loops toward external agents, indicating that slight His18 is one axial ligand of the heme-iron, the sixth
differences in the medium composition may push the protein coordination position must be occupied by one of the two
toward different intermediate conformations, during folding. other histidines present in the polypeptide chain, His26 or
As matter of fact, various external factors, such as glycerol His33. This implies a different structure of the heme pocket,
and sugars, were reported to induce the molten globule statedue to the lack of a direct interaction between the heme group
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excludes a simple two-state transition, since three distinct
thermodynamic states (the A-state, a more extensively
unfolded state, the denatured state) are detect&d4Q).

The unfolding profiles show that the chloride-induced A state
is more stable than the perchlorate-induced one; however,
the differences observed are very small, indicating that (i)
the hydrophobic core (common to both the salt-stabilized
forms) is the region that mainly contributes to the A state
stability, and (ii) the Q-loops are responsible for the
spectroscopic differences observed.
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and the 76-85 residue loop which are connected, in the 17.
native protein, through the Met80 coordination to the iron.
These structural changes affect the spectroscopy and the ~*
redox behavior of the intermediate, and point out the
important role played by Met80 for a correct protein function.
According to the sequential model, the intermediate appears 20.
less structured than that stabilized by small anions, since it

misses the Met88iron axial bond (and, thus, the interaction

between the 7985 residue loop and the heme), and the
Trp59—heme propionate H-bond (which means lack of

interaction between the 3®1 residues loop and the heme

group), diagnostic for a more fluctuating tertiary structure.
It is of interest the observation that a misfolded bis-histidine 24.
intermediate was recently detected by fast-kinetics studies

on folding of cytc (26, 27).
In summary, anions fold acid-denatured aytinto a

compact state (the A state) possessing nativelike secondary 2g.
structure. On the other hand, the anion size affects the protein
tertiary conformation; small anions stabilize an A state with

the native Met86-Fe(lll) axial bond recovered and the native

redox properties restored, whereas large anions stabilize bis-
histidine coordinated form, in which the two heme ligands
are the native His18 and a misligated His26 or His33. Despite 29,
this, the two forms show close thermal stability, suggesting

that the hydrophobic core (common to both the anion-induced 30-
forms) is the region providing the most relevant contribute

to protein stability.
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