Biochemistry1999, 38, 4669-4680 4669

Articles

Structural and Dynamical Properties of a Partially UnfoldegSk-®rotein: Role of
the Cofactor in Protein Foldirig

Detlef Bentrop’ Ivano Bertini,** Rita lacoviellot Claudio Luchina€ Yohei Niikura} Mario Piccioli}
Chiara Presenti,and Antonio Rosafo

Department of Chemistry, Usersity of Florence, Via Gino Capponi, 7, 50121 Florence, Italy, and Department of
Soil Science and Plant Nutrition, Urersity of Florence, P. le delle Cascine, 28, 50144 Florence, Italy

Receied Naember 6, 1998; Résed Manuscript Receed January 27, 1999

ABSTRACT. Heteronuclear multidimensional NMR spectroscopy was used to investigate in detail the
structural and dynamical properties of a partially unfolded intermediate of the reduced high-potential
iron—sulfur protein (HiPIP) fromChromatiumvzinosumpresentm 4 M guanidinium chloride solution.

After an extensive assignment BN and!H resonances, NOE data, proton longitudinal relaxation times,
and3Junna coupling constants as well 43N relaxation parameter§{, T, T1,, and'H—N NOE) were
obtained and used to build a structural model of the intermediate. T8 Elester of the HiPIP plays

a decisive role in determining the resulting structure, which is random in the N-terminal half of the protein
and partially organized in the loops between the cysteines bound to the cluster. Consistent with the structural
data, the backbone mobility is typical of folded proteins in the regions where there are elements of structure
and increases with the structural indetermination.

It was reported earlierl] that the reduced high-potential that the formation of a stable intermediate is rather unique
iron—sulfur protein (HiPIP) from Chromatiumwinosum(Cv) among HiPIPs and also among other+&proteins §).
underg(_)e_s a reversi_ble partial denaturation ?n the presence \whereas the studies of unfolded, partially folded, or
of guanidinium chloride (GdmCI) and gives rise to a stable panially unfolded proteins are relatively numerous (&<
intermediate at a concentration of abal M denaturing 514 references thereif; 10 little is known about the role
agent. Thg equilibrium between Fhe native and the mterme_dl— of a metal cofactor in protein folding/unfoldind.1—13),
ate state is slow on the NMR time scale and both specieSgqm noth the structural and dynamical point of view. An

alre obsen/edfby NMR spectrotsc_oriM.(HiFl’IPs are ﬁrgf" appropriate approach is the use of multidimensional hetero-
electron-transfer proteins containing aBecluster wit nuclear NMR spectroscopy, which is, however, hampered

or 2+ charge depending on the oxidation stf2e-4). The b : : -

. ; . ; y the possible existence of partially (un)folded conformers
OX'?'?ed ';;'PIF trsp@ly decpmposes |nt§) thfethunfcl)ldted a;;o— interconverting one into the other. Depending on the time
gg e'gl"’.m I(;]dod (talrlﬁrganllct(_:ogpolPen sorthe cijsde:r\]/vten scale of the interconversion, this disordered situation can

mCl is added to the solutiod) It was suggested tha lower the quality of the NMR spectra and make their

fjheesr:cioe rlr(;]:ltt'r?g o(;fi dtigg dmctlirsTeerdflraot% tsr?eezglsve?t 2% s;(igtsinterpretation difficult. In the present case, there is also the
paramagnetism of the cluster, which contributes to the

its collapse. Since the cluster is rather stable in the reduced ? X
. : . . . ; broadening of resonance lines4j.
species, its role in opposing to the denaturing action of

GdmCI can be investigated. However, it has also been shown The intermediate state of the reduced HiPIP fromin
the presence of GAMCI had been studied previously through

* Supported by the European Union, TMR program, Network the solvent exchangeability of backbone amide protons in

ERBCHRXCT940626, and Large Scale Facility Grant ERBFMGECT Order to monitor its increased mobility with respect to the
950033, by “Comitato Biotecnologie e Biologia molecolare” of the native stateX). We report here a further characterization of

CNR, ltaly, and by MURST ex 40%, ltaly. this system aiming at (i) the determination of as many
*To whom correspondence should be addressed: F&139 055 tructural traint ibl i) th tructi f
2757549; Faxt+39 055 2757555; e-mail bertini@Irm.fi.cnr.it. structural constraints as possible, (i) the construction of a
* Department of Chemistry. structural model for the totally or partially structured
$ Department of Soil Science and Plant Nutrition. sequential stretches, and (iii) the detection of different

1 Abbreviations: Cv, Chromatiumvinosum EXSY, exchange spec- o : :
troscopy: GdmCl, guanidinium chloride; HiPIP. high-potential ion degrees of backbone mobility associated with the structural

sulfur protein; HMQC, heteronuclear multiple quantum coherence; Properties. The specific properties of paramagnetic metal-
HSQC, heteronuclear single quantum coherence; INEPT, insensitive loproteins were exploited in order to transform the disad-
nuclei enhanced by polarization transfer; NOE, nuclear Overhauser i i i -
effect; NOESY, nuclear Overhauser effect spectroscopy; RMSD, root- VanFagef of paramagnetism into meanlngful structural con
mean-square-deviation: TOCSY, total correlation spectroscopy. TPPI, Straints *Junwq values were determined to check whether the

time-proportional phase incrementation. @ dihedral angles of the protein backbone are typical of a
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random coil or of a partially organized species. Furthermore, To identify spin systems for the sequential assignment of
BN Ty, T2, andT,, relaxation times as well @s1—'°N NOEs the intermediate state 6f HiPIP, two TOCSY-*N HMQC
were measured to characterize the dynamic properties of theexperiments with spin-lock mixing times of 35 and 60 ms
intermediate state in terms of its mobility on the time scales were carried out at 600 MHz. They were recorded with 2048

that are accessible to modern NMR methods. (*H) x 111 (N) x 288 (H) data points and suppression of
the solvent signal by the WATERGATE techniqu&9).
MATERIALS AND METHODS Other 3D experiments for the determination of structural

constraints were performed at 800 MHz. A Watergate
NOESY—1N HSQC experiment was carried out with a
mixing time of 180 ms. Spectral windows of 7813 HEl)

x 2000 Hz #N) x 7576 Hz {H) were employed; the
number of data points was equal to that of the TOCS¥

Sample PreparatiorReduced, recombinaf@ HiPIP was
expressed as a fusion proteirEacherichia coliand purified
according to previously published protocols(16). Uni-
formly N labeled samples were prepared by growkhg

coli strain TOPP1 (Stratagene) containing the plasmide HMQC experiments. A HNHA spectrun2() to extract
PEBCV10 on M9 minimal med|'um with 0.5 g/LlEWH“)Z. . 3JunHe coupling constants was collected with 204B1) x
SQs. For each sample approximately 10 mg of purified g, (*N) x 96 (*H) data points. States-TPPI was used for
protein were exchanged into a final volume of 3600f 20 quadrature detection in both iﬁdirect dimensions

mM potassium phosphate (pH 6.7) by ultrafiltration (Cen- A H—H NOESY (1) experiment on an unlabeled sample
tricon-3 tbe). All samples were prepared under an argon of Cv HiPIP in the intermediate state was recorded y®OD

at_mosphere. To obtain the unfolding |'ntermed|ate.Ct'wf. solution with a mixing time of 100 ms at 800 MHz. Water

H'P”?’ a ca_lrefully_ degassed 10 M .SOIUt'On of guanidinium suppression was achieved with a WATERGATE sequence
chloride (Sigma) in 20_ mM potassium phosphqte (pH_§.7) (19), whereas the residual signal of GdmCI was suppressed
was added to the protein solution under anaerobic condltlons.by continuous coherent irradiation during the relaxation delay

'i‘.dld't'p? of 2f20/4t!_ of GéijtI. SItIOCk fscﬂjut:;)n r?s_ultedhm & andthe mixing time. A total of 4096 620 data points were
-+ MiXIure ot native and partially unfolded protein, whereas acquired over a spectral window of 9762 Hz in both

an addition of 28Q:L of GAmCI stock solution was necessary dimensions
for a sample with a 1:4 ratio of native and intermediate form. 15\ T, .relaxation rates were measured by use of a

I 14 -1
A sample_of unlabeled:y HiPIP for a *H—"H NOESY previously reported sequen@?), modified to remove cross-
spectrum in BO was prepared in an analogous manner by . e|ation effects during the relaxation del@g); >N T, *

addition of a solution of deuterated GdmCI to 26 mg of :

. . . relaxation rates were measured by a commonly used scheme
protein dissolved in the above'buffer'm 99'80‘5”@ GdmCl (23, 24. 2048 x 220 data pointsywere collec)t/ed with 16
was deuterated by repeated dissolution d@nd evapora- scans for each experiment over 5682 Hz intHalimension

tion of the solvent under vacuum. , and 1937 Hz in the indireé®N dimension. The recycle delay

NMR Spectroscophll NMR experiments were recorded  \yas 2.2 s. A commercially available algorithm for linear
at 293 K on Bruker Avance 800 and 600 spectrometers.  pradiction was used for the indirect dimension. Quadrature

One-dimensional (1D}H NOE difference spectra were detection in thé=1 dimension was obtained by the TPR5Y(
recorded after selective irradiation of hyperfine-shifted and method. Presaturation was used to suppress the strong solvent
fast-relaxing resonances by previously described acquisitionsignal. Nine experiments were collected to measuré¥ie
schemes 17, 18) at 800 MHz. In the case dfN-labeled T, relaxation times, with recovery delays of 10, 70, 150, 250,
samples!*N decoupling during acquisition was employed. 380, 540, 740, 1000, and 1350 ms. Eight experiments were
Typically, a repetition rate of 3.2°$ and irradiation times  carried out to measure theN T, values, with delays of 7.6,
of 154 ms were used. 15.2, 30.4, 60.8, 106.4, 167.2, 258.4, and 344.4 ¥s:

To detect connectivities between amide cross-peaks of the!>N NOEs were also measured by use of a previously
native and the intermediate state, 2D HSEEXSY spectra reported sequence®). 'H saturation was kept for 2.5 s and
on a sample containing a 1:1 mixture of the two states were preceded by a 500 ms presaturation pulse. In the reference
collected with mixing times of 10, 30, 60, and 100 ms. experimentH saturation was replaced by two 1 ms trim
Typically, a relaxation delay of 900 ms and a delay of 5.5 pulses spaced by 1 ms. AN relaxation time and NOE
ms for the INEPT transfer were used; water suppression wasmeasurements were carried out at 600 MHz.
achieved by presaturation during the relaxation delay and All NMR data were processed with the standard Bruker
the mixing time; spectral windows of 10 000 HEj x 4054 software (XWINNMR). The program XEASY (ETH Zich)

Hz (*N) were used. Several series of inversioacovery (27) was employed for spectral analysis and assignment.
15N HSQC experimentsR180°y—7—HSQC) were carried Calculation of a Structural Model of the «CHiPIP
out at 800 MHz to measure the nonselective longitudinal Unfolding Intermediate The calculations of a structural
relaxation rates of HN protons. Thedelays of the two sets  model for the unfolding intermediate &@v HiPIP were

of experiments performed on the native protein were as carried out with the program DYANAZ2Q). Various types
follows: (i) 2, 3, 5, 13, 21, 31, 51, 81, 121, 201, and 301 of conventional and nonconventional “paramagnetic” con-
ms; (ii) 30, 50, 70, 100, 150, 250, 350, 510, 710, and 1010 straints have been utilized in the present work:

ms. For the intermediate state, one set of inversietovery (i) Dipolar Connectiities. The volumes of unambiguously
HSQC spectra with delays of 12, 16, 20, 24, 30, 40, 50, 60, assigned NOESY cross-peaks between protons of amino acid
80, 100, 120, and 150 ms was recorded. To detect cross+esidues in the C-terminal half of the protein (residues 39
peaks involving fast relaxing protons, the relaxation delay 85) were converted into proterproton upper distance limits
was set to 300 ms and the dephasing delay to 2.6 ms in theby the program CALIBA 29) using five different classes
two sets of experiments with shartdelays. of NOEs @0). In total, 145 dipolar connectivities from
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NOESY spectra were used (127 from NOESMSQC and
18 from 2D NOESY). Dipolar connectivities of hyperfine
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shifted cysteinylfCH, protons obtained from 1D NOE & @ [
difference experiments were transformed into upper distance 1 2 (/%\\.\Jyﬂfg . 100 o
limits by means of the steady-state approximati®f) (vith ! / Y : @//A\\\,\\\g) =
a rotational correlation time of 6.4 ns. The latter value was @m 60 . %
obtained from the calculations in the model-free formalism Q§. U B - g
described below. ] %@\a///// frio =

(i) Distance Constraints for the ClusteFhe FaS, cluster éf’\yjj/
was included in the structure calculations as described
previously for the native protein through the addition of an ;.bo 50 0 s

artificial amino acid residue of the type CyS,—Fe—S to

the DYANA residue library 82). A total of 26 upper and

26 lower distance limits between pairs of Fe, S, apdtms,
respectively, were imposed to define the cubane cluster
geometry. This is the minimum number of constraints
necessary to build up the cluster with its geometry known
from crystallography and does not impose any restraints on
the backbone or £ atoms of the cysteines involved.
Moreover, these constraints leave undefined the chirality of
the peptide folding around the irersulfur cluster.

(iii) Dihedral Angle Constraints Detied from the Hyper-
fine Shifts of CysteinyBCH, Protons Constraints for the
C«—Cs—S,—Fe dihedral angle of cysteines coordinating to o0 sk se0 80
a [FeSy)?" cluster can be determined from the hyperfine 5 ('H) [ppm]

chemical shifts of theifCH, protons through the following Ficure 1: (A) HSQC-EXSY spectrum of a 1:1 mixture of native

Karplus-type relationship3g, 34: and intermediateCyv HiPIP (mixing time 60 ms) showing the
exchange correlations between backbone amide cross-peaks of the
native and intermediate species. Primed peaks correspond to the
intermediate species. Peak A, Gly35; peak B, Gly 55; peak C, Gly

. , ' 68. (B) Part of a paramagnetic HSQC-EXSY spectrum with 10 ms
where0 is the dihedral angle between the plane defined by mixi(ng) time. pe,fk D, Segr 79: pea(k?E, Gin 47_p

S,, Cs, and the observed nucleusy©r Hg) and the plane
defined by the ¢, S,, and Fe atoms. The valuesafb, and where1(0), I(»), and T,*" are the three parameters to be
¢ (11.5, —2.9, and 3.7 ppm, respectively) have been optimized. Their values were calculated through a nonlinear
previously parametrized for [F84]>" centers in iror-sulfur least-squares fit. All errors were within20% for the series
proteins @, 33). To select the appropriate value ®among with short delays tailored for the detection of fast-relaxing
the possible solutions of eq 1, the reported stereospecificamide protons (see above) and withi15% for the set of
assignment of the cysteinglCH, protons () was used. experiments with delays up to 1010 ms on the nae

(iv) Dihedral Angle Constraints Dered from Scalar HiPIP. Nonselectiverl; relaxation times of backbone HN
Coupling ConstantsA 3D HNHA experiment 20) was protons withT;*" < 200 ms were transformed into DYANA
performed on both the nativ@ HiPIP and the intermediate  constraints following the procedure outlined in ra$.
state to measure th8ywha coupling constants. They were  Briefly, the diamagnetic component of the nuclear relaxation
corrected according to Vuister and BaR0) in order to rate,p??, must be estimated and subtracted franf{)—* of
account for the different relaxation of antiphase and in-phasethe paramagnetically relaxed proton to obtain the paramag-
coherence. Th&Jnue coupling constant was increased by netic componentoP?@ The diamagnetic contribution to
5%, 10%, and 20% if th&, relaxation time of the HN proton  nuclear relaxation rates was assumed to be*4fer all
involved was higher than 130 ms, between 80 and 130 ms,protons. Upper distance limitsl, were obtained from the
and below 80 ms, respectively. This correction was applied pP*@values by
to the3J values of both the native and the intermediate state.
In this way, alséJunne cOupling constants involving residues
in the vicinity of the paramagnetic center can provide
meaningful structural informatior86).

8 ('H) [lepm]

4 |F1340
F136.0

F138.0

[wdd] (N, ¢

140.0

d=asif 0+ bcosd +c 1)

d = K(p"y~° (3)

K was determined iteratively comparing the calculated

(v) Distance Constraints kolzing the Metal lons Detied metal-proton distances with those in the structure of the
from Nonselectie T; Relaxation Timesnversion-recovery ~ nhative protein. A final value of 9.64 A8 was used. Lower
1H—15N HSQC experiments were performed to determine distance limits for the paramagnetically relaxed HN protons
the nonselective longitudinal relaxation rates of amide Were calculated in an analogous manner witk @alue of
protons (see above). The intensities of each inversion 5.85 A s/

recovery HSQC cross-peak were plotted as a function of the Analysis of *N Relaxation Data®™N Ry, R, and Ry,
delay timet and fitted to relaxation rates were determined by fitting the peak volume

data, measured as a function of the relaxation delay, to a
) single exponential using the Levenbefgarquardt algorithm

— _ _ T eff
() = 1) = [1{e=) = 1(0)] exp(-UT, ") (36, 37 as described in the literatur88). Uncertainties in
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the fitted rates were evaluated by a Monte Carlo approach S APANAVAADDATATALKYNODATKSERYAAARPCLEDE &
similar to the one previously used by several researchers , .., - o m  m = mm o
(38—40). Heteronuclear NOE effects were calculated as the auii) — — ommm = = o—. e - o=
ratio of peak volumes in spectra recorded with and without .+ - - - - - —_
IH saturation. The error on the heteronuclear NOE values —
was estimated by measuring peak volume uncertainties and®"**”
evaluating the error propagation. TH& relaxation data were
analyzed in terms of the model-free formaliséi) through
the Modelfree program, version 3.1, following previously
described methodology88). Uncertainties on the obtained 4 - —_ — -
parameters were estimated by Monte Carlo sampling, as .esn — -— —
implemented in the program Modelfree. G e—m = — = — - - -
Off-resonance rotating-frame relaxation rates are given by “*“*?
(42—45)

doN(,i+3) —_— R

50 60 70 80
QHCANCIOFMQADAAGATDEWKGEQLFPGKLINVNGWCASW

don(ii+2)

don(ii43)

R,” =R, cog 6, + R, sir” 6 +

T TLKAG
. 2 ex
K sin Bi 2 (4) F S —
1+ Tex weﬁ’i FAvC S p—
NS p—

whereR is the longitudinal relaxation rate of th#N nucleus dnii+2)
of theith residueRy,°"* is the on-resonance rotating frame Zﬂ“""f)
relaxation rate for an infinitely large effective field amplitude ~ “**”

(where all exchange contributions are dispersed to z&ro); FGURE 2: Schematic plot of sequential and medium-range NOEs
) tant equal tpPOQ? where p, and py are the involving HN, Ha, and KB protons in the partially unfolded state
IS a COhS b ! a b . of Cv HiPIP. The cluster ligating cysteines are indicated by squares.
populations of the two states a and b between which the The relative NOE intensity is indicated by the width of the bars in
exchange process occurs ab@ is the >N chemical shift the diagram.

difference between the two states; is the time constant

for the exchange process observed for tf¢ nucleus of amide cross-peaks of the intermediate state through their

theith residue 6; is defined by connectivities to the corresponding cross-peaks of the native
state.
0. = arc ta 1 (5) Fast hyperfine relaxation rates are expected to hamper the
' Aw; polarization transfer because transverse relaxation can cause

) ] the loss of information during the INEPT transfer delay, and
Awi = wrr — i, Wherewge is the spin-lock frequency and  gpyiously the magnetization transfer due to the EXSY part
i is the Larmor frequency of th&N nucleus of theith of the experiment can also be affected by the hyperfine
residuew; is the effective spin-lock magnetic field applied. ejaxation. For this reason, the HSOEXSY experiment
werr; is equal to fwi®+w,%)*2 Equation 4 can be rearranged a5 repeated with a shorter delay for the INEPT transfer
as (2.56 ms), relatively short mixing time (10 ms), short

relaxation delay (300 ms), and limited numbertpfncre-

off,cor __ ments (256 experiments Il). Under such tailored condi-
sin? 0, 1o tions, seven additional connectivities were observed. Figure
. 1B shows, as an example of signals that are affected by the
R1p°”'°° +K +2 (6) paramagnetic center, the peaks involving Ser 79.
1+ 7 Weq Another 26 amide groups that could not be assigned from

) ) . the 2D experiments due to signal overlap were assigned from
The experimentaR;,°"" values were fitted as a function e analysis of a 3D NOESYHSQC spectrum. These
of the amplitude of the effective applied spin-lock according assignments of the backbordN and HN resonances
to the above equation, wheré and 7ex were used as  congiituted the basis for the complete analysis of the
adjustable parameters. NOESY—HSQC and TOCS¥HMQC spectra on a sample
RESULTS containing about 80% of the intermediate species. The
sequence-specific assignment of the latter species was
In all NMR experiments, the resonances of the intermedi- achieved in a straightforward manner for the N-terminal half
ate species in the unfolding process of redu€edHiPIP of the protein (residues-242). Despite the limitedH
could be distinguished from those of the native species. Thechemical shift dispersion that is expected in the case of a
ratio of the two forms is determined by the concentration of largely disordered system, an almost complete assignment
GdmCl in the solutionX). of the nonproline amino acid residues in the sequential stretch
Resonance Assignment of the Intermediate State and2—42 was obtained (77% of all theoretically expected proton
Determination of Structural Constraint?art of a 2D resonances and 100% of the nitrogen resonances). The
HSQC-EXSY spectrum recorded at 800 MHz on a sample analysis of the!®N-edited 3D NOESY-HSQC spectrum
containing about 50% of the intermediate species is shownprovided a total of 387 NOEs, mostly arising from sequential
in Figure 1A. This spectrum provided the assignment of 35 and intraresidual connectivities (Figure 2).
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FIGURE 4: 3JunHe coupling constants o€y HiPIP in the native

(d) and the intermediate (partially unfolded) sta® {sersus the
residue number. For those residues of the native HiPIP for which
an experimentatdynn, Value from the HNHA spectrum was not
available (residues 10, 14, 28, 43, 4441, 58, 62, 6465, 68,
76—81, and 85), the coupling constant was backcalculated from
the correspondingb angle in the crystal structure @v HiPIP
[PDB entry 1lhip 62)] using the Karplus equation with the
parameters in re20.

coupling constants in both states. Despite the limitations
arising from the relatively small dispersion in chemical shifts,
accurate®] values could be obtained for 46 residuesCaf

15N chemical shift [ppm]

100+——T T T T T T T T ; ) . . ; .
0 10 20 30 A0 50 60 70 80 HiPIP in the intermediate state. For the native protein 58
residue number 3JunHa coupling constants were determined. Figure 4 depicts

Ficure 3: (A) Backbone amide proton chemical shiftsf HiPIP a plot of the*Juwa values in the intermediate and native

in the native [0) and the intermediate (partially unfolded) ste§ ( state versus the residue number. For the intermediate state,
versus the residue number. (B) Backbone amide nitrogen chemicala comparison with random cotlnu. values 47) shows
shifts of Cv HiPIP in the nativel) and the intermediate (partially  gmg|| differences (in thetl Hz range) for the sequential
unfolded) state®) versus the residue number. stretch 2-38, whereas much larger differences are observed
in the C-terminal part of the protein. These results agree with

For the nativeCv HiPIP an assignment of the amide the above chemical shift analysis.

resonances is available for 75 out of the 79 non-proline _ _ _
residues from Ala 2 to Gly 85. In the intermediate state 68 10 derive dihedral angle restraints for the DYANA
amide peaks out of 79 have been assigned. The unassignegalcuI_at|0n_s, the classification &dunpe co_upllng constants
resonances are the same as those in the native state (Cys 4described in reB5was used. Four coupling constants were
Phe 48, Met 49, and Trp 76). In addition, no amide peaks bigger than 8 Hz and the correspondidy angles were
were observed for Cys 46, GIn 50, Ala 53, Trp 60, Val 73, constrained between155° and —85° (for residues 40, 45,
Cys 77, and Trp 80. The resulting assignment of the 59, and 74). For five amino acid residues Witlino < 4.5
intermediate state is reported as Supporting Information andHz (residues 39, 42, 51, 56, and 83), tieangle was
a summary of the observed sequential and medium-rangeAssumed to be in the 80° to —20° range. In the case of
NOEs is schematically depicted in Figure 2. Asp 52 with a®Junne of 7.9 Hz (9.4 Hz in the native protein),
A comparison of theH and 15N chemical shifts of a ® angle between-17¢° and—70° was imposed. Thus, a

backbone resonances in the native and intermediate state i%Otal of 10 backbone dihedral angle constraints were_used
presented in Figure 3. The distribution of chemical shift or the calcula_tlons of a structural model of the partially
differences is clearly not homogeneous over the entire Unfolded protein.

sequence but rather reflects a significant structural change The previously reported stereospecific assignment of the
in the first half of the sequence and an overall more SCH; protons of the cluster coordinating cysteinéy\as
conservative behavior in the C-terminal half. In the latter, used to derive, dihedral angle restraint88, 48—50) for

only small differences between the native and the intermedi- these residues. In the present case, tps@®nstraints could

ate state are observed for most of the residues, indicating abe obtained for cysteines 43, 63, and 77 (Table 1). For these
nativelike conformation. When the backbone chemical shifts cysteines the actugh values in the native protein are within

of the Cv HiPIP unfolding intermediate are compared to those the limits of the experimental restraints of the intermediate
measured in random coil peptidet], it is clear from the state, thus indicating that not only the cluster topology but
small differences observed in the N-terminal half that this also the dihedral angles of the coordinating side chains are
part of the protein adopts a random coil conformation in the retained. For Cys 46, a discrimination among the possible
intermediate state. x2 values was not feasible.

More information on the structural properties of the  The contact shift experienced by cluster-coordinating
intermediate state was extracted from a HNHA spectrum cysteines can be exploited to perform 1D NOE difference
(20), which was compared to the analogous spectrum experiments on their well-isolated hyperfine-shifted proton
recorded on the nativ€v HiPIP in order to obtairfJunma resonances. Upon selective irradiation of the four hyperfine-
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Table 1: y» Angle Constraints for the Cluster Coordinating Table 3: T;*f Relaxation Times and Upper and Lower Distance
Cysteines in the Intermediate State of ReduCedHiPIP Limits of Paramagnetically Relaxed Backbone Amide Protons in the
Unfolding Intermediate oCv HiPIP Used in the DYANA

x2anglein )
residue x2 angle constraint the native proteih Calculations of a Structural Model
HN of T,eff upper distance lower distance
Cys 43 100,—20 -75 ; P~ =
03{5 a5 E ] 16 residue (ms) limit (&) limit (&)
Cys 63 [53, 142] 128 Ala 44 43.7 5.90 3.58
Cys 77 F124,—44] -90 Asn 45 55.9 6.21 3.77
8 Fe-S,—Cy—C, dihedral angles measured in the crystal structure E%Ig g légg ggg ggé
of Cv HiPIP [PDB entry Lhip §2)]. G)fy 62 1o e s
Cys 63 37.0 5.71 3.47
Table 2: One-Dimensional NOE-Derived Upper Distance Limits in Gln 64 45.2 5.94 3.61
the DYANA Calculations of a Structural Model of th@v HiPIP :_leu7§55 ig?? ggoo §g§
Unfolding Intermediate Ain 74 164. 5 8 52 5 17
cysteine BCH, NOE upper distance Gly 75 40.4 5.81 3.53
residue proton connectivity limit (A) Ala 78 28.8 5.45 3.31
Ser 79 19.7 5.07 3.08
43 Cys rﬁg PERAY e Leu 82 108.0 9.56 5.80
a . ! ’ ’
Hp3 44 Ala MB 47 Lys 83 134.8 7.85 4.77
Hp3 49 Met Hy2 4.4
:gg jg mgi KAVEg 53%3 on the intermediate species are uniqgue measurements of the
Hp3 71 lle MD 4.0 distance between the HN of a given residue and the
HpB3 73 Val Hx 3.6 paramagnetic metal center. Moreover, they provide informa-
:gg ;g xa: wel ‘275 tion on structural changes with respect to the native state
a ] . . ) ;
Hp3 73 Val MG2 45 for which the amide proton relaxation rates were determined,
46 Cys HB3 44 Ala HN 4.7 too. _ o _
Hp3 46 Cys HN 3.2 The T,¢ values of theCv HiPIP unfolding intermediate
:ﬁg 3? 8’5:;‘\] ‘2-57 and the corresponding upper and lower distance limits from
63 Cys H/;3 62 Gl; 0A 47 the polymetallic center that were used as constraints for
Hp3 63 Cys HN 34 D_YANA are reported in Tab!e 3. 1n ad_dition, 32 lower
HpB3 63 Cys Hx 3.7 distance limits of 8.5 A were introduced into the DYANA
HpA3 65 Leu HN 4.7 calculations for the backbone HN protons witiTa> 200
:gg gg Eﬂg gg j'g ms. For the HN protons of the two residues, Tyr 19 and
Hp3 66 Phe ki 47 Asn _20,_that have a strong .hyperfine_ contribu.tion to thgir
77 Cys K52 77 Cys Hx 4.4 longitudinal relaxation rates in the native protein but not in
:gg ;g ﬁ:a H’; i»-g the intermediate state, the distance to the closest iron ion of
a . . ) ;
Hp2 79 Ser HN 42 the cluster in the structure of nativ& HiPIP was used as

a lower distance limit for DYANA (6.9 and 7.5 A,

shifted signals of the intermediatevs HiPIP species, 29 respectively).
NOEs were observed. Eighteen of these were easily assigned Fifteen out of the 17 residues that show a hyperfine
by comparison with the analogous 1D NOE spectra of the contribution to their relaxation rates in the native state retain
native protein. With the set of NOEs available at this point, this contribution in the intermediate state. All these 15
a preliminary family of structures was calculated by DYA- residues are located in the C-terminal half of the protein that
NA. These structures were screened for protons in vicinity Provides the cluster ligands (Table 3). Their relaxation rates
to the hyperfine-shifted cysteinydCH, protons; this infor- in the intermediate form are very similar to the values in
mation, combined with the chemical shifts of the observed the native state, thus indicating essentially unaltered-HN
1D NOEs and with already available assignments from the metal distances. The two residues that lose the hyperfine
NOESY-HSQC and EXSY spectra, permitted the assign- contribution to the relaxation rate of their HN are Tyr 19
ment of the remaining 11 1D NOESs in an iterative manner. and Asn 20 in the N-terminal half of the protein. This result
A total of 26 upper distance limits for the final DYANA shows that the N-terminal half of the protein loses its tertiary
calculations were obtained from the 1D NOE difference contacts with the C-terminal half in the presence of GAmCI.
spectra. They are listed in Table 2. Calculation of a Structural ModelProvided that in the
Hyperfine relaxation rates of protons can be used as 1—38 segment of th€v HiPIP unfolding intermediate the
structural constraints to refine a solution structure that was backbonéHN and!*N chemical shifts as well as t#@nq
calculated mainly from conventional NOE constraints as values clearly indicate a random coil situation, an attempt
shown before in the case of HiPIP | froBctothiorhodospira  to calculate a structural model has been performed for the
halophila (35). Given the lack of long-range NOEs in the C-terminal half using the constraints summarized in Table
intermediate state o€v HiPIP, constraints derived from 4. They refer only to the fragment 385 and their
relaxation rates are the only long-range restraints availabledistribution along the sequence is reported in Figure 5.
in this partially unfolded system. The longitudinal relaxation ~ The final DYANA family consisted of 30 structures
rates of backbone amide protons that were obtained from awithout consistent constraint violations and an average target
“paramagnetic” series of inversiemecovery HSQC spectra  function of 0.85+ 0.18 A The mean RMSD from the
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Table 4: Type and Number of Constraints in the DYANA p——
Calculations of a Structural Model of tf@ HiPIP Unfolding o ﬁ::‘;::q;%?:{e )
Intermediate _ J\ /l
L
number of 2 1 NP
type of constraint constraints é \- Jacad O:i ./'.-\l. /l/ /o/
8 [ S - !
upper distance limits 5 D\o\. u/ dq - W W
NOESY—HSQC 127 a4y J/ L O L
IH—1H4 NOESY 18 2 S B B8 J et
1D NOE 26 © AP wod o
nonselective paramagnefie 15 o]
cluster 26
total of upper distance limits 212 4'0 ' 4'5 ' 5'0 ' 5‘5 T 6'0 " 6'5 ' 7'0 ) 7'5 ' alo ' sls
lower distance limits residue number
lecti tig T 15 . - :
nor;se cctive paramagnetie FicUre 6: Diagram of the pairwise RMSD per residue for the
T, > 200 ms 34 .
cluster 26 backbone atoms of 15 structures of the DYANA family of the
total of lower distance limits 75 HIiPIP unfolding intermediate and for 15 structures of a DYANA
) family calculated with the cluster constraints only. In both cases
angle constraints the structures were superimposed on the eight cluster atoms. The
¢ angles 10 RMSD values are shown for residues-3#5.
%2 angles ) 3
total of angle ConS"a'nt_S 13 Owing to the high RMSD values, a figure displaying the
total number of constraints 300 whole family of structures would be useless. Therefore,
2 Only constraints for residues 335 are listed. Figure 7 depicts a stereoview of the two segments odhe
HiPIP intermediate that have a backbone RMSD per residue
40 44 48 52 56 60 64 B8 72 76 80 84 lower than 10 A (i.e., the sequential stretches-40 and
ugd WA U o oo g z —80- i i
3 61—80; the structures were again superimposed on th&,Fe
w4 o & cluster atoms). For the sake of clarity only nine members of
~ ] the family are shown. Figure 7 also shows an analogous view
o e 0 B of the NMR family of structures of the native HiPIP. It
s B . BB sequenta i :ﬂ appears that the two folds are similar. It should be noted
s IF o g § that the chirality of the polypeptide chain around the cluster
= g 8 in the intermediate state as it results from the DYANA
W ]l &
2 calculations is the same as that observed in the native protein.
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Pico- to Nanosecond Mobilityrhe measureé¢PN R; and
R; relaxation rates and th#1—°N NOE values of theCv
HiPIP unfolding intermediate are plotted in Figure 8A versus
the amino acid sequence. (Tables with the experimental
values ofR;, R, and heteroNOE are provided as Supporting

FIGURE 5: Plot of the number of meaningful intraresidual, Nformation.) _ .
sequential, medium-range, and long-range NOEs per residue versus Ri, R;, and NOE values are given by the following
the amino acid sequence for t@e HiPIP unfolding intermediate. equations §1):

The asterisk (*) denotes residues for whichpadihedral angle

constraint was derived from tHé.nn. coupling constant. The plus d2

sign (+) identifies the cysteines for which g dihedral angle R = n [Jwy — wy) + 3Nwy) + 6)(wy + wy)] +

constraint was used in the DYANA calculations. Residues with a
shortT& for the backbone amide proton that was transformed into
upper and lower distance limits for the Hihetal distance are
indicated by gray bars on the top axis.

R,= d§2[4J(0) + oy — wy) + 3 wy) + 6)(wy) +

average structure in a best-fit backbone superposition of ' 2
residues 4278 is 4.20+ 1.18 A for the backbone and 4.98

+ 1.21 A for all heavy atoms. To analyze the structural data,

it is instructive to superimpose the structures on the atoms
of the F@S, cluster only. In this way, it is possible to compare

Awy) (7)

2
83(y + wy)] + G33wy) + 43(0)] + Rey (8)

2
iﬁd—[&](wH + a)N) - J(CUH - CUN)] 9)

the loops connecting one cluster-coordinating cysteine to the NOE=1+ R yy 4

following one. For such a superposition, the RMSD is higher

than that reported above and is plotted as RMSD per residugynere
in Figure 6. The DYANA calculations were repeated without

the constraints involving the protein part (i.e., with only the

52 cluster constraints) and the resulting family of 30
structures has a backbone RMSD of 4:861.15 A (for a
superposition on the backbone of residues-42). The

RMSD per residue obtained from a superposition on the
cluster atoms only is also shown in Figure 6.

(o) — 0p)
c=———

(10)
V3
h
o= =0 T (11)
87" Iy
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FiGurRe 7: (Top) Stereoview of nine members of the DYANA family of te HiPIP unfolding intermediate superimposed on the eight
cluster atoms. The cluster is indicated by bold black lines. Only the environment of the cluster in which the backbone RMSD per residue
is lower than 10 A is shown. (Bottom) Analogous view of nine structures of the NMR family of n&tiMdiPIP [PDB entry 1hrr 82)].

The figure was prepared with the program MOLMGO&3).
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FiGURE 8: Plots of the!>N relaxation parameters and the backbone mobility data versus the residue numBex. RA\andR, relaxation
rates andH—5N NOE. (B) Parameters of the model-free analysis. (C) Values of spectral density funiftir)sJ(0), andJ(wn).

oy and wy are the Larmor frequencies of thel and >N is

nuclei, respectively;h is Planck’s constanty, is the

permeability of free spaceyy is the N-H bond length, taken

equal to 1.02 A; andy — o is the difference between the 3 _2 Ssz 12
parallel and perpendicular components of the axially sym- (@) = 501+ (0t )2 (12)
metric chemical shift tensor (taken equakt@60 ppm).Rex m

is the exchange contribution &, which may or may not

be present. : . .

Each J() depends on the correlation time for the which cpntams onI)SZ_ as an_adjustable par_ameter. None of
reorientation of the whole molecule,, on the order the residues for which reliabl&N relaxation data were
motions e according to different modelss®), which are first half of the molecule (up to residue 38) could be fitted
simplifications of the extended form of the spectral density by assuming the following form of the spectral density
function proposed by Clore et abJ). The simplest model  function:
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St - 47N
o) =2 L S ° (13) J(wp) = 0.2R(NOE — 1)= = (18)
31+ (w7y) 1+ (w7'y) d*VH
T It should be noted thak«(0) is used instead a&X0) to denote
T'e= .+ (14) that exchange contributions R have not been considered
e m

explicitly in the present calculation$6).

) The values of the spectral density functionsat 0, wy,
whereS andr. are adjustable parameters, wherecan andwy are plotted in Figure 8C versus the residue number,
be either adjusted or kept equal to 1. In the second half of nd their values are tabulated in the Supporting Information.
the molecule, it was necessary to include into the fittings an The J(ww) values obtained in the first half of the molecule
exchange contributiorR,) to the transversaPN relaxation [with an average value of (2.4 0.5) x 107! s rad?] are
rates R) for the majority of the residues. The form of the sjzably larger than in the second half [with an average value
spectral density function used for the fitting of the relaxation of (1.3 + 0.6) x 107! s rad™}]. The averagel(0) value in
data of backbone amides belonging to the second half ofthe first half of the molecule is (1.2 0.4) x 10°s rad™..

the molecule was In the second half of the protein the obtained values are
largely determined by the presence of nonnegligible exchange

2 §rm (1- §)r'e contributions toR, and are consequently much larger than
Jw) = c >+ - (15) in the first half of the proteing4). J(wy) does not give further
1+ (7)) 1+ (07 information; in fact it is determined by contributions that

are already included in the other spectral density functions.
Microsecond Mobility Fourteen residues (39, 51, 52, 54,
55, 56, 59, 61, 63, 64, 68, 69, 74, and 82) showed a distinct

wheret' is defined as abovés is an adjustable parameter,
together with Rex. 7. is either adjusted or regarded as
negligibly small (i.e., yielding a negligible contribution from  dependence of their amidéN R,,°c" relaxation rate on

the second term in the above spectral density function). the amplitude of the applied spin-lock. As extensively

The above models of the spectral density function were discussed in the literaturd, 51, 57, 58), this is due to the
discriminated by fitting the!>N relaxation data of each Presence of local motions on the microsecond time scale.
residue with each one of them. The quality of the resulting The e_xpenmental depende.nce was fltted.as described in the
fittings was then compared, and the most appropriate mode|Mater|aIs and Methods section with the adjustable parameters

was selected on the basis of statistical criteiad) ( K and zex. 'The range of effective spin-lock amp"“.ides
, ) . employed in the present work allows the determination of
The results of the model-free analysis are summarized in ;.. vaiues in the 16400 us range. These values were

Figure 8B (a table of the best-fitting values of the different etermined by imposing that the effective amplitude corre-
parameters is given in the Suppqrtmg Information). The first sponding to the inflection point (wheterex = 1) is smaller
half of the molecule is characterized by an avergealue than 4 times the higher amplitude used (which gives the
of 0.33+ 0.12, whereas this value for the second half is |ower limit for 7.y or larger than a fourth of the lower
0.66+ 0.17. amplitude used (which gives the upper limit fqg). It was
The experimental relaxation data were also used to mapfound that for a few residues (51, 56, 64, and 82) the fitting
the spectral density function values. This approach to the requiredre values higher than those experimentally acces-
interpretation of5N relaxation data, originally proposed by ~ sible. Therefore, for these four residues it is only possible
Peng and Wagne2p), has the advantage over the model- t0 give a lower limit of 40Qus, and no quantitative estimates
free approach of not requiring the assumption of isotropic for the value ofk are obtained. The r_esults _of t_he analysis
tumbling of the molecule in solution. Thus, it is more suitable ©f the Ry, dependence of the 14 residues indicated above

for the case of partially denatured proteing4) >N
heteronuclear NOER;, and R, data at one magnetic field

are not sufficient to derive all the spectral density function

values of interest}0), J(wn), J(wr), J(wy — wy), andI(wy
+ wy)]. However, aswy ~ 10wy, it is possible to reduce
the number of the above parameters to thi#6)[ J(wn),
and J(ww)] by neglectingwy with respect towy (39, 54,

are summarized in Table 5.

DISCUSSION

The body of the experimental NMR data acquired on the
present nonnative state @ HiPIP provides a reasonable
picture of the structural and dynamical features of this system
and may contribute to the understanding of other systems

55). With the above approximations, the spectral density whose unfolding is not complete due to the presence of
function values at the frequencies of interest are given by structural links that restrict the degrees of freedom of the

(rearranging eqs-79):

N

[GRZ - 3R, — 1—58R1(NOE —

Jer(0) = (16)

(3d? + 4c?)

Iy - E(NOE - 1);—: (17)

AR [1
(3d? + 4c?)

polypeptide chain. The restriction in this case is provided
by the four intact bonds between the,Secluster and the
four cysteine residues and in general can be provided by
any coordinated metal ion(s), disulfide bridge(s), cofactor,
etc. In this respect, it is instructive to compare the results of
the DYANA calculations based on the 300 experimental
structural constraints for residues -385 with a sample
DYANA calculation in which these constraints are omitted.
There is only a very modest decrease of the RMSD when
the available experimental constraints are included for the
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Table 5: Exchange Correlation Times and Exchange Constants for
the Residues Exhibiting Chemical Exchange in the Unfolding
Intermediate ofCv HiPIP

residue Tex (US) Re2(s ™)
GIn 39 48+ 9 20+ 4
Ala 51 >400

Asp 52 30+ 9 14+ 5
Ala 54 66+ 52 31+ 25
Gly 55 49+ 10 10+ 2
Ala 56 >400

Glu 59 30+ 23 4+ 3
Lys 61 744+ 21 13+ 4
Cys 63 48+ 13 15+ 4
Gln 64 >400

Gly 68 21+ 4 742
Lys 69 34+ 9 11+3
Asn 74 81+ 32 15+ 7
Leu 82 >400

2 Rex = Ktex (S€C €Q 4 Or 6).

holoprotein. The decrease in degrees of freedom introduce
by the mere presence of the cluster is remarkable, and thi
should be kept in mind for the correct interpretation of the
present results.

In the 85-residue HiPIP, the cysteines coordinating the
Fe,S, cluster all belong to the second half of the sequence
(Cys 43, 46, 63, and 77). The behavior of residues &3
is indeed quite different from that of residues-38. The
3JunHe Values (Figure 4) show an almost complete confor-
mational averaging of backbone dihedral angles in the first
half of the protein; on the other hand, matilynn, values
in the second half of the protein do not match the random
coil values and are in several cases close to the values i
the native protein. The most striking examples are residue
39, 40, 42, 45, 56, 59, 74, and 83. Ry, Values for the
cluster-coordinating cysteines are available, but there is
independent evidence from the hyperfine shifts of ti€lH,
protons that for three out of four of them thye dihedral
angle (Fe-S,—C3—C,) is not appreciably different from the
value in the native state.

In this light, the information derived from paramagnetic

S

Bentrop et al.

values ofS% different from 1. As described by Clore et al.,
this indicates the presence of very fast local motions,
characterized by time constants smaller than about 183)s (
Conversely, for 17 out of the 24 residues in the second half
of the sequence amenable to the model-free analysis it was
necessary to include into the fittings an exchange contribution
to Ry, which is indicative of mobility on the millisecond time
scale. The availablé®N relaxation data were also used to
map the values of the spectral density function at frequencies
0, 60 MHz Ewy), and 600 MHz €wy). From the latter
analysis it results that the-138 portion is characterized by
J(0) values smaller than those normally observed for native
proteins [the average value is (1430.4) x 10°° s, which
compares to typical values for native proteins of about<1.5

2) x 107° s] and byJ(wn) values larger than for native
proteins [the average value is (240.5) x 107! s, against
typical values of around % 107! s]. These two observations
point to extensive backbone fluctuations on the pico- to

dnanosecond time scale in the first half of the molecule. On

the other hand, for the second half of the prot#D) values
are much larger than in native proteins [with an average of
(4.8+ 2.3) x 10°°s], andJ(wy) values are similar to those
of native systems [with an average of (130.6) x 107 %
s]. This indicates again that motions on the pico- to
nanosecond time scale are less important than in the first
half of the molecule and that the second half of the protein
is involved in backbone motions on the micro- to millisecond
time scale.

Motions in the micro- to millisecond time scale can be
directly investigated through off-resonariRg measurements
(40, 43, 49. The results of such measurements are in good

nagreement with what would be expected from the above
Sdiscussion. Most of the residues displaying a dependence of

the Ry,°™c" on the amplitude of the applied spin-lock that
were subjected to the model-free analysis h&d,aontribu-

tion to R, different from zero. Exceptions from this rule are
residues 40, 41, 42, and 58. No off-resonaRgalata could

be obtained for residue 40. For residue 58 it was observed
that the essentially constaRt,°™c" value was sizably larger
than expected for a system of this size in the absence of

enhancements of the proton longitudinal relaxation rates chemical exchange. This is consistent with the presence of
(Table 3) gains particular significance: of all residues conformational exchange processes with a time constant of
experiencing paramagnetic relaxation enhancements in thethe order of 1us, which is outside of the experimentally
native state as a consequence of their proximity to the cluster,accessible range. In addition, also residue 61, which was not
the only two that lose the paramagnetic effect (Tyr 19 and subjected to the model-free analysis due to the lack of reliable
Asn 20) belong to the first half of the molecule. This loss of NOE data, showed conformational averaging. Overall, the
the paramagnetic effect is an important piece of information off-resonancer;, measurements and the model-free analysis
to conclude that the N-terminal half of the molecule, which show that none of the residues in the38 region is involved
also contains two short-helices in the native state, loses in conformational averaging processes on the micro- to
contact completely with the C-terminal part. The same mijllisecond time scale, whereas 14 to 18 residues (out of
behavior is indicated by the few residual long-range NOEs the 25 analyzed with either approach in the second half of
from the Cysteine’)’CHz protons, which all involve residues the m0|ecu|e) are involved in such motions.
in the C-terminal half. Motions on this time scale are often detected as punctual
Even more striking is the result of the analysis of the mobilities and reflect specifically hindered rotations due to
backbone dynamics of th@v HiPIP unfolding intermediate.  steric restraints or isomerizations. Residues in the neighbor-
The model-free analysis of tHeN R;, R, and heteronuclear  hood of disulfide bridges also show slow motional properties
NOE data reinforces the picture of the presence of two of this type 65, 59, 60). In the present case, the observation
distinct motional regimes for the first (up to residue 38) and of a well-defined hyperfine shift pattern of t€H, cysteine
second (residues 385) half of the protein. The averag protons rules out any isomerization involving cluster-bound
value in the latter region is nearly twice the value in the cysteines. Therefore, the slow motions in which several of
first region. Furthermore, approximately one-third of the the residues in the second half of the molecule are engaged
analyzed residues in the first half of the sequence requiredmust derive from hindered rotations about the backbone
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dihedral angles caused by the topological restraints imposedsite of the folding of metalloproteins from a structural point
by the cysteine coordination to the cluster per se. For of view.

example, residues 5466 are part of a large sequential stretch  All the present studies are consistent with the primary role
encompassed by cysteines 46 and 63 and rather far inof the F@S, cluster in retaining some ordered structure under
sequence from either of these two cysteines, and the samesevere denaturing conditions. Therefore, it may be speculated
holds for residues 6870. The present data seem to suggest that the formation of the FeS(Cys) bonds is a key step in
that a complicated sequence of backbone torsion anglethe folding process when the holoprotein is reconstituted in
changes brings about a “slow” isomerization of the HN vitro from iron, sulfide, and the polypeptiddZ, 61). This
vector between different orientations. Overall, this behavior may be a key step also in vivo, although there is not yet

is certainly not consistent with that of a random coil system, experimental evidence. Once the F®Cys) bonds are
which is usually free to rotate about backbone dihedral anglesestablished the actual tertiary structure is obtained.

at much higher rates.
Concluding Remark# structural model for residues 39
85 of the reduced HiPIP fror@v in 4 M GdmCI solution

and fast nuclear reorientation rates. The38 part of the

ACKNOWLEDGMENT

We thank Dr. J. A. Cowan, who opened to us the field of
has been proposed after DYANA calculations using 300 HiPIP unfolding and with whom we had many helpful
constraints of various origin (Table 4). This low number of discussions.

constraints is the result of disorder, conformational averaging g yppORTING INFORMATION AVAILABLE

protein sequence, which is characterized in the native state Table S1 containingH and*>N NMR resonance assign-
by two short helices and by a determined tertiary structure ments of theCv HiPIP unfolding intermediate at 293 K,
essentially as a random coil polypeptide. Indeed, the chemicalSummarizing the results of the model-free analysis, and Table
shift values are typical of random coil, no long-range NOEs S#4 containing the values of the spectral density functions

coil values, theZ order parameter is very small, ad@)

proton Larmor frequency. This material is available free of

values are relatively large. The random coil character of the charge via the Internet at http://pubs.acs.org.

N-terminal half of the intermediate state is consistent with
the high solvent exchangeability of the amide protons in this
region (). A similar picture holds for the very end of the
C-terminal stretch.

Around the coordinated cysteines (43, 46, 63, and 77) there
is some structural order imposed by the covalent bonds
determined by the metal cluster. However, the RMSD value
of the family of 30 conformers for the segment428 is
4.2 A. This value is only slightly smaller than that obtained
without any protor-proton or protor-metal constraints. This
means that there is a large degree of conformational freedom
within the conformational subspace imposed by the ligation
of the four cysteines to the F& cluster, even in the presence
of the various experimental constraints that indicate a
nativelike structure in the vicinity of the cluster. This
interpretation is supported by the mobility studies, which
demonstrate the existence of backbone motions on the milli-
to microsecond time scale in the C-terminal half of the
partially unfolded protein. On the nano- to picosecond time
scale, mobility is here much more restricted than in the
random coil segment-138. A discrimination of the two long
intercysteine loops (4762 and 64-76) on the basis of the
present mobility data is not possible. The relatively low
RMSD values in the loop 6476 (Figure 6) may be due to
the higher number of backbone HIN™ constraints obtained
for this sequential stretch and do not necessarily imply a
more restricted mobility.

The unfolding intermediate df» HiPIP is uniqgue among
the hitherto studied unfolded or partially folded proteins as
it contains at the same time a highly flexible random coil
polypeptide and a more structured part undergoing confor-
mational exchange processes on the milli- to microsecond
time scale, where the conformational preferences are not
caused by the population of secondary structure elements
but imposed by the iroasulfur cofactor. This underlines the
importance of such a cofactot) as a possible nucleation
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