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ABSTRACT. A Model-Free analysis of th&N relaxation properties of oxidized cytochrorbg a heme-
containing electron-transfer protein, has been performetM guanidinium chloride (GdmCI), i.e., just
before the heme is released by the action of denaturant. This analysis provides information on the mobility
in the nano- to picosecond time range. A parallel study on the motions in the milli- to microsecond time
scale has also been performed by analyzing rotating-fréheelaxation rates. The protein contains a
60:40 ratio of two conformers (A and B) differing for the rotation of the heme group around-the

meso axis. The effect of denaturant has been followed for both species, and the mobility properties have
been compared with the analogous information in the absence of denaturant. To complete the picture, we
also performed®N relaxation measurements and the Model-Free analysis of the native B form, whereas
data on the A form [Dangi, B., Sarma, S., Yan, C., Banville, D. L., Guiles, R. D. (199Bhys. Chem.

B 102 8201-8208], as well as rotating-frame measurements for both native forms [Banci, L., Bertini, I.,
Cavazza, C., Felli, I. C., Koulougliotis, D. (199Bjochemistry 3712320-12330; Arnesano, F., Banci,

L., Bertini, I., Felli, I. C., Koulougliotis, D. (1999Iur. J. Biochem260, 347—354], are already available

in the literature. It is found that GAmCI tends to increase the internal mobility, although some residues
are rigidified on both time scales. In the milli- to microsecond time scale, the tendency to increased
mobility is reflected in a decrease in thg values rather than in the number of residues experiencing
conformational equilibria. In the nano- to picosecond time scale, the tendency to increased mobility is
indicated by an overall decrease in ®evalues. Color pictures are reported to visually show these effects.
On the fast time scale, the B form is more mobile than the A form, reflecting the different stability with
respect to unfolding. The increase in mobility upon addition of denaturant largely occurs around the heme
pocket, which facilitates the release of the heme. The relevance of the internal motions with respect to the
early steps of the unfolding process is also analyzed and discussed.

The understanding of the factors determining the stability bound) fragment located in the endoplasmic reticulum of
and the biological properties of a protein requires knowledge hepatic cells I). It is a ubiquitous protein in many living
of the structure and the dynamical properties under a variety organisms, and its heme-containing component is involved
of conditions. Within this frame, in the present paper we in a wide variety of biological processes, having the function
report a further characterization from the mobility point of of shuttling one electron between proteins taking part in the

view of the soluble fragment of microsomal cytochrobak process 2Z—7). In addition, this water-soluble domain,
(cyt bs) from rat in the presence of the denaturant guani- constituted by 98 residues, is efficiently expresseH.inoli
dinium chloride (GdmCl). (2), retaining fully its activity 8), and consequently provides

Cyt bs is an amphipathic protein consisting of a hydrophilic an excellent model system for a variety of biophysical

(heme-containing) fragment and a hydrophobic (membrane-Studies. Cytbs contains ab type heme moiety. The iron
bound to the porphyrin is six-coordinate with two axial
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bs; Ry, rotating-frame relaxation rat®;,°F, off-resonance rotating- of cyt bs proteins (5—17). Itis ConStit_Utefd by Si)a'h.elices
frame relaxation rate. and four shorf-strands. The heme binding pocket is formed
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by four helices, two abovend anda5) and two below @2 native and tk 2 M GdmCI samples were about 2.7 mM in
and a.3) the heme moiety. The internal side of the pocket, protein concentration, in 100 mM phosphate buffer at pH
which constitutes the hydrophobic core of the protein, is 7.0.
formed by fourg-strands, two parallej3l and$2) and two NMR Spectroscop)All NMR experiments were carried
antiparallel 3 andj4), which form a smalp-sheet. out at 298 K, on a Bruker Avance 600 NMR spectrometer
For the rat isoenzyme, the solution structures of both the operating at a proton Larmor frequency of 600.13 MHz. The
A and the B forms 14, 18), as well as the solution structure *°N off-resonance rotating-frame relaxation rat&g,™)
of the A form in the presencef® M GdmcCI (19), are were measured as a function of the effective magnetic field
available. Furthermore, the internal motions for the oxidized amplitude () by using a pulse sequence previously
and the reduced A forms have been characterized, both onreported 87). The >N RF irradiation was applied with an
the milli- to microsecondd0) and on the nano- to picosecond amplitudew; and with an offsef\w with respect to the center
time rangesZ1, 22). Finally, the dynamical characterization of the amide nitrogen resonances, determining an effective
in the milli- to microsecond time range is available for the magnetic field amplitudees [wer = (Aw? + 1), which
oxidized B form (.8). makes an angle af = arc tan {y/Aw) with they axis. wes
Addition of 2 M GdmCl induces a “destabilized” confor- ~Was changed by changing both the amplitude and the
mation @3, 24), in which some significant structural changes carrier frequency. Experiments were performed with four
occur around the heme binding pocke®) A key hydrogen  different values of the anglé (25, 30, 35, and 50 to
bond for the heme binding to the protein, i.e., that between increase the range fer. The w; amplitude was increased
a propionate group and the peptidic NH of Ser 64, is broken anq de(_:reased.gradually ina trapgzm_dal fashion to ach_leve
upon addition 62 M GdmCl, and helixa5, which constitutes ~ @diabatic rotation of the magnetization to the effective
one side of the heme binding pocket, is shortened. Further-magnetic field axis 38). During the application of the
more, twog-strands 2 and3) move apart from each other, continuous wave spin-lock field at th&N frequency,
thus disrupting the3-sheet. Other structural changes are decoupling of the protons was achieved with Waltz-16 pulse
observed around the heme, involving residues33 (helix ~ decoupling sequenc@9) to avoid creation of antiphaseN
a2) and 62-64 (end of helixa4 — beginning of helixa5). magnetization via cross-correlation Pprocesses (of the type
On the other hand, most of the secondary structural elementd\xlz WhereN andl are the nuclear spin operators of ti
are still present. This destabilized state occurs just beforeand the directly bound'H nucleus, respectively). The
the release of the heme moiety and the formation of a decoupling power was set to 2670 Hz in all experiments.
denatured state and thus represents one of the early steps ikh€ INEPT transfer delay was set to 5.0 ms, which
its unfolding process. corresponds to a duration slightly less than 1AR23{*°N)]

: i e (40). The resultingwer values used in the measurements of
In the present paper, we analyze the dynamical propertles,(
over different time ranges, of both forms of dyt in the .. Wwere 1830, 2030, 2270, 2450, 2490, 2710, 3030, 3330,

above protein state. Furthermore, we compare such resultg>060; 4040, 4200, and_4520 Hz. For eaqramplitgde va_lue,
with those of the two forms of the native protein, which we & S€ries of 2D experiments was performed in which the

have completed during this research. Some studies have€laxation delayl was set to the values of 10, 20, 36, 50,

addressed the structural and dynamical properties of dena89: 86, 100, 150, 200, 300, and again 10 ms. A further 2D

tured states of protein%—28, 29 and references therein), spect'rum without the per?o'd. of spin-lo'ck field was alsg
but they were mainly devoted to systems that are highly acquired to measure th_e initial magnetl_zanon. All experi-
unfolded and therefore only partially structured. The role of MeNts pvere recorded with a spectral width of 2130 Hz in
covalent bonds, such as those of disulfide bridg8s-32) t?e R (™N frequgncy) Q|men3|on and of 8390 HZ In thg F
or those of an K&, cluster bound to cysteine residues (*H frequency) dimension. A_total of 160 experimentsiin
(33—35), has been also addressed, but again the investigateach 0f 2048 real data points, were recorded. Each free
systems had a sizable loss of secondary structure. induction decay comprised 16 scans. The measuring time
This study, following the structural characterization of the for every 2D spectrum was approximately 1 h. Quadrature

cyt bs conformation in the presencé M GdmCl (19) and detection in fwas obtained by using the TPPI methdd)(

. . o The N longitudinal relaxation rate$;, were measured
the recent published dynamical characterization of the apo .. Hreviousl describedi?) by using delays in the pulse
form of cytbs (36), will give insights into the role of a metal- P y y g y b

containing cofactor in determining interactions relevant to igggegiil c2)foég r7212 iggﬁ?’ralnzs%egg ,rsligéﬁcz)?\ ,rg?e%g 100
the protein stability and folding and into the importance of were,measured b hsin the CPMG Sequence as deécribed
internal motions over a quite broad range of rates for the y g q

. . .~ elsewhere42, 43). The relaxation delays used were 7.7, 15.4,
events occurring during the early steps of the unfolding 30.8. 462 616 77 100 154 231 and 308 ms. The
process. -6, 4b.z2, 6l.0, 7/, , , ) :

heteronucleatH—1°N NOEs used the water flip-back method
MATERIALS AND METHODS to avoid saturation of the amide resonancéd).( The
acquisition parameters f&4 andR; rates andH—°N NOEs

Sample PreparatiorRat microsomal cybs was isolated were the same as those used for BigP™ measurement

as previously describedl), An aliquot of GdmCI from a  except that a total of 192 experiments were recorded for each

stock solution 67 M (100 mM phosphate buffer, pH 7.0) 2D spectrum, each comprising eight scans Rerand R;

was added to an-3.5 mM solution of oxidized cybs to experiments and 40 scans fiit—5N NOE experiments.

read 2 M GdmCI final concentration. The sample shows  Sequence-specific assignment of theand'>N resonances

the same NMR spectra as the sample used to determine itof cyt bs in the native oxidized state (for both A and B forms)

three-dimensional structure in solutiohdj. Both the final is already available in the literaturd4, 18, 45). The 'H
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chemical shifts of the oxidized enzyme in the presence of g OFF _ R ~od g T
. 1p 1 _ ON ex —_
2 M GdmCl were recently determined for the A formof - =R, "+ K————=
and aided the assignment of tH& resonances performed sir’ @ 1+ 7o 0y
in the present work. ThéH and'*N resonances of the B R, OFF.cor (3)
g

form in the presencef@ M GdmCI have been assigned in
the present paper.

Data ProcessingAll 2D NMR data were processed on a
Silicon Graphics workstation using the UXNMR Bruker
software. Only the downfield part of the spectra (in the
dimension), containing the \+N connectivities (512

Equations 2 and 3 indicate that, in the presence of exchange
equilibria, the values oR,,°™ and R,°FFc'depend on the
appliedwes. By fitting the experimentaR,,° F<'values to

eq 3, the correlation timee for the exchange process can
ppm), was kept for the data analysis. All spectra were t')e'estimayed.The fits were performed by using the npnlinear
transformed with 4 1K points in the Eand F dimensions, (9 104 based on the Levenberbarquarct agorim
respectively. All spectra acquired with the sasmeamplitude re’ adjustable parameters, and the ekpéri?’;en tal \l/paIRg of
were processed by using the same processing parameter%an b<Ja used as an additi’onal data point, as it equals the
(phasing parameters, baseline correction, etc.). Subseque OFF.corfimit at wer = 0. If NO exchan pe récess is qresent
integration of cross-peaks for all spectra was performed by (ilg Tox = 0), Ry ggF'COfis- indepen dentg O&iﬁ and equpal o

€., , Ry

using the standard routine of the UXNMR program. R.,.°N*=. The accessible range for the exchange processes to
Determination of Relaxation RateRelaxation rate$y, oo . 9 . g9ep :
be detected, with the present availablg: values, varies

R,°FF, and R, were determined by fitting the cross-peak ;
intensities () measured as a function of the deld@y fvithin approximately between 30.and 2B8. Th_erefo“re, exch?nge
rocesses could be, even if present, either “too fask’ <

the pulse sequence, to a single-exponential decay by usin ¥ ”
i . ; 0us) or “too slow” fex > 250u8) to be detected from the
the Levenburg-Marquardt algorithrd@, 47) according to dependence d&,OF<ron ey In the case of a fast process

the following equation: (i.e., faster than the lower limit ofey), Ri,° " appears
i OFF,
I(T) = A+ B exp(RT) @ constant withwer but larger than the averagg,° ™ "'values

observed for the other nuclei not participating at any
ON,0
where A, B, and R were adjustable fitting parameters. A e]>c<cha|nge process qnd TquaIR% : KTex InIth case
program that uses a Monte Carlo approach to estimate the” gpﬁg\r'v process (i.e., ower than the upper imitzef),
error on the rates3(7, 48, 49) was used for this purpose. RlPONo; appears to be independent otz and eql_JaI o
For R: °FF and R». the phase cvcle was chosen so that the R,°N*. Thus, such slow processes cannot be identified
SO P y ; through Ry,°FF alone. However, in the limit ofve = O
magnetization relaxes to zero for long relaxation delays. R, OFF cor _1PR ONw +’ Koo — R’ Thus. by ind eff d ,tl
Thus, in these two caseswas set equal to zero in the fitting 1o T T “Tex = 2. 1NUS, Dy Independently
procedure. The error bars fdR,O correspond to the measuringR,, it is possible to identify these slow processes.
experimental error averaged over all the applied spin-lock Analysis of Longitudinal and Tramerse Relaxation and
powers. The error value fd®,,°F <" (see later) includes the ~ Of Heteronuclear NOEs with the Model-Free Approathe
errors in the measurement of bd®,°F andRy. The error experimental longitudinal and transverse relaxation rates and

bars for R, Correspond to the experimentaj error averaged the heteronuclear NOEs have been analyzed with the Model-

over two measurements Free 4.0 program5@), within the Lipari-Szabo approach
Analysis of the Rotating Frame Relaxation Rafé®e off-  (59). This program models overall rotational diffusion using
resonance relaxation raRy,°F of a 15N spin participating ~ an axially symmetric diffusion tensdb. Ry, R, and NOE
in a conformational exchange process is given%y-53): values for*N spins are determined by the dipolar coupling
with the attached proton and, f&; and R;, also by the
RlpOFF: R, cod 0 + Rlpom,oo Sirt 0 + chemical shift an_isotropy of the nitrogen sp_ins. The_equations
for these rates, in terms of spectral density functid(as),
K sir? 0 Tex ) are reported in the literaturés@). R, can also contain a
1+ Texzweﬁ contribution originating from exchang®.y. In the present

work, we have used an independent experimental method
(**N rotating-frame relaxation) to specifically probe and
accurately determine the exchange proces$gg. (This
allows us to safely restrict the analysisRyf R,, and NOEs

whereR; is the longitudinal relaxation ratd,,°N= is the
on-resonance rotating-frame relaxation rate with an infinitely
large effective field amplitude, andy is the correlation time o
for the exchange process involving the spin under observa-or the estimation of the values of the order parameter and
tion. K is a constant equal tp,0Q2, wherep, andp, are the correlation time for the internal motions.

the relative populations of the two states a and b between Within the Model-Free approachg, 54), the spectral
which the exchange process occurs aflis chemical shift ~ density functionsl(w) can be expressed as a function of the
difference of the resonating nucleus between these two statesoverall rotational correlation timey, of the order parameter
Equation 2 is valid whemQre, < 1 and off-resonance S, and of the correlation time for internal motions, which

effects are neglected. However, this equation can be usedcan be considered as arising from two components, one

even when the two conditions are violateDy describing fasterrf) and one slowerrf) motions (collectively
As explained elsewher@Q, 37), for Ry, values measured ~ calledze) but always faster thany.
with different wet, the angled; is not strictly constant for Initially, the best fitting is made by using the following

all spins, and therefore thig,, values should be corrected equation $7) for the spectral densities in the approximation
as follows: of isotropic tumbling:
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o S,

o) =g (7, )?

(4)

where the only variable parameter . For those HN

Arnesano et al.

The effect of the anisotropy of molecular reorientation on
the Model-Free analysis has been recently investig&i@d (
60). If ignored, it can produce erroneous results on the
identification of conformational exchange processes even for
quite modest anisotropie®(/Dy = 1.3, whereD;, and Dy

vectors, whose internal motions are librations with a small are the parallel and perpendicular components, respectively,

amplitude occurring with a very fast correlation time €

of an axially symmetric diffusion tensor)59). On the

10 ps), it can be assumed that the dominating contribution contrary, even in the presence of relatively large anisotropic
to the spectral density is given by the overall reorientation motions D,/Dy = 2.0), thes? values are minimally affected

of the molecule, modulated by, with the value ofS

(less than 6% and in most cases less than 88h)(n the

accounting for the reduction of relaxation rates of the HN present analysis, we have used an axially symmetric model
vector due to the very fast internal librations. This is referred to account for the global rotational motion. In such a

to as model 1 in the literaturel®).

condition, depending on the selected motional model for the

When the fitting using eq 4 is poor, a second term is added specific HN vector, the spectral densities are given by eqgs

to the spectral density function, according to the following
equation:

2 §rm a- Sz)r;

U514 (0r,)? 1+ (0r)?

J(w) (5)

wherez; ! = 7,71 + 7771, andt; is the effective correlation
time for internal motions on a faster time scale than
(r+ < 200 ps). Within this motional model, the correlation

time for the intramolecular motions of the HN vector is used

4—6, where the quantities in square brackets become the
argument of the summation over three components of the
diffusion tensoD, andz, ! assumes the following values:
Tm1 1= 6Dg, Tm2 1= 5Dg + DH' Tm3 1= 2Dg + 4DH'

The three terms of the summation are multiplieddy= (3

cog 6 — 1)? /4, A, = 3 sir? 6 cog 6, andAg = (3/4) sirt 9,
respectively, and is the angle between the-NH bond
vector and the unique axis of the principal frame of the
diffusion tensor §1—63).

Having available the three-dimensional structures of cyt

as a further parameter in the fitting and an F-statistic test bs in the native state (for A and B forms) ami2 M GdmCl
(54) has been applied to check that the improvement in the (only for A form, while the B form is assumed to have a
fitting is just not due to the introduction of a new parameter Similar structure), then the rotational diffusion tensor can be
but to a physical requirement. Note that the sum of the scalar€Stimated from th&,/R; ratio. Once the best model for the

factors containings in eq 5 is normalized and that the

molecular motions is selected, the overgl| the ratioD,/

quantity that multiplies the second member in square bracketsPr: and the internal motional parameters for each spin are

of eq 5 is the complement to unity &. This is referred to
as model 2 in the literature.

In some cases, a contribution ® due to exchange
processesRey) can be operative and is included as a fitted

optimized by fitting the experimental relaxation parameters
R, Ry, and NOE to their equation5€). Powell minimization
algorithm [see W. H. Press et al. (1992)merical Recipes
in C, 2nd ed., section 10.5, Cambridge University Press, New

parameter in the calculations. When this term is operative, YOrk] has been used.

models 1 and 2 are called models 3 and 4 in the literature,

respectively.
When the above motional models were not fitting the

Dealing with paramagnetic molecules, we should also
estimate the possible contribution to the relaxation rates
arising from the coupling between the resonating nuclei and

experimental data, the spectral density function is describedthe unpaired electrons. While the effect can be sizable on

by the following equation:

A s,
@) =51+ (w1,)

. CEESHA
1+ (wrl)?

(6)

wheretry ! = 71 + 75 andrs is the effective correlation
time for internal motions on a slow time scale but still faster

thanty, (200 ps< 7s < 1), & = § 2 x S?is the square of

the generalized order parameter characterizing the amplitud

of the internal motions, an& ? and S? are the squares of

the order parameters for the internal motions on the fast and

the proton relaxation rates, it is dramatically reduced on the
nitrogens, due to their low gyromagnetic ratio. It has been
already estimated that the effect could be operative for
nitrogens closer thra7 A to themetal @4). In the case of

the native form of cytbs (20), it has been found that the

backbone nitrogen nuclei closest to the heme Fe(lll) and
involved in exchange processes are within 7.4 and 7.8 A
from the iron. For these nuclei, the paramagnetic contribution
to the !N longitudinal relaxation rate was estimated to be

8n the range of 0.020.05 Hz @0), which is very small with

respect to the experimentally observed values.

slow time scales, respectively. Within this model, very fast ResyLTS

librations (characterized by a correlation time< 10 ps)
are described b§ ? that contributes to reduce the generalized

The backbone dynamics of oxidized rat microsomal cyt

order parameter, and motions on a slower time scale arebsin the presencef@ M GdmCIl was investigated at different

accounted for introducing a correlation timgas variable

time scales, i.e., in the milli- to microsecond and in the nano-

parameter in the fitting. This is referred to as model 5 in the to picosecond time scales. As already discussed in the

literature. This model is used to fit relaxation data for HN

introduction, the protein is present in two forms (A and B)

vectors experiencing more complex internal motions, typical containing the heme group rotated by 186ne with respect

of partially or completely unfolded proteins, where the

to the other around the—y meso direction. The dynamical

increased overall mobility is associated with the presence properties have been subsequently compared with those of

of collective motions.

the two forms in the native state.
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Ficure 1: H—15N HSQC 600-MHz spectrum of oxidized rat microsomal byin 2 M GdmCI (100 mM phosphate buffer, pH 7, at 298

K). Peaks of both A and B forms are labeled according to the residue assignment. The inset reports the change in average signal intensity
of the paramagnetically shifted resonances of the B form of oxidized rat microsoniglay® function of GdmCI concentration. The solid

curve represents a fit of the normalized experimental intensities to eq 7.

IH and®*N resonance assignments, as well as the solutiony = {y,, + a,[GdmCI] + y, + o [GdmCI]
structures, are available in the literature for both oxidized Ao A0
forms (14, 18) and for the oxidized A form in the presence exp[-AG® + mGAMCI/RTFAL + exp[-AG® +
of 2 M GdmCI (19). The assignment of théH and **N mGdmCI/RT} (7)
backbone NH resonances of the oxidized B form oflmyt  whereyqssis the normalized signal intensitiR = 8.3 J K'!
in the presencef® M GdmCI was performed in the present mol™%; yy, yu, andaw, ay represent intercepts and slopes of
study (see Figure 1). the native (N) and unfolded (U) baselines, respectively; and

The spectroscopic parameters for the nano- to picosecondn is a parameter reflecting the steepness of the unfolding
time scale without denaturant were also available in the transition. This analysis providesG®, that represents the
literature @1), but we remeasured them to make more free energy of the unfolding process in the absence of
meaningful the comparison with the species in the presencedenaturant, andn, a parameter reflecting the steepness of
of denaturant. The present data substantially agree with thethe unfolding transition. From the least-squares fit, we obtain
literature ones. AG°® =29+ 3 kJmortandm= 11+ 1 kJ mol* M™%, for

NMR Titration with GdmCIlUpon addition of GAmClup  the A form of the protein, andG° = 22 + 3 kJ mol* and
to ~1.8 M concentration, the paramagnetically shifted signals m = 9 + 1 kJ mol* M~ for the B form. These values
show some change in the shifts and a small decrease inindicate that the B form, as already observ&8 @2, 69), is
intensity, thus indicating only small structural changes. When slightly less stable with respect to the unfolding process than
the concentration of denaturant is increased, the intensity ofthe A form. Values available in the literatur24) obtained
these signals rapidly decreases and becomes essentially zertirough fluorescence measurements repdsf of 26.5 kJ
at a concentration of about 3.0 M. This indicates that the mol~* andm = 8.6 kJ mol* M~ for the bovine isoenzyme
heme is released from the protein by the addition of GAmCI. that contains essentially only the A form.

The 1D'H NMR spectrum as well as theN—H HSQC Relaxation Properties of Oxidized cy im the Presence
map of the protein a3 M GdmCI are very close to that of 2 M GdmCI. (1) Rotating Frame Experimenie off-
observed for a random coil state. The behavior with GAmCI resonance rotating-frame relaxation rafgs®™ and the
suggests the presence of slow exchange between the specigsansverse relaxation rat&s of the backbone amide nitro-
minimally perturbed or native (N) and the denatured form gens of oxidized cyis in the presencef®@ M GdmCI (Figure

(U). The changes in intensity of the paramagnetically shifted 1 of the Supporting Information) were measured for those
signals as a function of GAmCI concentration are reported >N resonances that do not show overlap and therefore can
as the inset in Figure 1 and have been fitted, as alreadybe accurately integrated. They correspond td%66nuclei,
described for the A form1(9), to a two-state N= U model as several could not be detected due to proton exchange and
for both A and B forms, according to the following relation 22 were unresolved. Out of these B8 resonances, 40 were
(65—67): individually resolved for the A and B species. The depen-
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304 As discussed in Materials and Methods, an increase of
1 Ry,CFFcorwith decreasingver is indicative of the presence
’mﬁ 25+ of exchange processes in the milli- to microsecond time scale.
= The correlation times for the exchange processgs.can
5 204 be obtained by fitting the data to eq 3. An example of
% 1 L Ry, °FFeordependence omer and of its fitting to eq 3 is shown

lp
&

1
-]

in Figure 2. As discussed befor@(Qj, the paramagnetic
contribution to the nitrogen relaxation rates is negligible, due
104 to the low gyromagnetic ratio of tHéN nucleus. The values

] estimated forex range between-35us (for Ala67 in the B
form) and~85us (for Ser 64 in the A form) and are reported
in Table 1. The secondary structural elements of the protein
to which these residues belong are reported as well.

0 5000 10000 15000 20000 25000 30000

Spin lock power (rad/s) The six degenerate signals belonging to residues 19, 27,
Ficure 2: Off-resonance rotating-frame relaxation rafg© ! 59, .7.8’.80’ anq 85, WhICh. also experience conformational
of the backbone nitrogen of Thr 33 as a function of the effective €quilibria, provide &, that is an average between those for
magnetic field amplitudew.s, for the A form of oxidized rat  the two species. Since the shifts are the same, it is reasonable
microsomal cybs in the presencef@ M GdmCI. The solid curve  to assume that the mobility for the two species is similar,
represents the fit to a Lorentzian-type function (eq 3). even if this reasoning cannot be proved. The exchange
dence of theilR;,OFFc°'values withwer was examined. Ten correlation time for the process has been determined for 16
15N for the A form and 125N for the B form display a residues (including the degenerate ones) for the A form and
dependence d®;,CFF"with wes. Six more!®N resonances, 18 for the B form. A pictorial representation of these results
which are degenerate for the two forms, also show a is shown in Figure 3 for the A form (panel a) and for the B
dependence of thBy,°F " on we. form (panel c).

a

Ficure 3: Mapping of1°N exchange rates in the protein frame of the A form of lsytn 2 M GdmCI (a) and in the native state (b) and

of the B form of cytbs in 2 M GdmCI (c) and in the native state (d). Amide backbone nitrogens participating in conformational exchange
processes in the milli- to microsecond time scale are represented as spheres whose radius is propargiophaBézondary structure
elements are indicatedx-helices in blue ang-strands in magenta.
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Table 1: Exchange Correlation Times,§ Estimated for the Amide Backbone Nitrogens of Oxidized lzy{A and B forms) in the Native
State and in the Presence of Denaturant (2 M GdinCl)

2 M GdmClI native form
residué  secondaryelement  cybs B4e e (us) cytbs Bd€ 7e,(us) secondary element  clgs A% ey(us) cytbs Bd€ 7ey(us)
*Lys 5 ohk | | p1 1604+ 45 160+ 45
*Leu 9 al | | al 50+ 25 50+ 25
*Glu 10 al | | al 250+ 55 250+ 55
*Lys 19 loop 80+ 25 80+ 25 loop [ | [ |
Trp 22 B4 v v B4 1554 30 155+ 30
lle 24 B4 40+ 10 [ B4 [ 145+ 50
His 26 turn | 40+5 turn 160+ 40 155+ 60
*His 27 turn 60+ 15 60+ 15 turn <40 <40
Tyr 30 53 [ 504+ 10 B3 90+ 30 175+ 65
Asp 31 A3 v v p3 <40 <40
Thr 33 *kk 60 + 10 ] a2 | |
Lys 34 a2 [ | [ ] a2 <40 130+ 50
Leu 36 o2 | | a2 | 155+ 70
Glu 38 o2 40+5 40+ 5 a2 v v
His 39 roxx | | a2 165+ 45 1754+ 80
Glu 44 o3 | | a3 <40 <40
Val 45 a3 | | a3 160+ 45 110+ 35
Leu 46 o3 60+ 10 | a3 165+ 50 165+ 50
Arg 47 a3 60+ 10 604+ 10 a3 180+ 45 185+ 50
Glu 48 o3 | | a3 230+ 60 150+ 75
GIn 49 a3 v v a3 175+ 35 190+ 90
Ala 50 o3 | | a3 ] 90+ 40
Gly 51 turn | | 45+ 5 turn [ | |
Gly 52 turn | | | turn | 185+ 65
Ala 54 il | | a4 <40 <40
Thr 55 o4 | | ad | 100+ 55
Asn 57 o4 || | a4 | 190+ 65
Phe 58 o4 | 50+ 10 ad 130+ 35 1404+ 45
*Glu 59 o4 40+ 10 40+ 10 od 90+ 30 90+ 30
Asp 60 o4 50+ 15 | ad 170+ 50 110+ 50
Ser 64 od5 85+ 15 70+ 10 ab | |
Ala 67 ad5 | 35+5 a5 190+ 55 70+ 45
Arg 68 od5 60+ 15 554+ 15 ad | |
Glu 69 a5 50+ 15 50+ 10 ab5 165+ 35 140+ 55
Ser71 o5 50+ 10 50+ 10 ad | |
Lys 72 a5 | | ab5 <40 <40
Thr73 ork | | ab | 120+ 65
Tyr 74 rorx | | ab5 165+ 35 165+ 65
lle 75 okk | 50+5 B2 55+ 25 70+ 40
*Glu 78 ol 50+ 15 50t 15 p2 | |
*Leu 79 ork | | turn 185+ 65 185+ 65
*His 80 il 40 £15 40+ 15 turn <40 <40
*Arg 84 o6 | | ab 175+ 55 1754+ 55
*Ser 85 o6 45410 45+ 10 ab | ||

a Secondary structural elements to which each amide belongs are also rep8itegle asterisk (*) denotes residues with degenerate resonances
for both species® Three asterisks (***) denote these residues do not belong anymore to a secondary structural elémghGdmcCl.d (v)
Resonance not observet®) Residues not involved in conformational exchange processes.

(2) Pico- to Nanosecond MobilityThe experimentaR, anisotropy. Thé;/Dg ratio was found to be in the range of
and theH—'N NOEs are reported in the Supporting 1.2—1.4 for both native ath2 M GdmClI cytbs. The overall
Information for both the A and B forms of oxidized clg$ Tm values are 7.6 ns and 7.8 ms2 M GdmClI for A and B

in 2 M GdmCI. By using the Model-Free 4.0 prograb), forms, respectively, and 5.6 ns and 5.9 ns in the native
the parameters characterizing the overall and internal mobility protein. The higher, values for the destabilized protein

within the Lipari-Szabo model55) have been determined  are consistent with an increased viscosity of the solution after
for each backbone NH whose signal can be resolved in theaddition of denaturant. Meaningful values (i.e., larger than

2D maps. their errors) for the correlation time for fast internal motions,
The inertia tensors for each structure have been calculatedre, were found for 20 residues in both the A and B forms in
from the available structured4, 18, 19). Initially, the local addition to seven degenerate residues for which average
rotational correlation time values;, for eachi amide vector ~ values are obtained (see Table 2). The generalized order
were calculated from th&/R; ratios (by using thos&, parameter§’ for each residue are reported in Figure 4. Self-

values that are not affected by exchange processes) and usecbnsistent results were obtained for 35 backbone NH vectors
as input in the evaluation of the axially symmetric diffusion unique for the A form and 28 for the B form, together with
tensorD (69). The overall correlation time for molecular 22 average values for degenerate resonances.
tumbling, 7m, and theD, /Dy ratio were fitted during the last Figure 4 shows tha® experiences some scattering along
stage of Model-Free calculations after the motional model the protein sequence. In addition to residue $4= 0.44),
selections, obtained with the calculated diffusion tensor which is expected to have a low value 8t as is close to
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Table 2: Generalized Order Parameté&s,and Effective Internal Correlation Times (where determined), for the Amide Backbone
Nitrogens of Oxidized cybs (A and B forms) in the Native State and in the Presence of Denaturant

2 M GdmCI native
A formP B formP A formP B form®

residué e 7 (ps) S 7 (ps) e 7l (ps) S 74 (ps)
*Lys 5 0.404+0.10 1800+ 50C¢° 0.404+0.10 1800+ 50C¢° 0.764+ 0.05 40+ 20 0.764+ 0.05 40+ 20
*Tyr 6 0.37+0.11 2440+ 70C° 0.37+£0.11 2440+ 70C° v v
*Tyr 7 0.79+0.06 g 0.79+0.06 g 0.84+ 0.04 0.84+ 0.04
*Thr 8 0.70+£ 0.05 g 0.70+£ 0.05 g 0.80+ 0.04 0.80+ 0.04
*Leu 9 0.804+ 0.06 g 0.80+ 0.06 g 0.80+ 0.05 50+ 20 0.80+ 0.05 50+ 20
*Glu 10 o ® 0.91+0.05 g 091+ 005 g
*Glu 11 v v 0.83+ 0.04 0.83t 0.04
*lle 12 v v 0.90+ 0.04 0.90+ 0.04
*Gln 13 0.934+ 0.05 250+ 20 0.93+ 0.05 250+ 20¢ 0.84+ 0.05 0.84+ 0.05
*Lys 14 v v 0.67+ 0.09 1000+ 30C° 0.67+ 0.09 1000+ 30C°
*His 15 0.744+ 0.06 g 0.74+ 0.06 g 0.84+ 0.04 0.84+ 0.04
*Lys 16 0.934+ 0.05 0.93+ 0.05 0.84+ 0.04 0.84+ 0.04
*Asp 17 0.84+ 0.06 50+ 30 0.84+ 0.06 50+ 30" v v
*Lys 19 0.704+ 0.05 30+ 12 0.70+ 0.05 30+ 1% [ ] [ ]
*Ser 20 v v 0.91+0.05 g 091+ 005 g
*Thr 21 1.00+ 0.05 1.00+ 0.05 0.83+0.05 g 0.83+£0.05 g
Trp 22 v v 1.00+ 0.05 v
Val 23 o 0.914+0.06 71+ 66 0.854+ 0.05 70+ 30 0.90+ 005 g
lle 24 0.85+ 0.09 150+ 140 0.65+ 0.09 16+ 5 0.88+ 0.04 087+ 005 g
Leu 25 0.76+ 0.05 0.474+0.09 2260+ 92¢° 0.814+0.04 454 20" 0.774+0.04 100+ 30"
His 26 o 0.89+ 0.05 66+ 44 0.87+ 0.05 80+ 50 0.86+ 0.05 60+ 40
*His 27 0.99+ 0.06 g 0.994 0.06 g 094+ 005 g 094+ 005 g
Lys 28 0.78+ 0.05 o 0.82+ 0.04 v
Val 29 0.72+ 0.05 20+ 10 0.42+ 0.09 1900+ 40C° 0.85+ 0.04 v
Tyr 30 0.76+ 0.06 g 0.49+ 0.06 11+ 4f o 094+ 005 g
Asp3l v v 0.88+£0.05 g 0.90+£0.05 g
Thr 33 0.744 0.06 g ® o o
Lys 34 0.80+ 0.05 0.77+ 0.04 0.88+ 0.05 097+ 0.07 g
Phe 35 0.78: 0.05 15+ 12 o 0.86+ 0.05 v
Leu 36 0.77+ 0.05 21+ 13 0.68+ 0.08 2200+ 97C 0.80+ 0.04 454 20 0.824+0.04 1604+ 81f
*Glu 37 0.724+0.06 18+ 10 0.72+ 0.06 18+ 100 0.79+ 0.04 0.79+ 0.04
Glu 38 0.81+ 0.05 25+ 16 0.79+ 0.05 21+ 14 v v
His 39 0.88+ 0.05 43+ 33 0.82+ 0.04 61+ 25" 0.85+0.05 g 0.86+ 0.05 92+ 50
Gly 42 0.63+ 0.05 2200+ 50C¢ 0.55+ 0.06 17+ 6 0.75+ 0.06 900+ 50¢ 0.76+0.10 1100+ 825
Glu 43 0.81+ 0.05 0.89+ 0.07 v v
Glu 44 [} ® 0.94+ 0.05 150+ 150 1.00+ 0.05
Val 45 [ J (] 0.914+0.04 0.78+0.11 g
Leu 46 0.77+ 0.05 g o 0.88+ 0.05 100+ 60 [}
Arg 47 0.83+0.05 30+ 18 0.994+ 0.05 g 0.804+ 0.05 50+ 20 0.894+ 0.05 100+ 70
Glu 48 0.85+ 0.06 404+ 25" 0.87+ 0.05 60+ 30 0.87+ 0.05 65+ 40 0.87+ 0.05 87+ 51
GIn 49 v v 0.91+ 0.04 0.80+ 0.06 100+ 56
Ala 50 0.75+ 0.06 14+ 10 0.65+ 0.05 16+ 4f 0.89+ 0.05 0.87+ 0.05 50+ 35
Gly 51 0.72+ 0.10 2050+ 117C (] [} 0.83+ 0.07
Gly 52 0.83+ 0.05 50+ 25" 0.79+£ 0.05 38+ 17" o v
Asp 53 0.77+ 0.05 21+ 13 [ J v v
Ala 54 0.59+ 0.04 20+ 6" [ J 0.74+ 0.05 20+ 10 0.81+ 0.05 20+ 18
Thr 55 0.85+ 0.05 g 1.00+ 0.05 [} 0.50+0.11 2000+ 300
Asn 57 0.84+ 0.05 33+ 220 0.76+ 0.05 27+ 1% 0.90+ 0.04 110+ 80" 0.99+ 0.05
Phe 58 [} o 0.86+ 0.03 230+ 200 0.92+ 0.07
*Glu59  0.99+0.05 g 0.99+£0.05 g 0.94+005 g 0.94+£0.05 g
Asp 60 0.75+ 0.06 23+ 13 0.93+ 0.05 0.85+ 0.05 32+ 26 0.91+0.10 200+ 150
Val 61 0.84+ 0.05 0.89+ 0.05 39+ 33 0.83+0.04 0.84+ 0.06
Gly 62 0.80+ 0.05 18+ 140 o 0.87+ 0.04 0.87+ 0.05
Ser 64 0.99+ 0.05 0.41+0.12 10+ 5f 0.91+ 0.04 0.84+ 0.04 85+ 40"
Ala 67 1.00+ 0.05 0.78+ 0.05 g 0.88+ 0.05 85+ 55 0.88+ 0.05
Arg 68 0.76+ 0.06 24+ 14 1.00+£ 0.05 g 0.794+ 0.04 50+ 20 0.784+0.06
Glu 69 1.00+ 0.05 g 0.91+ 0.04 404+ 39 0.87+£0.05 g 0.89+ 0.05 115+ 80
Ser71 0.8A 0.05 g 0.764+ 0.05 32+ 14 0.864+ 0.04 0.844 0.05 55+ 30"
Lys 72 0.80+ 0.06 g 0.60+ 0.09 3000+ 1300 0.87+0.05 g 0.92+ 0.07 80+ 60"
Thr 73 0.664 0.06 184+ & (] 0.86+ 0.04 0.80+ 0.20 1000+ 900
Tyr 74 0.71+ 0.06 13+ 9of 0.71+ 0.06 13+ of 0.94+0.05 g 0.90+0.07 g
lle 75 1.00+ 0.05 0.76+ 0.06 g 1.00+0.05 g 0.88+0.05 g
*Gly77  0.76+£0.06 g 0.76:0.06 g ° °
*Glu 78 0.674+ 0.06 g 0.67+ 0.06 g 0.74+ 0.05 0.74+ 0.05
*Leu 79 [ ] [ J 0.87+ 0.05 50+ 35 0.87+ 0.05 50+ 35
*His 80 0.804+ 0.06 g 0.80+ 0.06 g 0.95+ 0.05 0.95+ 0.05
*Asp 82 0.82+ 0.05 0.82+ 0.05 0.84+ 0.04 0.84+ 0.04
*Asp 83 0.99+ 0.05 0.99+ 0.05 091+ 005 g 0.91+ 0.05

g
*Arg 84  0.92+ 0.05 0.924+ 0.05 0.73£0.04 160+ 60 0.73+0.04 160+ 60
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Table 2 Continued

2 M GdmcClI native
A formP B formP A formP B formP

residué e 7 (ps) Se 7 (ps) S 7 (ps) e 7 (ps)
*Lys 86 0.72+ 0.05 0.72+ 0.05 v v
*|le 87 v v 0.84+0.03 300+ 3000 0.844+ 0.03 300+ 3000
*Lys 89 v v 0.91+ 0.05 0.91+ 0.05
*Glu 92 v v 0.58+ 0.05 1164+ 36" 0.584 0.05 1164+ 36"
*Leu 94 0.44+ 0.04 50+ 10 0.44+ 0.04 50+ 10 v v

2Single asterisk (*) denotes residues with degenerate resonances for both sp@diesmide backbone nitrogens for which relaxation rates
could not be measured due to cross-peak overlap with other resona(®e&.or these residues, the Model-Free approach does not provide self-
consistent results. 7. indicates eithety if models 2-4 are used ot if model 5 is used for fitting the experimental datahe relaxation rate of
this residue is fitted using model 5The relaxation rate of this residue is fitted using mode! Bhe relaxation rate of this residue is fitted using
model 3." The relaxation rate of this residue is fitted using model 2.
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FicUrRE 4. Order parameterss{) of the backbone nitrogens for the oxidized rat microsomakbegyh the presencef® M GdmcClI [panels
a (A form) and b (B form)] and for the native system [panels c (A form) and d (B form)].

the C-terminus, three common residues (5, 6, and 78), three The averages® values for all the characterized residues
residues unigue for the A form (42, 54, and 73), and nine are 0.79+ 0.14 for the A form and 0.76& 0.18 for the B

for the B form (24, 25, 29, 30, 36, 42, 50, 64, and 72) display form. These values are lower than those found in the native
< values below 0.70, thus indicating the occurrence of protein (see below), which are 0.860.07 and 0.85t 0.09
extensive unfolding processes. Most of the residues experi-for A and B forms, respectively. Therefore, it is evident that
ence fast librations (model 2, see Materials and Methods), nearly the same, relatively small, change is observed for
while only a few residues, scattered over the protein frame, internal mobility in both the A and B forms upon addition
show slower internal motions (model 5). All the residues of denaturant. A pictorial representation of these results is
[except one for the A form (Ser 64)] displaying a dependence shown in Figure 5 for the A form (panel a) and for the B

of the R;,OFF<*'values with the effective magnetic field are form (panel c).

fitted, within the Model-Free analysis, with &, contribu- Relaxation Properties of the Na#, Oxidized FormsFor

tion to R, (models 3 and 4). For Ser 64 in the A form, the both the A @0) and the B 18) forms of the oxidized native

Rex contribution is relatively small and within the error of  state of cytbs, R, ,2FFcrmeasurements are already available.
Rz, and therefore it may easily escape from the Model-Free Their values and their dependence on the effective magnetic
analysis. Furthermore, the Model-Free analysis requires thefield indicated the presence of motions in the milli- to
Rex contribution for a few residues for which no effective microsecond time range on some residues in relevant regions
field dependence has been detected, thus indicating theof the protein. To complete the characterization of the
presence of chemical exchange processes occurring at ratesotions of cytbs also in the native staté?N longitudinal
faster than those accessible with the present experimentabnd transverse relaxation rates as well as heteronuclear NOEs
conditions. are needed. These values recently appeared in the literature
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Ficure 5: Mapping of HN mobility in the nano- to picosecond time scale in the protein frame of the A form of ay2 M GdmCl (a)
and in the native state (b) and of the B form of tytin 2 M GdmCI (c) and in the native state (d). The color scale of the spheresred
yellow — green indicates increasing mobility (low&rvalues). Secondary structure elements are indicateldelices in blue ang-strands

in magenta.

from another laboratory2(); however, the measurements detection of exchange conformational processes determined
have been also performed within this work for consistency through the Model-Free analysis and through rotating-frame
of the sample and experimental conditions, allowing us to experiments is essentially complete. Discrepancies observed
make a meaningful comparison with those obtained in the for residues 22, 34, 45, and 49 for the A form; residues 44,
presence of denaturant. 57, 58, 67, and 72 for the B form; and residue 80 unique for
The experimental values dR,, Ry, and heteronuclear the two forms can be accounted on the same basis as
NOEs for the native form are reported in the Supporting discussed for the GdmCI system.
Information. From a Model-Free analysis of these data,
performed with the same approach used for the protein in DISCUSSION
the presence of denaturant, the order parameters and the ) ) ] ] -
correlation times for the internal motions can be determined. ~ CYtbs is now quite well-characterized in terms of mobility
The pattern o3 values on the protein frame is shown in both on milli- to mlcrqsecond and nano- to picosecond time
Figure 5 (panels b and d). scales. The system is com_pllcated by the presence _of the
The & values of the native oxidized A and B forms display W0 A and B conformers, which, however, add further pieces
a quite more even distribution along the amino acid sequence©f information to the knowledge of the system. When the
with respect to the values in the presence of denaturant. Theysignals of the two forms are well separated, specific mobility
are reported in Table 2 and plotted in Figure 4 as well. Their data are available. This happens for about 40% of the signals.

Having now available the experimenf values, we have ~ the mobility parameters may be assumed to be equal for both
reanalyzed th&;,OFF*values, previously determinedq), species, as degenerate signals bottiand'>N dimensions

by using theR, values as th&,OFF<limits at zero effective ~ are indicators of very similar behavior.

magnetic field. From the fitting to eq 3, now we obtain more ~ GdmCI changes the mobility parameters, often by increas-
accurate values forey, Which are reported in Table 1. The ing the internal mobility but sometimes by decreasing it. The
data obviously provide the same picture in terms of exchangeincrease in mobility can be associated to a break in the
conformation equilibria as the previous ones. The pattern of hydrogen bonds, as observed in the case of Ser 64, whereas
conformational exchange processes for both forms is reportedthe decrease in mobility may be related to strong interactions
in Figure 3 (panels b and d). The correspondence betweenwith the denaturant molecules.
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We are now going to compare the dynamical properties residues (seven of which unique for the A form) h&fe
of oxidized cytbs in the presence or in the absence of values considerably lower (outside the experimental error)
denaturant and between A and B forms. The aim is that of than the native system. On the other hand, only four
providing a picture of the events occurring before the release backbone NHs displag values larger than in the native
of the heme moiety and the subsequent unfolding of the protein. Thus, a general comment can be made that in the

protein. nano- to picosecond time scale an overall increase in the
Comparison of the Dynamical Properties of cytiln2 M backbone mobility is induced upon additiohdM GdmCl,
GdmCI with Those of the Nag State (1) A Form. as it is also pictorially shown in Figure 5. This increase is

Comparing the conformational exchange processes on themostly present on backbone nitrogens located in the heme
milli- to microsecond time scale of the oxidized A form of vicinity. In fact, for NHs within 8 A from the heme moiety,

cyt bs in the presencef@ M GdmCI with those of the native  six such NHs (42, 46, 50, 54, #34) show increased nano-
protein Q) (see Table 1), the first observation to be made to picosecond mobility in the presence of denaturant, while
is that the total number of backbone nitrogens participating only two (67 and 69) such NHs display reduc&dvalues

in exchange processes is somewhat reduced: 16 backbon@ the native system.

nitrogens in the present system versus 28 in the native Again, most of the residues that show enhanced internal
protein. The comparison includes both the resolved (10 in 2 mobility are located in protein segments experiencing the
M GdmCl and 20 in the native protein) and those coincident largest structural changes induced by the denaturant. How-
with those of the B form, even if for some residues the ever, it seems that these fast time scale motions do not have
corresponding signal in both forms is not available. The an obvious relation with the slower conformational exchange
decrease in number of residues experiencing conformationalprocesses. A decrease in t&evalues is observed for helix
exchange can be due to eitheb@ of eq 2 that accidentally a2 (34—38), where several hydrogen bonds are broken by
becomes close to zero upon addition of denaturant or due tothe denaturant. The residues at the two extremes of the
the actual rigidity of the molecule. As this behavior is various elements of secondary structure show an increased
observed for several residues, we suggest that this is due tdast mobility in 2 M GdmCI. This behavior can explain the
the real rigidity. For those residues for which the exchange reduction in length of these elements in the structure of the
process is observed, exchange rates in GdmCI are faster thaé form of cyt bs. Finally, 5-strand 5-7 moves apart from

in the native state. Analyzing the secondary structural the 75-78 one. Again, this occurs together with an increase
elements to which they belong (see Table 1) the following in local mobility. Indeed, in this region only residue 75
major conclusions can be reached (see also Figure 3): remains quite orderechi2 M GdmCl, and the analysis of

() Helix al (residues 910) is rigidified upon addition  the structure in the same conditions confirms that residue
of denaturant. 75 is still part of ap-strand.

(ii) Helices a2, a3, and o4 do not experience any (2) B Form.Examination of Table 1, in which the two
significant change in their overall milli- to microsecond time sets of results for the B form in the presené@ & GdmCl
scale backbone dynamics. For example, for hel the and in the native state are shown together, indicates that, in
decrease in mobility of residues 34 and 39 is partly analogy to the A form, the number of residues showing
counterbalanced by the increased mobility of Thr 33. conformational equilibria in the milli- to microsecond time

(i) In helix a5 (residues 6474 in the native form), the  scale is again somewhat reduced upon addition of denatur-
number of residues experiencing backbone exchange pro-ant: 18 backbone nitrogens in the present system versus 35
cesses upon additiorf @ M GdmCl is slightly increased:  in the native protein. Also in this form, the data for the same
three backbone NHs are now involved in exchange processesNH in both forms are not available for all residues.

(64, 68, and 71), while two seem to be rigidified (67 and  Also in this system, although the number of residues
72). It is worth noting that in the present system, helk involved in conformational equilibria is reduced, the ex-
extends between residues-642, and it is thus shortened change rates, when measured, are invariably faster than in
by residues 73 and 7419). Furthermore, extensive rear- the native state. By taking again into account the secondary
rangements in the hydrogen bond network involve its structural elements to which the residues belong (see Table
residues. This indicates that the addition of denaturant 1 and Figure 3), it can be observed that helie2sa3, and
increases conformational exchange processes in proteirn4 become more rigid. Helix5 experiences a behavior
segments where also significant structural changes aresimilar to that observed in the A form: three residues are

occurring. involved in exchange process in GAmCI and not in the native
(iv) The largest structural changes induced by the denatur-state (residues 64, 68, and 71), while only one is rigidified
ant involve the protein backbone segments-38 (helixa2), in the denaturant (residue 72). Since the structure of the B

62—64 (end of helixa4 — beginning of helixa5), and 77 form of oxidized cytbs in 2 M GdmCl is not available, no
78 (19). Interestingly, the backbone nitrogens of residues correlation can be made between the structural and the
33, 34, 64, and 78 are also subjected to mobility changes.mobility changes. However, it is interesting to draw the
Three of them (33, 64, and 78) become more mobile while attention to the changes in the conformational exchange
one (34) is rigidified. processes involving residues 34, 36 (decreased mobility), and
Also on a faster time scale (nano- to picosecond range), 64 (increased mobility), which experience small but signifi-
useful information is obtained. As mentioned earlier, a cant structural changes upon additidreavi GAmCI to the
decrease in the order paramegrcorresponds to a more A form.
mobile backbone nitrogen. By comparing the two sets of  Analyzing the nano- to picosecond backbone dynamics
order parameters (Table 2 and Figure 5), it is observed that,of the B forms (Table 2, columns 4 and 8, and Figure 5), it
in the presencef2 M GdmCI, the backbone NHs of 10 appears that in the protein in the presence of denaturant 15
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backbone NHs displag’ values considerably lower (outside 33 and 34 strands in the B form with respect to the A
the experimental error) than in the native protein, while only (residues 24, 25, 29, and 30). This behavior could indicate
four backbone NHs hav& values larger in the denaturant that there is an increase in internal mobility around the heme
than in the native species. Thus, there is a considerable netn the B form relative to the A formn 2 M GdmcCl.

increase in nano- to picosecond mobility occurring upon

addition d 2 M GdmCI to the B form, similarly to that ~CONCLUSIONS

observed for the A form. This increase is mostly located in
the heme vicinity also in this form. In fact, 10 NHs within The effect Of. a denatura}nt on.the A.and B forms of
8 A from the iron (24-25, 30, 42, 50, 57, 64, 72, and 74 OXIdI.Z'ed cyt b_5 is that' pf sllghtly increasing the internal
75) show considerably reduc& values in the presence of m_ob|I|ty both_m the milli- to microsecond an_d the nano- to
denaturant while only two (55 and 68) in the native system. picosecond time scale_s: AS. already noted n other systems
Summarizing, in the nano- to picosecond time scale, GdmCl (37, 72-74), the mobility in these two time scales is

exerts a considerable effect resulting in a net increase Ofgenerally uncorrelated. In the present system, most of the

mobility in the vicinity of the heme. The dual effect seen in increased mobility is concentrated around the heme group.

the milli- to microsecond time scale is present also here but The larger increase m_moblllty for .bOth ranges of rates as
at a much lesser extent. well as for both forms is observed in tlfiesheets and, at a

From this analysis, it can be deduced that the chaotropicS':S(lftr ?r);]tggé’ rlg t‘gﬁ;hgg:?ﬁ;g:tt;gtmethirr'f]:?;i ttjl’l]r(;dllgrg est
agent guanidinium chloride added in a subdenaturing con-P : 9l Xperi 9

centration to oxidized cyts acts simultaneously by “fixing” structural changes upon addition of GdmCI to the A form

some backbone atoms and by “releasing” others. This could of oxidized cytbs (19). However, the effect is not as large

: ; - - ; Id have been expected. At289 M concentration
be done via hydrogen bond breaking/making reactions, in as cou .
agreement to that already reported, i.e., that GdmCl causesOf GdmCl, the heme is totally releaseli( 23) and the

protein unfolding by disrupting noncovalent interactions protein shows NMR spectra typical of a random coil system

within native protein structuregQ) as well as that it interacts (lg)j . .
directly with the unfolded protein via multiple hydrogen It |s_found that, upon_addltlpn of denaturant, some residues
bonds 71). have increased mobility while ot_he_rs replL_Jced !n_thf_e same
Comparison of the Backbone Dynamics of the A and B {secondary struqture element. Helig is defln!tely rlgldn‘lgd_ _
forms of cyt b in the Presence of Denaturanfrhe in the milli- to microsecond time range. The increased rigidity

comparison between the conformational exchange behaviorcould suggest that the denaturant establishes new hydrogen
of the two forms in the presence of denaturant (Table 1) is bonds_ and SFé.le.IZES one _of the conforr_naﬂons within which
performed by considering only the resolved signals for the there is mobility in the native state. Hela5 becomes more
two forms. Twelve NHs participate in exchange processes Mobile, and this effect is larger in the B form than in the A
in the B form, while there are 10 in the A form. The slight form. The_lgtter observation can be related to the slightly
increase in the number of backbone nitrogens involved in lower stability of the B form with respect to denaturants (by
mobility of the B form relative to the A form is similar to ~ ~7 kJ mof™).
that recently observed for these two forms in the native state Lower & values were observed for more residues in the
of the protein 18). More specifically, six backbone nitrogens B form than in the A form. This may be due to the greater
display milli- to microsecond mobility in both forms, six ~effect of the denaturant on the B form. Values®f< 0.7
solely in the B form and four solely in the A form. Most of ~and longz values ¢200 ps), which are typical of partially
the residues involved in conformational exchange processedolded systems26, 32, 75, 76), involve for the B form Leu
are located around the heme. Four of the six residues in the25 [which is in contact with the heme and possibly affects
B form are either in direct van der Waals contact with the its orientation 22, 77)] belonging toj4; Val 29 belonging
heme (58 and 67) or within one bond away (26 and 75). to 33; Leu 36 belonging tax2; and Lys 72, which is the
The four backbone nitrogens that participate in exchange last residue oftx5. For the A form, longr values are found
processes only in the A form are in direct van der Waals for residues Gly 42 and Gly 51 both belonging to turns. For
contact with the heme (46) or within one bond away (24, both the A and the B forms, large mobility, as indicated by
33, and 60). long 7 values, is experienced by residues Lys 5 and Tyr 6
Analyzing the nano- to picosecond mobility of the two belonging to strang1, which loses regular structure upon
forms of oxidized cybs in the presence of denaturant (Table addition of denaturant. Residues 24, 30, 42, 50, and 64 in
2), it can be observed that nine backbone nitrogens displaythe B form, residues 54 and 73 in the A form, and residues
an increase in local mobility in the B form with respect to 78 and 94, unique for the two forms, also sh&v< 0.7.
the A form,while four display increased local mobility in  The regions showing increased mobility are mainly those
the A form. The most dramatic differences are observed for forming the heme pocket. This mobility would facilitate the
residues 25, 2930, and 64, with Ser 64 experiencing the release of the heme at lower GdmCI concentration in the B
largest (0.99— 0.41 in theS? value). Ser 64 is one of the form of the protein, as it is indeed observed.
residues whose backbone experiences a significant structural To understand the relevance of the internal mobility with
change upon addition of GAMCI in the A forhd), but it is respect to the biological function, it is meaningful to consider
not known whether this structural change occurs also in the the pattern of the order parameters and the distribution and
B form. However, it can be proposed that Ser 64 is quite rates of the exchange processes over the molecule, rather
affected by the presence of denaturant also in this form. With than analyzing the values of the single, individual NH. From
respect to the secondary structure elements, it can beinspection of Figures 3 and 5, it appears that the effect of
observed the considerable increase in local mobility for the addition of GdmCl is that of an overall, even if not dramatic,
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