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Nuclear magnetic resonance (NMR) provides detailed insights into the conformational features of unfolded and
partially folded proteins. In the case of metalloproteins, special attention should be devoted to the characterization
of the properties of the metal binding sites, and specific approaches need to be developed depending on the
nature of the metal ion and its coordination environment. At the same time, metal-based NMR parameters may
help in getting a better picture of the average structural properties of the metalloprotein. A critical evaluation of the
limits of applicability of paramagnetic effects for solution structure determination in partially folded or unfolded
proteins is presented. The coupling between NMR characterization of structure and dynamic of the polypeptide
chain and of the metal environment provides insights into the stabilizing role of metal ions in metalloproteins. The
overall approach is illustrated for some case examples of increasing flexibility obtained far from native conditions
for cytochrome ¢ and superoxide dismutase, two metalloproteins that have been extensively studied in our lab and
whose misfolded forms may be relevant for important biological processes.

Unfolded or Partially Folded Metalloproteins biological partnerd: Metal binding can be seen as a special

The characterization of the structure of non-native states 35¢ of the proteinbiological partnf—:-r recognltlop - This IS
of proteins which occur in the presence of denaturants, atpartlcularly true for all those proteins that are involved in
high temperatures, or far from physiological pH values is speuﬁc metal trafflcEklng pathway§ as V\{ella?s for those
believed to be of great interest to understanding the protein Proteins that determine metal-mediated signatirig.
folding mechanisms; the partially unfolded forms, detected
by equilibrium studies, are representative of folding inter- (1) GB{SSQ,ZE-J-: Louis, J. M.; Gronenborn, A. Ni. Mol. Biol. 2004 340,
mediates while t_he fully unfolded forms pro_wde a pICture 5y pyson, H. J.; Wright, P. ECurr. Opin. Struct. Biol 2002 12, 54—
of the conformational ensemble at the starting point of the 60. _
folding process. NMR is the technique of choice for such glriyégé_'\iagat"ﬁ' R.L.; Vaughan, M. RMlethods Enzymol992
studies given its ability to provide information at the level (4) Akke, M.; Skelton, N. J.; Kadel, J.: Palmer, A. G., IIl; Chazin, W. J.
of individual residues on the dynamic and conformational 5 g'tocvemF;SUAﬂ@’g?a ﬁZ’ %33332_—95;44-, V1997 36, 68856895

. . . . eele, R. A.; ella, S. mlochemistr A A .
features in the intrinsically heterogeneous en_semble that Eﬁg Arnesano, F.- Br;nci‘ L Bertini, |- émmi' F.. Ciofi-Baffoni, S.:
characterizes each of these states. In a recent view, NMR of  Huffman, D. L.; O’'Halloran, T. V.J. Biol. Chem2001, 276, 41365~
; : IS ; 41376.
_pamally folded or ur,'fqlded states Is gaining mcrgasmg (7) Arnesano, F.; Banci, L.; Bertini, |.; Huffman, D. L.; O’'Halloran, T.
importance for determining the role of such conformationally V. Biochemistry2001, 40, 1528-1539.
. . . . . Marhuenda-Egea, F. C.; Ruiz-Dt F. JJ. Mol. Biol. 2002 317,

It is emerging that many proteins or protein domains are 415-429. g = 2

only partially structured under physiological conditions and (9) IcB)aFr;cIiI, L; BeTrti\n/i.Jl.; “ACi?fil—ng:}ﬁgg(i),ZS.s;zl;inggg_, é.é ;\.; Ouitten, C. E.;
P : 'Halloran, T. V.J. Mol. Biol. .
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Mol. Biol. 2003 331, 907—924.

* E-mail: turano@cerm.unifi.it. Phone+39 055 4574266. Fax:+39 (11) Banci, L.; Bertini, I.; Borrelly, G. P. M.; Ciofi-Baffoni, S.; Robinson,
055 4574253. N. J.; Su, X. CJ. Biol. Chem2004 279, 27502-27510.
10.1021/ic048962k CCC: $27.50 © 2004 American Chemical Society Inorganic Chemistry, Vol. 43, No. 25, 2004 7945

Published on Web 11/03/2004



Turano

Unfolded states of proteins also play a role in the transport
of proteins across membran@$rotein translocation across
the membrane of subcellular organelles is of general
importance to understand the basic mechanism of noncyto-
solic metalloprotein reconstitution, which occurs after the
polypeptide chain has been synthesized on ribosomes. It is
more and more clear that proteins have to be largely unfolded
in order to cross the membrane and then reach their final
destination where metal reconstitution and consequent struc-
turing occurs. In the particular case of eukaryotic cytochrome
¢, the reverse process is also relevant, as release of cyto-
chromec from mitochondria to the cytosol is at the basis of
caspase-dependent apoptdsis.

Finally, misfolded states of proteins are thought to be
relevant for amyloid diseases or, more generally, for those
diseases that are related to the formation of protein ag-
gregated? This is the case of copper,zinc superoxide
dismutase (Cu,ZnSOD) mutants that are associated with
familial amyotrophic lateral sclerosis (FALS). One of the
dominant hypotheses to explain mutant toxicity relies on the
idea that mutant proteins may become misfolded and
therefore oligomerize into high-molecular weight species, of
increasing size, that ultimately lead to the death of motor
neurong®> The ability of the technique to detect high e | . sdition of GdmCl
molecular weight aggregates is limited to solid-state NMR, rFr:gﬁL?néﬁc Eﬁfgﬁﬁ'ﬁroﬁﬁe ?1is?rt]Lutgtslgeasu?nogniznrelétllsﬁur;fH Ssgcc: °
which is out of the scope of this review; however, attempts experiments. ThéH chemical shift in the absence of denaturant covers the
are in progress to detect the first steps of protein oligomer- range 6-11 ppm (A); wih 3 M GdmCI all the backbone signals are
ization by solution NMR, as well as to characterize the concentrgted bet_weenSand 9 ppm, those falling outside this region_being

. . . due to side chains (C). Spectrum in panel B has been acquired in the
structural and dynamic properties of the isolated mutants andpresence 2 M Gdmcl, and the signals of the folded and unfolded species
understand the molecular determinants for the increasedare both detectable, the two protein forms being in slow exchange on the
aggregation tendency. NMR time scale. (Adapted from ref 18.)

A major challenge for NMR is that of studying molten
globule states or, in general, protein states that are highly
fluxional, with exchange among the many conformational availability of isotopically enriched sampleC and 5N
states being on a time scale from milliseconds to fractions . . . . -
of nanoseconds. The three systems described in this papepuc.le' ch§m|cal shifts are indeed more sensitive to local
represent examples of increasing fluxionality, from the amino acid sequence rather than to the overall structural

. environment and, therefore, maintain a significant chemical
molten globule state represented by the alkaline form of yeast ", .. . . . ;
1617 . -~ shift dispersion even in fully unfolded proteins. The
cytochromec,'®17 to the globular random coil monomeric

CuZnSODS trough the memedte stuaton of ot SISTICS ST, sead = charciome by ersie S0
chromec in the presence of sodium dodecylsulfate (SDS) b gely ' P

. 10 ) : 7 analysis difficult. The situation is depicted in Figure 1, where
micelles!® The three examples will be discussed as a function ; ) g
. . the progressive loss of structure in Cu,ZnSOD upon addition
of the differences in the relevant NMR parameters.

of increasing amounts of guanidinium chloride (GdmCl) can
What Can We Learn About the Polypeptide Chain be easily monitored by the decreased spreadingHn
chemical shifts for backbone amid®s.

Three-dimensional triple resonance experiments to estab-
lish sequential connectivities vi&N and 3C resonances

reviewed in recent timé% 22 and will be quickly summarized
here. The potential of the NMR technique relies on the

Diamagnetic NMR. The approach to study unfolded and
partially folded proteins through NMR has been extensively

(12) Neupert, WClin. Investig. 1994 72, 251—261. constitute the most general approach to obtain unambiguous
(13) Jin, Q. B.; Zhao, B.; Zhang, X. Cell. Mol. Life Sci2004 61, 1816~ resonance assignments. Triple resonance experiments de-
1825. . :
(14) Dobson, C. MNature 2003 426, 884-890. velopeq specmca_lly for the as&gr;mgnt of unfold.ed.states
(15) Valentine, J. S.; Hart, P. Broc. Natl. Acad. Sci. U.S.R003 3617- of proteins are reviewed elsewhé&té?lt is worth mentioning
3622. here that, in recent years, our lab has been heavily committed

(16) Assfalg, M.; Bertini, I.; Dolfi, A.; Turano, P.; Mauk, A. G.; Rosell,
F. I; Gray, H. B.J. Am. Chem. So2003 125 2913-2922.
(17) Assfalg, M.; Bertini, |.; Turano, P.; Mauk, A. G.; Winkler, J. R.; Gray, (20) Brockwell, D. J.; Smith, D. A.; Radford, S. Eurr. Opin. Struct.

H. B. Biophys. J22003 84, 3917-3923. Biol. 200Q 10, 16—25.

(18) Assfalg, M.; Banci, L.; Bertini, |.; Turano, P.; Vasos,JPMol. Biol. (21) Dyson, H. J.; Wright, P. EAdv. Protein Chem2002 62, 311—340.
2003 330, 145-158. (22) Dyson, H. J.; Wright, P. EChem. Re. 2004 104, 3607-3622.

(19) Bertini, I.; Turano, P.; Vasos, P. R.; Chevance, S.; Bondon, A.; (23) Liu, A; Riek, R.; Wider, G.; Von Schroetter, C.; Zahn, R.; Wuthrich,
Simonneaux, GJ. Mol. Biol. 2004 336, 489-496. K. J. Biomol. NMR200Q 16, 127—138.
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Figure 2. 15N—1H HSQC spectrum recorded at 500 MHz for horse heart
cytochromec in the presence of SDS micelles. (Adapted from ref 19.)

to the development of “protonless” pulse sequences based
on 13C direct detection that have the advantage of allowing
sequential assignment without making use of proton reso-
nances. An approach of this type can be used also in the
presence of largely paramagnetic metal ions that make the
1H signals undetectable in a wide sphere around the metal
ion'24—27

Once the backbone assignment is obtained, information
can be gained directly on the conformational preferences of
the ensemble, keeping in mind that when a single set of
resonances is observed NMR parameters simply reflect a
population weighted average over all the accessible confor-
mation_s of the system that are_ i_n fast equilibrium on the Figure 3. 1>N—!H HSQC spectra recorded at 800 MHz for the alkaline
NMR time scale. The most sensitive probe of the secondary form of K79A yeast cytochromeat pH 7.1 (A), 9.7 (B), 11.1 (C). (Adapted
structure features is the chemical shift index, a parameterfrom ref 16.)
that measures the sequence-corrected variations in chemical
shift with respect to random coil valué?® Some insight .
into the secondary structure propensity can also be obtained' "€ alkaline form of cytochrome'® has well resolved
from the analysis of coupling constants that are directly "eSenances, covering a chemical shift range comparable to
related to backbone dihedral angles. For examigya that of the protein under .natlve conghﬂons (Flgure 3). The
values are correlated to the backbgnangles® In the case 3Junna values for the residues that in the native structure
of unfolded monomeric Cu,Zn SOD, tRéua values are give rise to four out of the five helices are still typical far
indicative of a protein that has an essentially random coil helical conformation.
structure for the backbone, in agreement with other spec- Solution structures of folded proteins are obtained prima-
troscopic data® In the case of yeast iso-1 cytochromén rily thanks to the use of medium and long-range distance
the presence of SDS micell&sthe 2Juynua values are the  information available from the nuclear Overhauser effect
result of a fast equilibrium on the NMR time scale between (NOE). NOEs are detectable for each pair of nuclei separated
a protein form witha helical structure and extended random by less than 556 A in space. Normally, about $20 NOEs
coil conformations. The presence of residual secondary are detectable for each residue possessing a well defined
structure is consistent with a nonfully collapsétichemical  conformation. The intensity of the NOE cross-peaks depends
shift spreading for backbone amides, as shown in Figure 2.on the inverse sixth power of the internuclear distance; thus,
(24) Bertini, 1. Duma, L Felli 1. C.. Fey, M.; Luchinat, C.; Pierattell a solution structure is usually based .on_ the a_vallabnny of

R.; Vasos, PAngew. Chem., Int. EQ004 43, 2257-2259. several thousands of upper distance limits derived from the

(25) Bertini, 1.; Felli, I. C.; Kimmerle, R.; Moskau, D.; Pierattelli, R. intensity to distance conversion of the observed NOEs. The

Am. Chem. SoQ004 126, 464—465. . . . .
(26) Machonkin, T. E.; V‘besﬂir, W. M.; Markley, J. . Am. Chem. Soc.  conversion of NOE intensities into distances, however, holds

o %/tl)ozhlzzky 32T04E3%,(\J/5- der W. M.: Marklev. 3. 1L Am. Chem. S as long as the dipolar interaction between two nuclei close
achonkin, 1. E.; estler, . M. Markiey, J. U. Am. em. SocC. . . .
2004 126, 5413-5426. in space is modulated by .the molecular tumbling. Whgn
2283 Sperza, S.; Bax, AJk. Am. Cherrr\]. 3od99l 113 5490-5492. motions faster than tumbling occur, the NOE effect is
29) Wishart, D. S.; Sykes, B. IMethods Enzymoll994 239, 363-392. [
(30) Smith, L. J.: Bolin, K. A.; Schwalbe, H.; MacArthur, M. W.; Thornion, guenched and could even become undetec'table. This is the
J. M.; Dobson, C. MJ. Mol. Biol. 1996 255 494-506. case of unfolded SOD and of cytochromen SDS181°
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Figure 4. In the unfolded form of monomeric Cu,ZnSOD, tfigd} —15N

NOE values measured at 400 MHz are zero or negative, consistent with
the large reduction in the effective correlation time that drops from an overall
9.3 ns in the folded protein to a distribution of values in the range-2.8

ns.

Moreover, the conversion of the NOE into distance is often
difficult as the correlation time for the dipolar interaction is
unknown.

The above considerations introduce the issue of the
peculiar dynamic fe_atgres of nonfully TOlded protein State_s' Figure 5. Family of solution structures for the alkaline form of K79A
The common description of the dynamics of a folded protein cytochromec. The protein is essentially a molten globule with conserved
is based on the presence of a single tumbling time (of the secondary structure elements and important conformational rearrangement

. of the loop bearing Met80. The native Met80 ligand is replaced by Lys73,
order Of na'_qoseconds) which foPgh'Y corresponds to the which constitutes the only anchoring point of the distal loop to the rest of
correlation time from the Stoke<Einstein equation, and a  the structure. The large RMSD values, indicated by the large radius of the
series of local motions that are much faster than the tumbling tube representing the family of structures, do reflect an intrinsic mobility
time. The model-free approaéh®that is extensively used ~ °f ! protein.
for the analysis of the backbone relaxation data of uniformly
15N-labeled proteins, i.e!®N R; andR, and{*H}*N NOE,

whereAyba®and Ay are axial and rhombic anisotropies

. . o . of the magnetic susceptibility tensérand¢ are cylindrical
is based on this type of description. Unfolded or partially coordinatgs of the pogition i//ector of a ;)proton yarid the

folded states of proteins are more correctly described as _. . .
Lo o A distance between the paramagnetic center and the proton in
experiencing a mobility governed by a distribution of question

correlation times on the nanosecond time scale, as it results - . .
clearly from the analysis of thgiH} 1N NOEs, where the The pseudocontact shift is the only paramagnetic contribu-
' tion to the paramagnetic shift for nuclei that do not belong

internuclear distance is substantially constant and the main . .
. . to metal ligands and can be evaluated by subtracting from
determinant of the observed effect comes from the correlation : ; : .
the observed shift of the paramagnetic species the chemical

times that modulate the dipolar interaction. In fully folded . . : : L
s ; : shift of the corresponding diamagnetic analogue. Availability
proteins{H} >N NOE values are usually quite uniform and . : .
of these nonconventional NMR constraints for solution

high (0.8) along the protein sequence, while in unstructured o .
olypeptide sequences they can display a large variability structure determination of proteins allows us to frame the
P metal center within the proteitr=® and also to obtain a better

and can even be negative for the most flexible areas, as o T . .
shown in Figure 4 for the unfolded Cu,ZnSOD. The presence resolution in the proximity of the paramagnetic metal ion,
' ) where often NOE intensity is strongly reduced (at the limit

of a distribution of correlation times makes the model-free . . 27
of detectability) owing to the reduction in nucleBrcaused
approach useless, and therefore, new approaches have been

developed that are reviewed by Dyson and Wihtn y the paramagnetic-induced relaxation. Pseudocontact shifts

'op ) -Wed by Dy i . " .. become even more important in the case of partially unfolded
practice, effective correlation times for the dipolar interaction states of metalloproteins. where the total number of NOES
shorter than the tumbling time of the protein under native P '

conditions are often estimated from the field dependence of ' ;\edgced by m(l)b'“tfy' d tact shift licability i
{*H} 15N NOE intensity}™19 nice example of pseudocontact shift applicability is

Paramagnetc NI, In th case of paranagreti met. | SPESEPIed e charactniaton of e uniolded forn o
alloproteins, a further structural constraint that has been yt

i i 1
extensively used for protein structure determination is the been determined by NMR at pH 11.1 (Figure'S)The
pseudocontact shift. This contribution to the shift originates (31) Lipari, G.. Szabo, AJ. Am. Chem. Sod.982 104 4546-4550.
from the anisotropic part of the dipolar interaction between (32) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104 4559-4570.

i i 33) Emerson, S. D.; La Mar, G. NBiochemistry199Q 29, 1556-1566.
unpalre'd electron(s) and the nUC|e,us’,Wh|Ch ,averages to %34) Banci, L.; Bertini, |.; Bren, K. L.; Cremonini, M. A.; Gray, H. B.;
value different from zero upon rotation in solution when the Luchinat, C.; Turano, PJ. Biol. Inorg. Chem1996 1, 117—126.
metal center possesses magnetic anisotropy. The pseudo35) I?u”teS’I Rb D\'/;v Saﬁ"?f"LSN; ?iGag, Rf JE-BQ ?fggglf; gé:?fgggsy V. J

. s . F 3334 untz, I. D.; Waskell, L.Nature Struct. Biol , .
contact '_Sh'_fﬁpc is given by the f0”0W|_n9_ equatlo_??, V\_/h'Ch (36) Banci, L.; Bertini, I.; Gray, H. B.; Luchinat, C.; Reddig, T.; Rosato,
holds within the metal-centered potrdipole/point-dipole A.; Turano, P.Biochemistryl997, 36, 9867-9877.

: R (37) Bentrop, D.; Bertini, I.; Cremonini, M. A.; ForeeS.; Luchinat, C.;
approximation: Malmendal, A.Biochemistry1997, 36, 11605-11618.
(38) Banci, L.; Bertini, I.; Gori Savellini, G.; Romagnoli, A.; Turano, P.;

1 3 .2 Cremonini, M. A,; Luchinat, C.; Gray, H. B2roteins: Struct., Funct.
pc _ par _ O\ par ) ) , Lo ) f )
o= A A B codh — 1)+ 5D 1sin“6 cos 2) Genet.1997, 29, 68—76.
127r (39) Banci, L.; Bertini, I.; Cremonini, M. A.; Gori Savellini, G.; Luchinat,
(1) C.; Withrich, K.; Gintert, P.J. Biomol. NMR199§ 12, 553-557.
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overall result is that of a protein characterized by a structure, In low spin iron(lll) and high spin iron(ll), the molecular
on average, of the same size of that of the native protein, magnetic anisotropy arises from the diamagnetic contribu-
with the most important conformational differences concen- tions %% and the dominant paramagnetic contribution of
trated in the distal site of the heme where the native Met80 the iron(lll) ion (¢P29,56-5° yPaa heing the same as in the
ligand is replaced by a Lys (see below). However, the whole equation of the'H pseudocontact shiffg:33.34,36,37,58,6¢%4
protein is by far more flexible with respect to the native one, More generally, a sensible paramagnetic contribution to
as exemplified by the fact that the correlation time for residual dipolar coupling exists for any metal center pos-
heteronuclear NOEs drops from 5.2 ns of the native form, sessing magnetic susceptibility anisotropy. The resulting
typical for a protein of this size, to a distribution of effective equation for the paramagnetic contribution to the residual
correlation times with values in the loop region as low as 3 dipolar coupling (rdc) i¥

ns. As a consequence, the numbetbf-H NOE constraints

meaningful for structure calculation is reduced: 1361 in the o 1 502 yuynh o

native and 838 in the alkaline protein. Nevertheless, 180 Ardc™{(Bg) = — y 15kT?S{AX§x 3 cos6 — 1)+
pseudocontact shift values provided very useful constraints AT

for solution structure determination. gAxﬁf Ysir? 6 cos )| (2)

Other useful constraints to obtain structural information
in solution are the residual dipolar couplings. In diamagnetic
proteins, partial alignment of the molecule at high magnetic
fields originates from intrinsic magnetic anisotropy of
secondary structure elements and aromatic ffigé Partial
alignments give rise to effects that are detectable throug
NMR spectroscopy*¢such as the noncompletely averaged
dipolar couplings or residual dipolar coupliftg4® that
represent a source of structural informatférb? The effect
can be enhanced by the presence of orienting nfécdialn
the case of diamagnetic heme proteins, a further contribution
to molecular magnetic anisotropy is provided by the heirié. . . L .
The use of “diamagnetic” residual dipolar couplings in easily measured in the absence of orienting media.
nonfolded states can give rise to useful information on the ~Unfortunately, we have found therdd™*para to be not
overall backbone topology and has been proposed as a nev@s usefu_l as pseudocontact shifts as _sFructuraI f:onstramts.
method to obtain structural constraiffsprovided the Indeed, it is now established that mobility on a time scale

necessary orienting media do not interact with the exposedShorter than milliseconds affects rdc values by reducing

hydrophobic residues. them>365That is the origin of the generalized order parameter
in eq 2, which represents a scaling factor (with values

(40) Lohman, J. A. B.; Maclean, GChem. Phys. Lettl978§ 58, 483 for the rdc value expected for a well defined orientation of

486. the NH vector. In proteins, under native conditions, the extent
(41) Domaille, J. PJ. Am. Chem. S0d.98Q 102, 5392-5393. . . - )
(42) Bothner-By, A. A.: Domaille, J. P.: Gayathri, @. Am. Chem. Soc. of this effect is often negligible, but it can become very

1981, 103 5602-5603. important in partially folded states. This effect was first

(43) ,\Bﬂggn”egfg&ﬁégi gg‘yjégfhgg Van Zij, P. C. M.; Maclean, C. observed in the alkaline form of cytochrom@” where the

(44) Bothner-By, A. A.; Gayathri, C.; Van Zijl, P. C. M.; Maclean, C.; measuredArdd®®?@values are sensibly smaller, in absolute

whereAy P22and AynP2@are the same as in eq &,and¢

are polar coordinates describing the orientation of theHN
bond vector in the (axis) frame of th@*atensor, andsis

hthe generalized order parameter, whose meaning will be
discussed below. By analogy with the pseudocontact shift,
the Ardc*@@can be obtained from the difference between the
residual dipolar coupling of the paramagnetic form and that
of the corresponding diamagnetic analogue, measured at the
same magnetic fieldArdc*? values are generally signifi-
cantly larger than the diamagnetic ones, and they can be

Lai, J.-J.; Smith, K. MMagn. Reson. Chenl985 23, 935-938. i
(45) Van Zijl, P. C. M.; Ruessink, B. H.; Bulthuis, J.; Maclean, Azc. Val.ue’ th"?‘” those eXpeCted. on the baSIS of eq 2 an(.j the
Chem. Res1984 17, 172-180. anisotropies of the magnetic susceptibility tensor derived

(46) Bothner-By, A. A. Magnetic field induced alignment of molecules.  from pseudocontact shifts. The fact that the latter adequately
In Encyclopedia of Nuclear Magnetic Resongr@eant, D. M., Harris,

R. K., Eds.: John Wiley and Sons: Chichester, 1996; pp 2238, represent the electronic situation of the metal center is
(47) Tolman, J. R.; Flanagan, J. M.; Kennedy, M. A;; Prestegard, J. H. demonstrated by the full compatibility with the other
Proc. Natl. Acad. Sci. U.S.A.995 92, 9279-9283. constraints used for solution structure calculations (NOE and

(48) Tjandra, N.; Bax, ASciencel997 278 1111-1114.
(49) Tjandra, N.; Omichinski, J. G.; Gronenborn, A. M.; Clore, G. M.;

Bax, A. Nat. Struct. Biol.1997 4, 732-738. (58) Bertini, I.; Luchinat, C.; Turano, P.; Battaini, G.; CasellaChem-—
(50) Clore, G. M.; Gronenborn, A. M.; Tjandra, N. Magn. Resorl1998 Eur. J.2003 9, 2316-2322.
131, 159-162. (59) Turano, P.; Battaini, G.; Casella, Chem. Phys. LetR003 373 460—
(51) Meiler, J.; Blomberg, N.; Nilges, M.; Griesinger, &.Biomol. NMR 463.
200Q 16, 245-252. (60) Williams, G.; Clayden, N. J.; Moore, G. R.; Williams, R. J.JPMol.
(52) Sass, H. J.; Musco, G.; Stahl, S. J.; Windfield, P. T.; Grzesieg, S. Biol. 1985 183 447-460.
Biomol. NMR200Q 18, 303—309. (61) Banci, L.; Bertini, I.; Pierattelli, R.; Tien, M.; Vila, A. 3. Am. Chem.
(53) Meiler, J.; Prompers, J. J.; Peti, W.; Griesinger, C.; Bruschweiler, R. Soc.1995 117, 8659-8667.
J. Am. Chem. So@001, 123 6098-6107. (62) Banci, L.; Bertini, I.; Bren, K. L.; Gray, H. B.; Sompornpisut, P.;
(54) Bax, A.; Tjandra, NNat. Struct. Biol.1997, 4, 254—256. Turano, P Biochemistryl997 36, 8992-9001.
(55) Tolman, J. R.; Flanagan, J. M.; Kennedy, M. A.; Prestegard, J. H. (63) Arnesano, F.; Banci, L.; Bertini, I.; Felli, |. Biochemistry1998
Nat. Struct. Biol.1997, 4, 292—-297. 37, 173-184.
(56) Banci, L.; Bertini, I.; Huber, J. G.; Luchinat, C.; Rosato, A.Am. (64) Arnesano, F.; Banci, L.; Bertini, |.; Faraone-Mennella, J.; Rosato, A.;
Chem. Soc1998 120, 12903-12909. Barker, P. D.; Fersht, A. RBiochemistry1999 38, 8657-8670.
(57) Arnesano, F.; Banci, L.; Bertini, I.; van der Wetering, K.; Czisch, (65) Barbieri, R.; Bertini, |.; Cavallaro, G.; Lee, Y.-M.; Luchinat, C.;
M.; Kaptein, R.J. Biomol. NMR200Q 17, 295-304. Rosato, A.J. Am. Chem. So002 124, 5581-5587.
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Table 1. The Ardc’-4% values of Cytochrome in SDS Micelleg

Ardc700-490 (Hz)
—1.28 —0.18 —0.02
—0.86 —0.18 0.00
-0.81 -0.17 0.00
—0.80 —0.16 0.02
—0.68 —-0.15 0.06
—0.62 -0.14 0.09
—0.48 —-0.14 0.15
—0.47 —0.13 0.22
—0.47 —0.13 0.30
—0.44 -0.11 0.31
—0.41 —0.09 0.33
—0.29 —0.07 0.37
-0.27 —0.07 0.39 Figure 6. Effect of a change in the orientation of the NH vector onéhe
—-0.26 —0.05 0.39 angles, which are relevant for the angular dependence of pseudocontact
—0.23 —0.05 0.49 shifts (blue) and paramagnetic residual dipolar couplings (red). The longer
—-0.23 —0.05 1.03 metal-proton distance makes the effect on pseudocontact shifts substantially
—0.23 —0.04 1.04 negligible.
—0.20 —0.03 1.09
-0.18 —0.03 the different effect of the reorientation of the NH vector on
aThe values are arranged in order of increashigc’00-400, the angular part of eqs 1 and 2: a change in the orientation

of an NH bond determines a sensible change in the angle
between the NH vector and the magnetic axis, while the angle
between the same axis and the metdl vector is only
§|ightly affected. The orientational average of an NH vector

ay reduce residual dipolar couplings, whereas the average
polar coordinates of an amide proton, which determine the
pseudocontact shift, may vary only a little.

We report here, for the first time, a similar behavior for 1€ Most important conclusion of this section, therefore,
the unfolded form of cytochromein concentrated solutions ~ '€Sides in the consideration that long range constraints are
of SDS. The backbon®N—1H 1] values could be safely ablg to mamFam their relevance in proteins that are largely
measured for 56 well resolved amides of cytochrasria fluxional, whlle those based on more local effects are by far
SDS micelles at two fields (700 and 400 MHz). As discussed MOre sensitive. At the same time, the use of paramagnetic
in the Experimental Section, lack of the corresponding residual co_uplmg can constltute_afurther way to characterize
diamagnetic protein form does not allow the estimate of the the dynamics of the conformational ensemble.

Ardd®@@ Nevertheless, the total contribution (diamagnetic and
paramagnetic) to molecule self-orientation can be inferred
from the resultingArdc’®®4® values, that are found to span Histidine Ligands. Histidines are often found as metal

a very narrow range (Table 1). Most of them are smaller ligands in metalloproteins. Therefore, detecting the binding
than 0.5 Hz (in absolute value), while only four of them are mode of His residues to the metal ion is important to establish
greater than 1 Hz (in absolute value), i.e., much smaller thanthe structural features of the metal center under non-native
those expected on the basis of magnetic susceptibility tensorconditions. From the NMR point of view, this goal can be
considerations. Indeed, the values of magnetic susceptibility achieved througH®N—'H HSQC experiments where the
tensor anisotropies expected for high spin iron(lll) form of INEPT delay is optimized for the detection of the sndll
cytochromec in SDS are comparable to those of the low coupling between the imidazole nitrogens and the protons
spin iron(lll) heme proteirtS andArdc’4®values between  bound to the adjacent carbon nuclei. The two nitrogens can
—2 and+2 Hz were expected in SDS. Consistent with the be discriminated because two cross-peaks are expected for
reduction in Ardc’® 4% measured values, an extensive the Ne and only one for the §l. Metal bound His species
subnanosecond backbone mobility characterizes this proteirhave a characteristic shift pattern, with the binding nitrogen
form as found by*>N mobility measurements. falling in the range 206230 ppm, while the noncoordinated

Figure 6 shows, in a pictorial way, the origin of the imidazole nitrogen has shift in the range 17185566 The
different sensitivity of the two NMR parameters to the situation is depicted in panel A of Figure 7 for monomeric
backbone mobility. The fact that pseudocontact shifts are Cu,ZnSOD containing copper in thel oxidation state under
not quenched by the mobility that quenches residual dipolar native conditions: in this protein the copper ion is bound to
couplings indicates that, even in the presence of backbonethe Nb of His46 and to the N of His48 and His120, while
mobility, on average the same metal-to-proton distances arethe zinc ion is bound to the Nof His63, His71, and His80.
maintained, and motions do not sensibly affect the angular Upon unfolding, metals are removed from their native
part of eq 1. Therefore, pseudocontact shifts maintain their
relevance in protein forms characterized by large mobility (66) Chen, Y.-L.; Park, S.; Thornburg, R. W.; Tabatabai, L. B.; Kintanar,
of the backbone. On the contrary, residual dipolar couplings (7 'géﬁ'c?’crﬁmézt%ﬁf’o%%Zégfgnli,zf?‘r’bel Conte, R.: Piccioli. M.
lose their meaning as structural constraints. This is due to Viezzoli, M. S.Biochemistry1998 37, 11786-11791.

dihedral angle constrains). Introduction of pseudocontact
shifts as structural restraints improves the definition of the

family of structures leaving unaltered the target function that

measures the agreement between calculated and experiment
constraints. On the other hand, the presence of submillisecon

mobility is in agreement with the above-discussed reduction
in effective correlation times for the NOEs.

What Can We Learn about the Metal Site
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c in SDS, where, upon unfolding, the native bond between
Met80 and iron is brokef? Water binding to the sixth
coordination position is almost indistinguishable from pen-
tacoordination. From the NMR point of view, the two forms
can be distinguished only by the presence of broad meso
resonances in the upfield part of the spectrum for pentaco-
ordinate heme iron(l1158 However, these signals are usually
far too broad to be detected in partially unfolded states of
heme proteins, where they are further broadened due to
conformational exchange. If a native axial ligand is substi-
tuted by another strong protein ligand (good donor atoms
are potentially the nitrogens of His, Lys, or the N-term of
the protein, provided they are deprotonated at the pH of the
experiment) the protein remains low spin and the resonances
of the new ligands can be detected, as was the case of
alkaline cytochromes, where broad signals attributable to
Lys73 binding the iron were detected. Once the nature of
the new axial ligand is identified, semiempirical equations
can be used for protein containing c-type or b-type hemes
in order to define the orientation of the axial ligaffd’?
These equations simply rely on the patterntidfchemical
shifts of the heme methyl resonances. Two different equa-
tions have been developed and extensively tested for a series
of well behaving systems: the one for bis-His axial
coordination provides the relative orientation between the
two imidazole planes and the direction of the projection of
the bisector of the angle between these two planes onto the
heme plane. When one axial ligand is a His and the other is
a ligand that has orbitals with cylindrical symmetry, the
equation allows us to define the orientation of the proximal
Figure 7. 2J 13N—!H HSQC spectra aquired at 500 MHz on copper(l) His ligand with respect to the heme plane. This is the case
monomeric Cu,ZnSOD to monitor His binding to the metal ions: in the of alkaline cytochrome, where this approach has allowed
?:jg”ce of denaturant (A), Wiz M GdmCl (B), wit 3 M GdmCl (C). us to establish that the orientation of His18 does not change
pted from ref 18.) .
in the molten globule stafé.
binding sites? and the histidine residues become free to  Other Metal Cofactors. The behavior, upon protein
rotate and experience fast equilibria between the two unfolding, of metal centers in copper and iron sulfur proteins
tautomeric forms, as indicated in panel C of Figure 7, where has been monitored by NMR:7¢ At the moment, however,
all the resonances of His side chains are collapsed in thewell established methods that allow us to easily interpret the
region typical for unstructured polypeptides. The method fails spectral changes in the NMR spectrum in terms of precise
when the exchange regime between the tautomeric specieyariations in metal binding environment upon loss of the
is quasislow on the NMR time scale, where signals can native structure have not been developed. Detection of the
become undetectable. This has been observed in the case girotons of ligands is a challenge for many paramagnetic
some flexible parts of metal chaperones in their apo form centers. Nevertheless, the possibility of direct detection of
(work in progress). Owing to the severe line broadening the 3C resonances of protein amino acids binding to
induced on théH resonances of protons belonging to metal paramagnetic metal ions that we are pioneering in our lab
ligands, the method has no applicability in the case of His

; ; ; ; (68) Bertini, I.; Turano, P.; Vila, A. JChem. Re. 1993 93, 2833-2932.
Coordmatmg paramagnetic metal |on_s. . (69) Chevance, S.; Le Rumeur, E.; de Certaines, J. D.; Simonneaux, G.;
Heme Metal Cofactors.Heme proteins possess particular Bondon, A.Biochemistry2003 42, 15342-15351.

features that can be exploited to monitor the changes in the(70) Bertini, I.; Luchinat, C.; Parigi, Gzur. J. Inorg. Chem200Q 2473~
aXif_J‘l ligand properties that often are coupled t_o IO_SS of t_he (71) Bertini, I.; Luchinat, C.; Parigi, G.; Walker, F. ABIC, J. Biol. Inorg.
native structure. The change from hexacoordination (with Chem.1999 4, 515-519. _

two strong axial donor atoms usually encountered when the (72 Shokhirev. N. V.; Walker, F. AIBIC, J. Biol. Inorg. Cheml998 3,
axial ligands are protein amino acids side chains) to (73) Bentrop, D.; Bertini, I.; lacoviello, R.; Luchinat, C.; Niikura, Y.;
pentacoordination is obviously detected due to the change  Piccioli, M.; Presenti, C.; Rosato, /Biochemistry1999 38, 4669

in the spin state of _the heme iron: the he:me m_ethyl (74) Bertini, I.; Cowan, J. A.; Luchinat, C.; Natarajan, K.; Piccioli, M.
resonances resonate in the +@D ppmH chemical shift Blochemlsctryl997, 3t|‘>, 9332-9339. REBS % o
range for high spin species, and in the-4® ppm range (/> Romero, C.; Moratal, J. M.; Donaire, REBS Lett 1998 440 93~

98.
for the low spin heme iroff This is the case for cytochrome  (76) Wittung-Stafshede, Rcc. Chem. Re002 35, 201-208.
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should open new chances to better understand the details ofesidual dipolar couplings from the observed ones, because a
the coordination environment of the metal ions in largely diamagnetic protein form is lacking. Nevertheless, the difference

unstructured proteins. between the values measured at the two fields allows an evaluation
of the extent of the expected range values by considering that in
Experimental Section heme proteins the diamagnetic contribution is essentially due to

the heme moiety and is very similar also for proteins with largely
Twenty “Jyw-modulated 2D*H—*N HSQC spectra were re- gifferent folds!”-557 The observed values are too small for any

corded at 400 and 700 MHz for yeast cytochrooie a solution possible orientation of the NH vector with respect to the metal
of 100 mM SDS, following the standard proceddfé’ The center.

difference between th&yy values measured at the two different
fields in the case of a paramagnetic metalloprotein depends on the Acknowledgment. | am grateful to all members of the
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