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ABSTRACT: A partially unfolded state of the E8s;-containing high potential ironsulfur protein from
Chromatiumwinosumhas been detected and characterized by NMR spectroscopy following addition of a
concentrated solution of guanidinium chloride to the native protein. This intermediate species (i) maintains
the polymetallic center, (ii) exhibits a largely collapsed secondary structure, and (iii) undergoes fast cluster
decomposition upon oxidation. This information is framed into the knowledge about this class of proteins,
and the possible role of this intermediate with respect torthévo folding/unfolding process is discussed

as well its role in the slow hydrolytic degradation characteristic of oxidized HiPIPs.

Protein folding is a fundamental biological problem proteins in particular (Bertini et al., 1992; Luchinat &
(Pascher et al., 1996; Dill, 1990; Karplus & Weaver, 1994; Piccioli, 1995). These extend even to a complete solution
Redfield et al., 1994; Johnson & Fersht, 1995; Cohen & structure determination (Bertini et al., 1996b; Banci et al.,
Pielak, 1995; Doyle et al., 1996). Among several ap- 1994, Pochapsky et al., 1994). We now feel that it is timely
proaches, NMR has proven to be very successful in yielding to tackle the folding problem of iroasulfur proteins and
information concerning secondary and tertiary structural that NMR provides a powerful experimental approach. We
elements, local mobility, the dynamics of conformational have chosen to investigate an iresulfur protein that
equilibria, and the folding pathways for proteins of moderate contains a single k€5, cluster and belongs to the class of
size (M, < 20 000) (Buck et al., 1995, 1996; Neri et al., high potential iron-sulfur proteins (HiPIPs) (Beinert, 1990;
1992; Englander & Kallenbach, 1983; Logan et al., 1994; Carter et al., 1974; Thompson, 1985). These proteins show
Harding et al., 1991; Feng et al., 1994; Shortle, 1996; Arcus [Fes-S4)°" and [Fa-S,)%>" as the biologically relevant redox
et al., 1995; Smith et al., 1996; Serrano, 1995; Frank et al., states (Carter et al., 1974), and their biological function
1995; Neira & Rico, 1997). However, less progress has beenappears to involve electron transport during photorespiration
made in the understanding of folding in the case of in anaerobic photosynthetic bacteria (Hochkoeppler et al.,
metalloproteins. This is particularly true for proteins that 1995). Factors that are responsible for the stability of this
carry paramagnetic metal centers, since paramagnetism iclass of proteins have also been identified (Agarwal et al.,
considered to be a major obstacle to the application of NMR 1995; Iwagami et al., 1995; Li et al., 1996; Lui & Cowan,
techniques (Bertini et al., 1993). This attitude has, for 1994; Bian et al., 1996). In this paper we identify a species
instance, precluded investigation of the folding properties that may be a relevant intermediate on the folding/assembly
of the entire class of ironsulfur proteins, which is otherwise  pathway of iron-sulfur proteins and propose that such an
well characterized (Bertini et al., 1995a, 1996b, and refer- intermediate has a key role in mediating the well-known
ences therein). Many of these proteins do not maintain the oxidative instability of the entire class of HiPIPs.
native conformation when deprived of the iresulfur cluster
(Pilon et al., 1992; Li et al., 1996); however, nothing is EXPERIMENTAL PROCEDURES

known concerning either the number of steps required for  Sample PreparationReduced, recombina@hromatium
folding to the native state or the timing and role of cluster ;inosum(C. vinosumhereafter) HiPIP, includingsN uni-
assembly on the folding pathway to the native tertiary formly labeled samples, have been obtained according to a
structure. The possible isolation of a chaperonin for Fe-S previously reported methodology (Agarwal et al., 1994).
proteins (Seaton & Vickery, 1994), if confirmed, makes the samples for NMR spectroscopy were prepared by dissolving
problem even more interesting. In the past few years, |yophilized protein in a 50 mM phosphate buffer, at pH 5.1
strategies have been demonstrated that permit application ogy 6.8. Samples were prepared under an argon atmosphere
high-resolution NMR methods to the study of paramagnetic to avoid the presence of oxygen. A ca. 12 M solution of
metalloproteins in general (Bertini & Luchinat, 1986, 1996; GdmCl was prepared by dissolving guanidinium chloride
Xavier et al., 1993; La Mar et al., 1995) and of iresulfur (Merck) in a 50 mM phosphate buffer, at pH 5.1 or 6.8. The
GdmCl stock solution was deaerated under an argon atmo-
T This work was supported by grants from Consiglio Nazionale delle sphere to avoid the presence of oxygen. The oxidiced
St A, Naone]Seeres ot (i /mosumHiplP sample was prepared upon adciton (o the
Award to J.A.C.). J.A.C. and M.P. thank the North Atlantic Treaty reduced sample of an excess of ferricyanide solution. The

Organization for the award of a NATO Collaborative Research Grant. €xcess of oxidizing agent was eliminated by ultrafiltration

;Depaftment of Chemistry, University of Florence. under a nitrogen atmosphere. ;®/D,0O exchange was
; The Ohio State University. . N performed by ultrafiltration under nitrogen with a 50 mM
Department of Soil Chemistry and Plant Nutrition, University of . . .
Florence. phosphate buffer prepared in,@ (Sigma Aldrich) at pH
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NMR Experiments All NMR experiments were performed
on a Bruker AMX 600 spectrometer. 1D NOE difference
spectra were collected using the previously reported meth-
odology (Banci et al., 1989).*N—H experiments were
collected using the HSQC sequence (Bodenhausen & Ruben,
1980). A total of 16 transients were collected for each
experiment with a 204& 400 data points matrix, using a b
delay of 2.75 ms for the INEPT transfer (1Mu) and a
recycle delay of 850 ms. Longitudinal relaxation times for
15N backbone nuclei were obtained using a refocused INEPT
HSQC sequence (Barbato et al.,, 1992). A total of 16
transients were collected for a 2048170 data points matrix.
To build up the antiphase and to refocus #id single-
quantum coherence, delays of 2.3 and 2.7 ms, respectively,
were used, and the recycle delay was 2 s. Decoupling during
acquisition was performed through a GARP sequence. The
pulse schemer(-Pige1i—1), Was applied during the inversion
recovery delay to quench cross-correlation effects (Barbato
et al., 1992), using & delay of 5 ms. Seven time delays
were used, 40, 100, 180, 280, 420, 680, and 980 ms, and
integrated intensities of peaks were fitted to an exponential
decay. Other experimental parameters were as described
above.

RESULTS
The Two-State EquilibriumA concentrated solution of a
guanidinium chloride (GdmCI hereafter) was added to
recombinant, reduce@. vinosumHiPIP, at pH 6.8 under E
an argon atmosphere. For GdmCI concentrations ranging A et
from O to 3 M, the NMR signals of the protein show only 518 16 14 12 1€
minor changes, both in the diamagnetic domain and in the Ficure 1: 600 MHz'H NMR spectra of reduce@. vinosumHiPIP
region of hyperfine-shifted resonances. with increasing GdmCI concentrations: (A) [GdmCI] 0 M, (B)

In the range of 3.34.4 M GdmCI, a novel set of [GdMCI]3.3 M, (C)[GdmCI] 3.7 M, (D) [GdmCI] 4.0 M, and (E)
hyperfine-shifted signals is observed while the hyperfine- [GdMCll 4.4 M, at pH 6.8 and 290 K.

shifted signals of the native state were seen to decrease ifroton which gives rise to signal b of the native species [Cys
intensity, as reported in Figure 1. The four most downfield- g3 HB, (Bertini et al., 1992; Nettesheim et al., 1992)].
shifted signals of the new species, which are easily identified  From saturation transfer experiments it is also possible to
during the titration with GdmClI, are reporters of an equi- estimate the exchange rate between the two species. The
librium, slow on the NMR time scale, between the native fractional variation; of signal intensity on signal b of the
state and a conformational state of the protein that is pative species is related to the pseudo-first-order exchange
stabilized by the addition of GdmCI. Given the features ate constarit by eq 1, wherdRis the longitudinal relaxation
described throughout this section, we suggest that formationate of signal b. The fractional variation of intensity of signal

of this state may be an essential step of the folding pathway., ypon saturation of signal s obtained on the basis of eq

According_ly, this species is sup;e_quemly referrgd to asany wherelg, — I, and loy are the experimental values as
“intermediate” state. The equilibrium is reversible since,

upon dilution of the guanidinium solution, the intermediate _k

species converts back to the native species. Following a n= R+ k (1)

well-established protocol in protein folding studies by NMR

(Evans et al., 1991), saturation transfer experiments have y= [IOb - Ib] _ "on‘ Ib][
lob low

loy
allowed us to correlate the four most shifted signals of the lob (2)
intermediate state to the corresponding signals of the native
state. In the case of the present system, the occurrence obbtained from the 1D difference spectra (Ramaprasad et al.,
well-isolated signals arising from the cluster-coordinated 1984) andqy andlg, are obtained by integrating peaks in a
residues allows the use of more sensitive one-dimensionalreference spectrum.
saturation transfer experiments. They are performed upon An exchange rate constanbf 6 4+ 3 s has been obtained
selective irradiation of signals of interest, using the same from a quantitative analysis of the saturation transfer between
experimental approach to collect 1D NOE experiments signals b and'h(Cys 63 HB,), by using arR value for signal
(Banci et al., 1989). As an example, Figure 2B shows the b of 200+ 40 s (Bertini et al., 1992).
one-dimensional saturation transfer experiment performed Paramagnetic NMR Signals of the Intermediate State.
upon selective irradiation of the most downfield-shifted Under the above conditions, 1D NOEs were performed at
signals of the intermediate state. A peak to signal b of the 4.4 M GdmCI concentration, corresponding to about 80%
native species is clearly observed, indicating that the mostof the intermediate state, in order to identify the geminal
shifted signal of the intermediate species arises from the samepartner for each of the signals—d of the intermediate
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FiGUReE 2: 600 MHz'H NMR spectra of (A) native HiPIP, (B) a mixture of native and intermediate states, arelq@ intermediate state

for reducedC. vinosumHiPIP, obtained at pH 6.8 and 298 K. Spectrum B was obtained in 3.3 M guanidinium chloride and spectrum C

in 4.4 M guanidinium chloride. 1D NOE difference spectra observed in the diamagnetic region by saturating some of the hyperfine-shifted
signals are reported for the native state (A) and intermediate state (C). Each trace was obtained upon selective irradiation of the signals
indicated with lower case letters. The saturation transfer difference spectra reported in (B) was obtained using the same methodology used
from 1D NOE difference spectra. A fit of the relative intensity of the signals from the native and intermediate states as a function of
guanidinium chloride concentration is shown in (D).

Table 1: Chemical Shifts Observed at 290 K, pH 6.8, in Reduced Figure 2, panels A and C_ show th_e 1D _NOE differenqe
C. vinosumHiPIP in the Native and Intermediate States spectra observed in the diamagnetic region by saturating
some of the hyperfine-shifted signals. The complete assign-

signal native intermediate assignment ¢ of 1D NOE th i tate h b read
a 16.25 16.96 Cys 4342 ment o s on the native state has been already
b 15.70 17.41 Cys 6382 reported elsewhere_ (B_entrop_et al., 1996). We will br_|efly
c 12.47 10.93 Cys 7751 point out those crucial interresidue NOESs that are meaningful
d 10.85 11.63 Cys 46 b2 to investigate structural rearrangements of the intermediate
a 719 6.62 Cys 43 Al state around the cluster. It turns out that three of the long-
b 5.27 Cys 63141 . . . .
pe 779 731 Cys 77 A2 range NOEs from Cys 4342 (signal a, § in native HiPIP
d 10.05 9.54 Cys 46 pi (5, 6, and 7) remain in the intermediate state. They have
c’ 8.23 8.27 Cys77H been assigned toddVal 73, eCHz; Met 49, andoCH; lle

71. Their detection in the intermediate state implies that

species. The resulting assignment is summarized in Tablethe protein scaffold, and side-chain orientations, is essentially
1. Seven out of eight Cys Hsignals, as well as one Cys conserved in the proximity of Cys 43. For Cys 63H
Ha, could be unambiguously assigned in the intermediate (Signal b, b) the three strong NOEs (9, 13, 14) due to Phe
species. Only the Cys 63/ signal was not identified in 66 are missing in the intermediate state, while the intraresidue
the intermediate species. Indeed, such a resonance iNOE (8) is retained. This means that the position of Phe
expected to be rather broad and possibly hidden below the66 is substantially changed. It is also likely that both the
solvent signal. Although the observed changes are largerbackbone torsional angles, and heangles, for Gly 62 and
than those observed, for example, when passing from WT Cys 63 have changed. Similar behavior is also observed
to mutants both irC. vzinosum(Agarwal et al., 1995; Babini  for Cys 77 H31 (signal c, . While the intraresidue signals
et al., 1996) andEctothiorhodospira halophilaHiPIP | (17, 19) are conserved, there is no evidence of long-range
(lwagami et al., 1995; Bertini et al., 1996a), they clearly NOEs to Tyr 19 (16, 20, 22, 23). Of the several NOEs
indicate that no cysteine is detached from iron coordination observed in the aliphatic region from Cys 78H only one
in the intermediate species. Siill, there is clear evidence thatstrong signal is observed in the intermediate state, and this
structural rearrangements have occurred around the clusterdoes not correspond to any of the NOEs observed in the
Further information on the nature of the structural rear- native state. It is therefore likely that a general structural
rangement in the proximity of the cluster derives from a rearrangement in this part of the protein has removed Tyr
comparison of the 1D NOE difference spectra collected on 19 from close proximity to the cluster and that the side chains
the intermediate state with those of the native protein. In of other neighboring groups (for example, Leu 17) have
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experienced a reorientation. No direct comparison is possible p— 105.0
for the 1D NOEs from Cys 46 as, under the present A %o ?
conditions, WT signal d is too close to the diamagnetic 0t S, F o oo
signals to be investigated via NOE. R S A #25 1o
Overall, information from 1D NOEs shows that in the ==, SRS P . ° d
proximity of the cluster there are only minor rearrangements L o e 1200 N (ppm)
close to Cys 43, while much larger modifications that involve | s ey, BEL P
structural changes of aromatic residues close to the cluster e &7 125.0
occur around Cys 63 and Cys 77. This is consistent with o ® . ms‘o’ e~
the variation in chemical shifts of Cy3CH, signals when R SO 130.0
passing from native to an intermediate state (Table 1). | = N = 1350
Indeed, theBCH, proton signals from Cys 63 and Cys 77 5 10.0 0.0 8.0 70
experience larger variations than those from Cys 43 and Cys , 106.0

46. It is worth recalling that aromatic residues close to the B
cluster are believed to play a crucial role in stabilizing HiPIPs
(Agarwal et al., 1995; Li et al., 1996; Soriano et al., 1996;
Bian et al., 1996). o0
Free Energy Analysis.The inset of Figure 2 shows the
relative intensity of the signals from the native and inter-
mediate states as a function of GdmCI concentration. These
data were fitted to eq 3, whefg; is the molar fraction of .
the intermediate staté\GH° is the free energy difference 4
between the native and the intermediate state in the absenceg »- e 1350
of denaturant, [GdmCI] is the concentration of denaturant, 575 5.0 5.0 80 7o
andm is a constant that relates to the increase in the degree ‘ 105.0
of exposure of the protein during the perturbation. This 1 C V |
equation holds in the assumption of only two states being 1 ol 1o.o
present, each insensitive to changes in [GAMCI] (linear e
baseline approximation) (Doyle et al., 1996). Equation 3 is o O & nso §
: 15
1200 N (PPM)

110.0

115.0 8
1200 N (ppm)

125.0

130.0

equivalent to the standard eq 4 relating the free energy

exp(MGdmCI)/RT) 125.0
fint = H,O (3)
expAG™"/RT) + exp(m[GdmCI}/RT) s
@o o 130.0
AGP = AG™® — m[GdmCI] (4) 135.0
11.0 10.0 9.0 8.0 7.0

difference between native and intermediate states to the S 'H
concentration of denaturant (Pace, 1986), whe® is the (ppm)
free energy of the perturbation at a specific concentration FiGure 3: 600 MHz ¢H) H—15N HSQC spectra of (A) native

of denaturant defined by [GdmCI]. From these dat&H-° HiPIP, (B) a 1:1 mixture of native and intermediate states obtained
_ 1 _ 1 : at 3.7 M GdmCl, and (Cy90% intermediate state for reduc€d
= 22:£ 3kJmol™ andm =6 £ 1 kJ mol™ were estimated ;.\ 14ipiP. obtained at 4.4 M GAmCI at pH 6.8 and 298 K.

from a linear regression analysis. The magnitudaGf'=° For most cross peaks in (A) a safe sequence-specific assignment is
compares well with typical values obtained for normal available (Banci et al., 1995). These cross peaks are labeled
denaturation of moderately sized proteins, indicating sub- according to the sequential numbering of the corresponding NH
stantial unfolding. The magnitude is also consistent with 9roups. The peak assigned to Gln 47 is left out of the spectral
the fact that this equilibrium has not previously been window.
observed in variable temperature experiments, lying at While only small variations in the chemical shifts of some
considerably higher energies than the Boltzmann faRibr  signals of the native state (Figure 3A) are observed through-
around room temperature<{3 kJ mof?). The magnitude  out the GdmCI titration, as can be clearly observed in the
of mis, however, significantly smaller than typical values 50%—50% mixture shown in Figure 3B, significant changes
observed in protein folding/unfolding experiments (Johnson are observed in the intermediate state. The HSQC spectrum
& Fersht, 1995), indicating incomplete exposure of the of the fully formed intermediate state is shown in Figure
polypeptide chain to the solvent and consistent with cysteine 3C. The HSQC spectrum, except for a few cross peaks, is
ligation to the iron-sulfur cluster. definitely reminiscent of what is expected for a protein in
Protein Unfolding Monitored througtH—'5N Correlation an unfolded state. The observed reduction of proton chemi-
Experiments anéPN Relaxation Measurementsncreasing cal shift dispersion as well as the nitrogen shifts, which are
amounts of GAmCI were added to a freshly dissolved solution largely grouped in the limits of random coil systems
of ®N-enriched, reduce@. vinosumHiPIP, at pH 5.2. The  (Szilagyi, 1995), indeed confirms that the intermediate
effect of adding GdmCI was followed by monitoring the species is largely unfolded.
changes in the HSQC spectrum of the protein, according to  '>N-labeled samples allowed us to easily monitor shifts
the common practice in protein folding experiments (Frank and relaxation properties of the signals from amide groups.
et al., 1995; Neri et al., 1989). Figure 3 reports the HSQC Although a firm assignment of signals of the intermediate
spectra collected as a function of GAMCI concentration.  state could not be performed, tfievalues of the resonances
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Ficure 4: Distribution of3N T; values for the NH groups in native : 135.0
(A) and intermediate (B) states of redudgdvinosumHiPIP. The noe 100 o0 89 7o
measurements were made at 600 MP)(and 298 K, using a C ‘ 62+ 105.0
refocused INEPT HSQC sequence (Barbato et al., 1992). 4
. 110.0
could be determined and compared to those obtained for the| LRI
signals of nativeC. vinosumHiPIP. ‘ n 17 ' s.0
Figure 4 shows the distribution &N T values for the ' a5 e 1
. . . . . o 20.0
NH groups in native (A) and intermediate (B) states of T omn .6 o
. . . . . . ® hd L bo
reducedC. vinosumHiPIP. The two distributions are clearly . . “ 1 asa N (ppm)
different by statistical criteria [at the 0.05 level for the 50
standard independent t-test (Ott, 1988)]. The most repre- . 63 82 130.0
sentative values are around 500 and 800 ms for the two o
species, respectively. The statistical analysis has been — s - — 135.0

performed using only thosE values that could be obtained

with standard errors smaller than 20%. As longevalues d'H (ppm)

in ur]folding experim.ents are often_ related to the enhancgad FIGURE 5: 600 MHz ¢H) H—5N HSQC spectra, obtained on
mobility of the protein region bearing the NH group (Neri  reducedC. vinosumHiPIP at pH 6.8 and 298 K, for (A) native in
et al., 1989; Farrow et al., 1995), it appears that most residuesD;0, (B) native in BO in the presence of 2.0 M guanidinium
in the intermediate state show an increased mobility with chloride, and (C) native in f in the presence of 3.0 M

; ; ; guanidinium chloride. The signals in (A) are labeled as in Figure
respect to the native state. Still, there are a few signals of3. Spectrum A was obtained afé h of D,O exchange. A kinetic

the HSQC spectrum that do not change appreciably, neitherprofiie (not shown) for the firs6 h demonstrates that the missing
in shifts nor in relaxation, when passing to the intermediate signals in (A), with respect to the water sample (Figure 3A), are
state. They most probably belong to residues in those partsexchanged either immediately or within the first hour, whereas the

of the protein in which tertiary structure of the native protein Signals that are still apparent in (A) have not exchanged appreciably
has been retained over the first 6 h. Spectrum B was obtained after an additional 6 h

. . . . . from the initial addition of 2.0 M guanidinium chloride and
~ HSQC in DO Solution. To monitor differential changes  spectrum C after a furtnes h (18 h total) from the subsequent
in the solvent accessibility of the amide region with increas- addition of guanidinium chloride, raising its concentration to 3.0
ing concentrations of GdmCI, HSQC experiments were M. Again, the missing signals in (B), with respect to (A), are either

performed on samples freshly dissolved inCD We exchanged immediately or within the first hour, whereas the signals
that are still apparent in (C) have not exchanged appreciably over
expected that the exchange betweeOHand DO would 0 ¢ 6 h after the second addition of guanidinium chioride. The

quench the intensity of signals of the intermediate state peak assigned to Gin 47 is left out of the spectral window, and it
because of the increased solvent accessibility due to theis observed in all the three experiments«@).

“open” configuration of the protein in the intermediate state

(Buck et al., 1996). Since the native and intermediate forms GdmcCl, still containing more than 98% of the native state,
interconvert over a time scale that is slow with respect to should directly result in a decrease of those signals for which
the chemical shift differences, but fast with respect to the the solvent accessibility in the intermediate state is increased.
duration of the HO/D,O exchange NMR experiment, the The HSQC spectrum of the native protein igis shown
quenching of the HSQC signals of the intermediate speciesin Figure 5A. Residues which are completely exchanged
should also be transferred to the signals of the native form. after 2 h are localized on the first part of the sequence and
Therefore, the addition of GAMCI to,D solutions in 2 mM in the region 53+59. In these regions, corresponding to the
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FiGure 6: Stereoview of the solution structure of native redu€edinosumHiPIP (Banci et al., 1995), color-coded to show the different
exchange properties of NH protons between native and intermediate states: gray, NH protons readily exchayedtireDative state;

yellow, additional NH protons that become exchangeable through the intermediate state; red, NH protons that exchange slowly in both the
native and the intermediate states. The cluster atoms are colored in blue. It can be noted that the nonexchangeable backbone NH protons
are all grouped on the side of Cys 43 and Cys 46 (right-hand side), which remain shielded from solvent. In contrast, most of the NH protons
that become exchangeable through the intermediate state are on the side of Cys 63 and Cys 77 (left-hand side and bottom), thus exposing
this side of the cluster to solvent.

more external part of the protein, exchange with solvent is of these residues to the groups that shield this side of the
such that HSQC signals are already quenched in the nativecluster in the native state (compare panels A and C of Figure
state (i.e., before the addition of GdmCI). 2); (iv) a relatively large degree of unfolding but, at the same

At 2 M GdmCI concentration (Figure 5B), there are several time, substantial retention of tertiary structure, as suggested
more resonances of the native state that disappear oy a thermodynamic analysis of the NMR data at variable
significantly decrease in intensity, as expected from the GdmCI concentrations (Figure 2B inset); and (v) a dynamic
increased solvent exposure of the intermediate state. Theyinterconversion with the native state, with a first-order rate
are 6, 14, 16, 2224, 30-35, 46, 64, 65, and 83. Some of constant of about 10°% (Figure 2B).

the above signals completely disappear, while others show The increased conformational flexibility of the intermediate
a significant decrease in intensity (signals 34 and 64 are notstate is further illustrated by the data summarized in Figure
shown in Figure 5A because they are barely detectable fromg, which shows the regions of the protein backbone where
the noise, while signal 24 is not shown because it is outside the peptide NHs exchange readily with@in the native
of the spectral region shown in Figures 2 and 5). Overall, state (gray), the additional regions where the peptide NHs
only a few signals remain in the region-89, and at least  pecome readily exchangeable in the intermediate state
three of them are located close to position 19, which, as (yellow), and the core of the protein that maintains nonex-
extensively discussed by several authors (Stout, 1982;changeable peptide NH in both the native and intermediate
Agarwal et al., 1995; lwagami et al., 1995; Li et al., 1996), states (red). Figure 6 shows that the essential structural
is supposed to play an important role in driving the stability features of the intermediate state are a native-like conforma-
of the protein. From residue 40 thereon, almost no signal tion of two stretches of sequence: one<4¥) encompass-
shows distinct behavior on passing fromdd2 M GdmClI, |ng Cys 43 and Cys 46, and the Other{&y)' encompassing
with the exception of Cys 46 and residues 64 and 65 that lie Cys 63 and Cys 77 and protecting the Cys-&¥'s 46 cluster
between Cys 63 and Phe 66, which is another aromaticside from solvent. Figure 6 also confirms the exposure of
residue close to the cluster. The successive addition ofthe cluster upon mobilization of the stretches of sequence
GdmCl (Figure 5C) basically reinforces this picture. (from Ala 14 to Thr 24 and from Ala 30 to Ala 32) that
protect the cluster from solvent on the Cys83ys 77 side.
DISCUSSION Within these regions, only lle 15 and Leu 17 NH are still
In a solution of 4.4 M GdmCI, NMR solution spectra ©Observable in BO solution &3 M GdmCl, although with a
provide clear evidence for a distinct partially unfolded state Much reduced intensity (Figure 5C).
of reduced HiPIP (Figures 2C and 3C). This state is The [Fa-S4)°" center, at variance with the reduced jFe
characterized by several unique features, which include (i) S4)?* center, is unstable with respect to the hydrolysis
an intact [Fe-S4]?" cluster regularly coordinated by the four products (Pilon et al., 1992; Li et al., 1996; O’'Sullivan &
original cysteine ligands (cysteines 43, 46, 63, and 77), asMillar, 1985; Ciurli et al., 1990). The oxidized [F&4]3"
evidenced by the presence of all their hyperfine-shifi€tH, cluster in HiPIPs is protected by a hydrophobic protein
protons (Figure 2C); (ii) conformationally flexible regions, environment, which excludes solvent and prevents hydrolysis
demonstrated by the clustering of many HSQC peaks in of the electrophilic cluster (Agarwal et al., 1995; Iwagami
chemical shift ranges typical of random coil structures etal., 1995). Nevertheless, oxidized HiPIP solutions do have
(Figure 3C), by a significant overall increase N a slight tendency to slowly decompose the hydrolysis
longitudinal relaxation times (Figure 4), and by the loss of products of the cluster and then act as reducing agents toward
many peptide NH signals in £ solution; (iii) substantial  the oxidized protein molecules [a dismutation process known
solvent exposure of about half of the cluster cubane surface,as “cannibalism” (Holm et al., 1990)]. This tendency might
on the side coordinated by cysteines 63 and 77, as showrbe ascribed to imperfect protection of the cluster, due for
by the loss of long-range 1D NOEs from tA€H, protons instance to modest structural differences between the reduced
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assess at this stage. Indeed, the mechanism of formation of
Fe-S clusters is far from being understood, in the sense of
how the iron ions at the required oxidation state are provided
and assembled with sulfide ions. However, we believe that
the present data do provide hints for the mechanism of
formation of the protein. There are no extended elements
of secondary structure in HiPIPs, which would energetically
contribute to the actual shape of the protein. On the contrary,
the present work shows the role of the Fe-S bonds and of
the presence of the cluster as a major contribution to the
o stabilization of the protein. Indeed, in high concentrations
) -e- of GAmCI the structural feature which remains is provided
| [Fess - ,/ / \ by the cluster and the coordinated cysteines. When the
~ / J oxidized cluster is not protected anymore by the hydrophobic
) T groups as it is in the native state, the cluster falls apart and
the protein undergoes denaturation. From model chemistry
B we learn that the reduced [FF8,]>" cluster assembles even
FiGURe 7: Schematic pathway of the folding/unfolding process of in protic solvents (Berg & Holm, 1982), whereas this is not
C. vinosumHiPIP in different oxidation states. While there is a true for the oxidized [FeS4]®" cluster. When, furthermore,
reversible equilibrium between the reduced native state and the attempts are made to mutate cysteines to serines through site-

reduced intermediate state driven by the presence of GdmCI, no y: - e .
intermediate state can be detected in the oxidized form. The directed mutagenesis iBscherichia coli only the C77S

oxidation of the intermediate reduced state and the loss of the clusterMutant is relatively stable (Babini et al., 1996; Agarwal et
in the oxidized form upon addition of GAmCI are both irreversible al., 1996), whereas the C43S and C46S mutants cannot be

processes. isolated and the C63S mutant is very unstable (unpublished
results from our laboratory). This, again, is consistent with

and oxidized states which, however, have not been detectedhe observation that the protein by itself has not a stable
at the present level of resolution of the available solution tertiary structure independent of the cluster. Finally, a
structures (Bertini et al., 1995b, 1996b; Banci et al., 1994). pehavior analogous t€. vinosumHiPIP is shown by the
The present work indicates a distinctly different possibility: HiPIP | from E. halophila (unpublished results from the
namely, that the oxidized form could decompose as a resultFlorence laboratory). Therefore, even if this working
of an equilibrium with the intermediate state described herein. hypothesis needs to be confirmed, the formation of the
To test this hypothesi2 M GdmClI (i.e., an amount that  cysteine-coordinated cluster with a still largely unfolded
generates less than 2% of the reduced intermediate specie$rotein around is a very reasonable candidate intermediate
Figure 2 inset) was added to a sample of oxidized HiPIP, in in the in vivo folding of the protein.
the absence of oxygen. Immediate bleaching of the solution
was observed and disappearance of the hyperfine-siifted CONCLUDING REMARKS
NMR signals typical of the oxidized species (data not
shown). This observation suggests that, although the fraction
of intermediate state decreases to undetectable levels upo
lowering the concentration of GAMCI, even the tiny amounts
of intermediate state in solution in the absence of guani-
dinium chloride (of the order 0.01%, as estimated from
AGH0, Figure 2B inset) will be able to mediate the slow
hydrolytic decomposition of oxidized HiPIP, as experimen-
tally observed.

The overall behavior of the system is sketched in Figure
7. While the intermediate state can be observed and

characterized when the native protein is in the reduced form,to solvent and lead to hydrolytic degradation. Accordingly,

its exposure to oxygen leads to irreversible loss of the cluster, : . 7
A . . we pr that protein dynami ntrols the cluster stabili
leading the system to the same irreversibly denatured state e propose that protein dynamics controls the cluster stability

reached upon addition of GdmCI to the oxidized form of In the two OX'dathn states. - -
. : X . If then we consider the possibility of obtaining the Cys/
the protein. The scheme of Figure 7 is only partially S i
Ser mutants (Babini et al., 1996; Agarwal et al., 1996) and
analogous to the BornaHaber cycle adopted by McLendon S .
. . the stability in protic solvents (Berg & Holm, 1982) of the
and co-workers (Bixler et al., 1992) and by Pielak and co- FeS2 polymetallic centers, the intermediate appears as a
workers (Hilgen-Willis et al., 1993) to address the different & poly ’ PP

stability of ferro- and ferricythochrome While in the case candidate in the folding process of the protein.
_of cythochrome_zs ther_e is a range qf GdmCl concentrations REFERENCES
in which protein folding can be triggered by an electron

- e~

+gdnCl

/ //‘ +hydrolyzed cluster

Upon addition of GAmCI we have identified a partially

nfolded state that is a possible intermediate in the unfolding
pathway of a cluster-containing protein. It has been shown
that this intermediate state is characterized by a floppy
structure in which a large share of the polypeptide chain is
in a random coil state and most of the long-range NOEs are
lost with the exception of the protein region approaching
the cluster in the proximity of Cys 43 and Cys 46. The lack
of NOEs is consistent with short correlation times due to
the mobility of the unfolded regions and/or to increases in
distances. These movements expose thgJffe cluster

transfer event (Pascher et al., 1996)CirvinosumHiPIP it
is not possible to isolate a partially unfolded, oxidized form
of the protein.
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