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ABSTRACT: A Model-Free analysis of the15N relaxation properties of oxidized cytochromeb5, a heme-
containing electron-transfer protein, has been performed in 2 M guanidinium chloride (GdmCl), 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-frame15N relaxation rates. The protein contains a
60:40 ratio of two conformers (A and B) differing for the rotation of the heme group around theR-γ
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 performed15N 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. (1998)J. Phys. 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. (1998)Biochemistry 37, 12320-12330; Arnesano, F., Banci,
L., Bertini, I., Felli, I. C., Koulougliotis, D. (1999)Eur. J. Biochem. 260, 347-354], are already available
in the literature. It is found that GdmCl 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 theτex 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 theS2 values. 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
and the biological properties of a protein requires knowledge
of the structure and the dynamical properties under a variety
of conditions. Within this frame, in the present paper we
report a further characterization from the mobility point of
view of the soluble fragment of microsomal cytochromeb5

1

(cyt b5) from rat in the presence of the denaturant guani-
dinium chloride (GdmCl).

Cyt b5 is an amphipathic protein consisting of a hydrophilic
(heme-containing) fragment and a hydrophobic (membrane-

bound) fragment located in the endoplasmic reticulum of
hepatic cells (1). It is a ubiquitous protein in many living
organisms, and its heme-containing component is involved
in a wide variety of biological processes, having the function
of shuttling one electron between proteins taking part in the
process (2-7). In addition, this water-soluble domain,
constituted by 98 residues, is efficiently expressed inE. coli
(1), retaining fully its activity (8), and consequently provides
an excellent model system for a variety of biophysical
studies. Cytb5 contains ab type heme moiety. The iron
bound to the porphyrin is six-coordinate with two axial
histidines (His 39 and His 63) and cycles between 2+ and
3+ oxidation states. As the heme is not covalently attached
to the protein but is bound only through the bonds between
the iron and the two axial histidines, it can be present in
two different orientations, one differing from the other by a
180° rotation around theR-γ meso direction. The ratio
between the forms, which are called A and B hereafter,
depends on the organism, i.e., on the residues present around
the heme (9-13). In the case of the expressed rat microsomal
isoenzyme, this ratio (A:B) is approximately 60:40.

The overall folding of the rat protein (14) is that typical
of cyt b5 proteins (15-17). It is constituted by sixR-helices
and four shortâ-strands. The heme binding pocket is formed
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by four helices, two above (R4 andR5) and two below (R2
andR3) the heme moiety. The internal side of the pocket,
which constitutes the hydrophobic core of the protein, is
formed by fourâ-strands, two parallel (â1 andâ2) and two
antiparallel (â3 andâ4), which form a smallâ-sheet.

For the rat isoenzyme, the solution structures of both the
A and the B forms (14, 18), as well as the solution structure
of the A form in the presence of 2 M GdmCl (19), are
available. Furthermore, the internal motions for the oxidized
and the reduced A forms have been characterized, both on
the milli- to microsecond (20) and on the nano- to picosecond
time ranges (21, 22). Finally, the dynamical characterization
in the milli- to microsecond time range is available for the
oxidized B form (18).

Addition of 2 M GdmCl induces a “destabilized” confor-
mation (23, 24), in which some significant structural changes
occur around the heme binding pocket (19). A key hydrogen
bond for the heme binding to the protein, i.e., that between
a propionate group and the peptidic NH of Ser 64, is broken
upon addition of 2 M GdmCl, and helixR5, which constitutes
one side of the heme binding pocket, is shortened. Further-
more, twoâ-strands (â2 andâ3) move apart from each other,
thus disrupting theâ-sheet. Other structural changes are
observed around the heme, involving residues 33-38 (helix
R2) and 62-64 (end of helixR4 - beginning of helixR5).
On the other hand, most of the secondary structural elements
are still present. This destabilized state occurs just before
the release of the heme moiety and the formation of a
denatured state and thus represents one of the early steps in
its unfolding process.

In the present paper, we analyze the dynamical properties,
over different time ranges, of both forms of cytb5 in the
above protein state. Furthermore, we compare such results
with those of the two forms of the native protein, which we
have completed during this research. Some studies have
addressed the structural and dynamical properties of dena-
tured states of proteins (25-28, 29 and references therein),
but they were mainly devoted to systems that are highly
unfolded and therefore only partially structured. The role of
covalent bonds, such as those of disulfide bridges (30-32)
or those of an Fe4S4 cluster bound to cysteine residues
(33-35), has been also addressed, but again the investigated
systems had a sizable loss of secondary structure.

This study, following the structural characterization of the
cyt b5 conformation in the presence of 2 M GdmCl (19) and
the recent published dynamical characterization of the apo
form of cytb5 (36), will give insights into the role of a metal-
containing cofactor in determining interactions relevant to
the protein stability and folding and into the importance of
internal motions over a quite broad range of rates for the
events occurring during the early steps of the unfolding
process.

MATERIALS AND METHODS

Sample Preparation.Rat microsomal cytb5 was isolated
as previously described (1). An aliquot of GdmCl from a
stock solution of 7 M (100 mM phosphate buffer, pH 7.0)
was added to an∼3.5 mM solution of oxidized cytb5 to
reach 2 M GdmCl final concentration. The sample shows
the same NMR spectra as the sample used to determine its
three-dimensional structure in solution (19). Both the final

native and the 2 M GdmCl samples were about 2.7 mM in
protein concentration, in 100 mM phosphate buffer at pH
7.0.

NMR Spectroscopy.All NMR experiments were carried
out at 298 K, on a Bruker Avance 600 NMR spectrometer
operating at a proton Larmor frequency of 600.13 MHz. The
15N off-resonance rotating-frame relaxation rates (R1F

OFF)
were measured as a function of the effective magnetic field
amplitude (ωeff) by using a pulse sequence previously
reported (37). The 15N RF irradiation was applied with an
amplitudeω1 and with an offset∆ω with respect to the center
of the amide nitrogen resonances, determining an effective
magnetic field amplitudeωeff [ωeff ) (∆ω2 + ω1

2)1/2], which
makes an angle ofθ ) arc tan (ω1/∆ω) with they axis.ωeff

was changed by changing both theω1 amplitude and the
carrier frequency. Experiments were performed with four
different values of the angleθ (25, 30, 35, and 50°) to
increase the range ofωeff. Theω1 amplitude was increased
and decreased gradually in a trapezoidal fashion to achieve
adiabatic rotation of the magnetization to the effective
magnetic field axis (38). During the application of the
continuous wave spin-lock field at the15N frequency,
decoupling of the protons was achieved with Waltz-16 pulse
decoupling sequence (39) to avoid creation of antiphase15N
magnetization via cross-correlation processes (of the type
NxIz, whereN andI are the nuclear spin operators of the15N
and the directly bound1H nucleus, respectively). The
decoupling power was set to 2670 Hz in all experiments.
The INEPT transfer delay was set to 5.0 ms, which
corresponds to a duration slightly less than 1/[2J(1H-15N)]
(40). The resultingωeff values used in the measurements of
R1F

OFF were 1830, 2030, 2270, 2450, 2490, 2710, 3030, 3330,
3660, 4040, 4200, and 4520 Hz. For eachω1 amplitude value,
a series of 2D experiments was performed in which the
relaxation delayT was set to the values of 10, 20, 36, 50,
60, 86, 100, 150, 200, 300, and again 10 ms. A further 2D
spectrum without the period of spin-lock field was also
acquired to measure the initial magnetization. All experi-
ments were recorded with a spectral width of 2130 Hz in
the F1 (15N frequency) dimension and of 8390 Hz in the F2

(1H frequency) dimension. A total of 160 experiments int1,
each of 2048 real data points, were recorded. Each free
induction decay comprised 16 scans. The measuring time
for every 2D spectrum was approximately 1 h. Quadrature
detection in F1 was obtained by using the TPPI method (41).

The 15N longitudinal relaxation rates,R1, were measured
as previously described (42) by using delays in the pulse
sequence of 10, 20, 40, 80, 120, 180, 240, 320, 500, 1000,
1500, and 2000 ms. The15N transverse relaxation rates,R2,
were measured by using the CPMG sequence as described
elsewhere (42, 43). The relaxation delays used were 7.7, 15.4,
30.8, 46.2, 61.6, 77, 100, 154, 231, and 308 ms. The
heteronuclear1H-15N NOEs used the water flip-back method
to avoid saturation of the amide resonances (44). The
acquisition parameters forR1 andR2 rates and1H-15N NOEs
were the same as those used for theR1F

OFF measurement
except that a total of 192 experiments were recorded for each
2D spectrum, each comprising eight scans forR1 and R2

experiments and 40 scans for1H-15N NOE experiments.
Sequence-specific assignment of the1H and15N resonances

of cyt b5 in the native oxidized state (for both A and B forms)
is already available in the literature (14, 18, 45). The 1H
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chemical shifts of the oxidized enzyme in the presence of
2 M GdmCl were recently determined for the A form (19)
and aided the assignment of the15N resonances performed
in the present work. The1H and 15N resonances of the B
form in the presence of 2 M GdmCl have been assigned in
the present paper.

Data Processing. All 2D NMR data were processed on a
Silicon Graphics workstation using the UXNMR Bruker
software. Only the downfield part of the spectra (in the1H
dimension), containing the HN-N connectivities (5-12
ppm), was kept for the data analysis. All spectra were
transformed with 4× 1K points in the F2 and F1 dimensions,
respectively. All spectra acquired with the sameω1 amplitude
were processed by using the same processing parameters
(phasing parameters, baseline correction, etc.). Subsequent
integration of cross-peaks for all spectra was performed by
using the standard routine of the UXNMR program.

Determination of Relaxation Rates.Relaxation ratesR1,
R1F

OFF, and R2 were determined by fitting the cross-peak
intensities (I) measured as a function of the delay (T) within
the pulse sequence, to a single-exponential decay by using
the Levenburg-Marquardt algorithm (46, 47) according to
the following equation:

where A, B, and R were adjustable fitting parameters. A
program that uses a Monte Carlo approach to estimate the
error on the rates (37, 48, 49) was used for this purpose.
For R1F

OFF andR2, the phase cycle was chosen so that the
magnetization relaxes to zero for long relaxation delays.
Thus, in these two cases,A was set equal to zero in the fitting
procedure. The error bars forR1F

OFF correspond to the
experimental error averaged over all the applied spin-lock
powers. The error value forR1F

OFF,cor(see later) includes the
errors in the measurement of bothR1F

OFF andR1. The error
bars forR2 correspond to the experimental error averaged
over two measurements.

Analysis of the Rotating Frame Relaxation Rates.The off-
resonance relaxation rateR1F

OFF of a 15N spin participating
in a conformational exchange process is given by (50-53):

whereR1 is the longitudinal relaxation rate,R1F
ON,∞ is the

on-resonance rotating-frame relaxation rate with an infinitely
large effective field amplitude, andτex is the correlation time
for the exchange process involving the spin under observa-
tion. K is a constant equal topapbδΩ2, wherepa andpb are
the relative populations of the two states a and b between
which the exchange process occurs andδΩ is chemical shift
difference of the resonating nucleus between these two states.
Equation 2 is valid whenδΩτex , 1 and off-resonance
effects are neglected. However, this equation can be used
even when the two conditions are violated (30).

As explained elsewhere (20, 37), for R1F values measured
with different ωeff, the angleθi is not strictly constant for
all spins, and therefore theR1F values should be corrected
as follows:

Equations 2 and 3 indicate that, in the presence of exchange
equilibria, the values ofR1F

OFF andR1F
OFF,cor depend on the

appliedωeff. By fitting the experimentalR1F
OFF,cor values to

eq 3, the correlation timeτex for the exchange process can
be estimated. The fits were performed by using the nonlinear
fitting routine based on the Levenberg-Marquardt algorithm
(46, 47) as described in the literature (48). K, τex, andR1F

ON,∞

are adjustable parameters, and the experimental value ofR2

can be used as an additional data point, as it equals the
R1F

OFF,corlimit at ωeff ) 0. If no exchange process is present
(i.e., τex ) 0), R1F

OFF,cor is independent ofωeff and equal to
R1F

ON,∞. The accessible range for the exchange processes to
be detected, with the present availableωeff values, varies
approximately between 30 and 250µs. Therefore, exchange
processes could be, even if present, either “too fast” (τex <
30 µs) or “too slow” (τex > 250µs) to be detected from the
dependence ofR1F

OFF,coron ωeff. In the case of a fast process
(i.e., faster than the lower limit ofτex), R1F

OFF,cor appears
constant withωeff but larger than the averageR1F

OFF,corvalues
observed for the other nuclei not participating at any
exchange process and equal toR1F

ON,∞ + Kτex. In the case
of a slow process (i.e., lower than the upper limit ofτex),
R1F

OFF,cor appears to be independent ofωeff and equal to
R1F

ON,∞. Thus, such slow processes cannot be identified
through R1F

OFF alone. However, in the limit ofωeff ) 0,
R1F

OFF,cor ) R1F
ON,∞ + Kτex ) R2. Thus, by independently

measuringR2, it is possible to identify these slow processes.
Analysis of Longitudinal and TransVerse Relaxation and

of Heteronuclear NOEs with the Model-Free Approach.The
experimental longitudinal and transverse relaxation rates and
the heteronuclear NOEs have been analyzed with the Model-
Free 4.0 program (54), within the Lipari-Szabo approach
(55). This program models overall rotational diffusion using
an axially symmetric diffusion tensorD. R1, R2, and NOE
values for15N spins are determined by the dipolar coupling
with the attached proton and, forR1 and R2, also by the
chemical shift anisotropy of the nitrogen spins. The equations
for these rates, in terms of spectral density functionsJ(ω),
are reported in the literature (56). R2 can also contain a
contribution originating from exchange,Rex. In the present
work, we have used an independent experimental method
(15N rotating-frame relaxation) to specifically probe and
accurately determine the exchange processes (Rex). This
allows us to safely restrict the analysis ofR1, R2, and NOEs
for the estimation of the values of the order parameter and
the correlation time for the internal motions.

Within the Model-Free approach (48, 54), the spectral
density functionsJ(ω) can be expressed as a function of the
overall rotational correlation timeτm, of the order parameter
S2, and of the correlation time for internal motions, which
can be considered as arising from two components, one
describing faster (τf) and one slower (τs) motions (collectively
calledτe) but always faster thanτm.

Initially, the best fitting is made by using the following
equation (57) for the spectral densities in the approximation
of isotropic tumbling:

R1F
OFF - R1 cos2 θ

sin2 θ
) R1F

ON,∞ + K
τex

1 + τex
2ωeff

2
)

R1F
OFF,cor (3)

I(T) ) A + B exp(-RT) (1)

R1F
OFF ) R1 cos2 θ + R1F

ON,∞ sin2 θ +

K sin2 θ
τex

1 + τex
2ωeff

2
(2)
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where the only variable parameter isS2. For those HN
vectors, whose internal motions are librations with a small
amplitude occurring with a very fast correlation time (τf <
10 ps), it can be assumed that the dominating contribution
to the spectral density is given by the overall reorientation
of the molecule, modulated byτm, with the value ofS2

accounting for the reduction of relaxation rates of the HN
vector due to the very fast internal librations. This is referred
to as model 1 in the literature (48).

When the fitting using eq 4 is poor, a second term is added
to the spectral density function, according to the following
equation:

whereτ′f-1 ) τm
-1 + τf

-1, andτf is the effective correlation
time for internal motions on a faster time scale thanτm

(τf < 200 ps). Within this motional model, the correlation
time for the intramolecular motions of the HN vector is used
as a further parameter in the fitting and an F-statistic test
(54) has been applied to check that the improvement in the
fitting is just not due to the introduction of a new parameter
but to a physical requirement. Note that the sum of the scalar
factors containingS2 in eq 5 is normalized and that the
quantity that multiplies the second member in square brackets
of eq 5 is the complement to unity ofS2. This is referred to
as model 2 in the literature.

In some cases, a contribution toR2 due to exchange
processes (Rex) can be operative and is included as a fitted
parameter in the calculations. When this term is operative,
models 1 and 2 are called models 3 and 4 in the literature,
respectively.

When the above motional models were not fitting the
experimental data, the spectral density function is described
by the following equation:

whereτ′s-1 ) τm
-1 + τs

-1 andτs is the effective correlation
time for internal motions on a slow time scale but still faster
thanτm (200 ps< τs < τm), S2 ) Sf

2 × Ss
2 is the square of

the generalized order parameter characterizing the amplitude
of the internal motions, andSf

2 andSs
2 are the squares of

the order parameters for the internal motions on the fast and
slow time scales, respectively. Within this model, very fast
librations (characterized by a correlation timeτf < 10 ps)
are described bySf

2 that contributes to reduce the generalized
order parameter, and motions on a slower time scale are
accounted for introducing a correlation timeτs as variable
parameter in the fitting. This is referred to as model 5 in the
literature. This model is used to fit relaxation data for HN
vectors experiencing more complex internal motions, typical
of partially or completely unfolded proteins, where the
increased overall mobility is associated with the presence
of collective motions.

The effect of the anisotropy of molecular reorientation on
the Model-Free analysis has been recently investigated (58-
60). If ignored, it can produce erroneous results on the
identification of conformational exchange processes even for
quite modest anisotropies (D||/D⊥ ) 1.3, whereD|| andD⊥
are the parallel and perpendicular components, respectively,
of an axially symmetric diffusion tensor) (59). On the
contrary, even in the presence of relatively large anisotropic
motions (D||/D⊥ ) 2.0), theS2 values are minimally affected
(less than 6% and in most cases less than 3%)(58). In the
present analysis, we have used an axially symmetric model
to account for the global rotational motion. In such a
condition, depending on the selected motional model for the
specific HN vector, the spectral densities are given by eqs
4-6, where the quantities in square brackets become the
argument of the summation over three components of the
diffusion tensorD, andτm

-1 assumes the following values:
τm1

-1 ) 6D⊥, τm2
-1 ) 5D⊥ + D||, τm3

-1 ) 2D⊥ + 4D||.
The three terms of the summation are multiplied byA1 ) (3
cos2 θ - 1)2 /4, A2 ) 3 sin2 θ cos2 θ, andA3 ) (3/4) sin4 θ,
respectively, andθ is the angle between the N-H bond
vector and the unique axis of the principal frame of the
diffusion tensor (61-63).

Having available the three-dimensional structures of cyt
b5 in the native state (for A and B forms) and in 2 M GdmCl
(only for A form, while the B form is assumed to have a
similar structure), then the rotational diffusion tensor can be
estimated from theR2/R1 ratio. Once the best model for the
molecular motions is selected, the overallτm, the ratioD||/
D⊥, and the internal motional parameters for each spin are
optimized by fitting the experimental relaxation parameters
R1, R2, and NOE to their equations (56). Powell minimization
algorithm [see W. H. Press et al. (1992)Numerical Recipes
in C, 2nd ed., section 10.5, Cambridge University Press, New
York] has been used.

Dealing with paramagnetic molecules, we should also
estimate the possible contribution to the relaxation rates
arising from the coupling between the resonating nuclei and
the unpaired electrons. While the effect can be sizable on
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 than 7 Å to themetal (64). In the case of
the native form of cytb5 (20), it has been found that the
backbone nitrogen nuclei closest to the heme Fe(III) and
involved in exchange processes are within 7.4 and 7.8 Å
from the iron. For these nuclei, the paramagnetic contribution
to the 15N longitudinal relaxation rate was estimated to be
in the range of 0.02-0.05 Hz (20), which is very small with
respect to the experimentally observed values.

RESULTS

The backbone dynamics of oxidized rat microsomal cyt
b5 in the presence of 2 M GdmCl was investigated at different
time scales, i.e., in the milli- to microsecond and in the nano-
to picosecond time scales. As already discussed in the
introduction, the protein is present in two forms (A and B)
containing the heme group rotated by 180°, one with respect
to the other around theR-γ meso direction. The dynamical
properties have been subsequently compared with those of
the two forms in the native state.

J(ω) ) 2
5[ S2τm

1 + (ωτm)2] (4)

J(ω) ) 2
5[ S2τm

1 + (ωτm)2
+

(1 - S2)τ′f
1 + (ωτ′f)

2] (5)

J(ω) ) 2
5[ S2τm

1 + (ωτm)2
+

(Sf
2 - S2)τ′s

1 + (ωτ′s)
2 ] (6)
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1H and15N resonance assignments, as well as the solution
structures, are available in the literature for both oxidized
forms (14, 18) and for the oxidized A form in the presence
of 2 M GdmCl (19). The assignment of the1H and 15N
backbone NH resonances of the oxidized B form of cytb5

in the presence of 2 M GdmCl was performed in the present
study (see Figure 1).

The spectroscopic parameters for the nano- to picosecond
time scale without denaturant were also available in the
literature (21), but we remeasured them to make more
meaningful the comparison with the species in the presence
of denaturant. The present data substantially agree with the
literature ones.

NMR Titration with GdmCl.Upon addition of GdmCl up
to ∼1.8 M concentration, the paramagnetically shifted signals
show some change in the shifts and a small decrease in
intensity, thus indicating only small structural changes. When
the concentration of denaturant is increased, the intensity of
these signals rapidly decreases and becomes essentially zero
at a concentration of about 3.0 M. This indicates that the
heme is released from the protein by the addition of GdmCl.
The 1D 1H NMR spectrum as well as the15N-1H HSQC
map of the protein at 3 M GdmCl are very close to that
observed for a random coil state. The behavior with GdmCl
suggests the presence of slow exchange between the species
minimally perturbed or native (N) and the denatured form
(U). The changes in intensity of the paramagnetically shifted
signals as a function of GdmCl concentration are reported
as the inset in Figure 1 and have been fitted, as already
described for the A form (19), to a two-state NT U model
for both A and B forms, according to the following relation
(65-67):

whereyobs is the normalized signal intensity;R ) 8.3 J K-1

mol-1; yN, yU, andRN, RU represent intercepts and slopes of
the native (N) and unfolded (U) baselines, respectively; and
m is a parameter reflecting the steepness of the unfolding
transition. This analysis provides∆G°, that represents the
free energy of the unfolding process in the absence of
denaturant, andm, a parameter reflecting the steepness of
the unfolding transition. From the least-squares fit, we obtain
∆G° ) 29 ( 3 kJ mol-1 andm ) 11 ( 1 kJ mol-1 M-1, for
the A form of the protein, and∆G° ) 22 ( 3 kJ mol-1 and
m ) 9 ( 1 kJ mol-1 M-1 for the B form. These values
indicate that the B form, as already observed (18, 22, 68), is
slightly less stable with respect to the unfolding process than
the A form. Values available in the literature (24) obtained
through fluorescence measurements report∆G° of 26.5 kJ
mol-1 andm ) 8.6 kJ mol-1 M-1 for the bovine isoenzyme
that contains essentially only the A form.

Relaxation Properties of Oxidized cyt b5 in the Presence
of 2 M GdmCl. (1) Rotating Frame Experiments.The off-
resonance rotating-frame relaxation ratesR1F

OFF and the
transverse relaxation ratesR2 of the backbone amide nitro-
gens of oxidized cytb5 in the presence of 2 M GdmCl (Figure
1 of the Supporting Information) were measured for those
15N resonances that do not show overlap and therefore can
be accurately integrated. They correspond to 6615N nuclei,
as several could not be detected due to proton exchange and
22 were unresolved. Out of these 6615N resonances, 40 were
individually resolved for the A and B species. The depen-

FIGURE 1: 1H-15N HSQC 600-MHz spectrum of oxidized rat microsomal cytb5 in 2 M GdmCl (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 microsomal cytb5 as a function of GdmCl concentration. The solid
curve represents a fit of the normalized experimental intensities to eq 7.

yobs) {yN + RN[GdmCl] + yU + RU[GdmCl]

exp[(-∆G° + m[GdmCl])/RT]}/{1 + exp[(-∆G° +
m[GdmCl])/RT]} (7)
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dence of theirR1F
OFF,corvalues withωeff was examined. Ten

15N for the A form and 1215N for the B form display a
dependence ofR1F

OFF,corwith ωeff. Six more15N resonances,
which are degenerate for the two forms, also show a
dependence of theR1F

OFF,cor on ωeff.

As discussed in Materials and Methods, an increase of
R1F

OFF,cor with decreasingωeff is indicative of the presence
of exchange processes in the milli- to microsecond time scale.
The correlation times for the exchange processes,τex, can
be obtained by fitting the data to eq 3. An example of
R1F

OFF,cordependence onωeff and of its fitting to eq 3 is shown
in Figure 2. As discussed before (20), the paramagnetic
contribution to the nitrogen relaxation rates is negligible, due
to the low gyromagnetic ratio of the15N nucleus. The values
estimated forτex range between∼35 µs (for Ala67 in the B
form) and∼85µs (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.

The six degenerate signals belonging to residues 19, 27,
59, 78, 80, and 85, which also experience conformational
equilibria, provide aτex that is an average between those for
the two species. Since the shifts are the same, it is reasonable
to assume that the mobility for the two species is similar,
even if this reasoning cannot be proved. The exchange
correlation time for the process has been determined for 16
residues (including the degenerate ones) for the A form and
18 for the B form. A pictorial representation of these results
is shown in Figure 3 for the A form (panel a) and for the B
form (panel c).

FIGURE 2: Off-resonance rotating-frame relaxation rates,R1F
OFF,cor,

of the backbone nitrogen of Thr 33 as a function of the effective
magnetic field amplitude,ωeff, for the A form of oxidized rat
microsomal cytb5 in the presence of 2 M GdmCl. The solid curve
represents the fit to a Lorentzian-type function (eq 3).

FIGURE 3: Mapping of15N exchange rates in the protein frame of the A form of cytb5 in 2 M GdmCl (a) and in the native state (b) and
of the B form of cytb5 in 2 M GdmCl (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 proportional toτex

-1. Secondary structure
elements are indicated:R-helices in blue andâ-strands in magenta.
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(2) Pico- to Nanosecond Mobility.The experimentalR1

and the 1H-15N NOEs are reported in the Supporting
Information for both the A and B forms of oxidized cytb5

in 2 M GdmCl. By using the Model-Free 4.0 program (54),
the parameters characterizing the overall and internal mobility
within the Lipari-Szabo model (55) have been determined
for each backbone NH whose signal can be resolved in the
2D maps.

The inertia tensors for each structure have been calculated
from the available structures (14, 18, 19). Initially, the local
rotational correlation time values,τmi, for eachi amide vector
were calculated from theR2/R1 ratios (by using thoseR2

values that are not affected by exchange processes) and used
as input in the evaluation of the axially symmetric diffusion
tensorD (69). The overall correlation time for molecular
tumbling,τm, and theD||/D⊥ ratio were fitted during the last
stage of Model-Free calculations after the motional model
selections, obtained with the calculated diffusion tensor

anisotropy. TheD||/D⊥ ratio was found to be in the range of
1.2-1.4 for both native and 2 M GdmCl cytb5. The overall
τm values are 7.6 ns and 7.8 ns in 2 M GdmCl for A and B
forms, respectively, and 5.6 ns and 5.9 ns in the native
protein. The higherτm values for the destabilized protein
are consistent with an increased viscosity of the solution after
addition of denaturant. Meaningful values (i.e., larger than
their errors) for the correlation time for fast internal motions,
τe, were found for 20 residues in both the A and B forms in
addition to seven degenerate residues for which average
values are obtained (see Table 2). The generalized order
parametersS2 for each residue are reported in Figure 4. Self-
consistent results were obtained for 35 backbone NH vectors
unique for the A form and 28 for the B form, together with
22 average values for degenerate resonances.

Figure 4 shows thatS2 experiences some scattering along
the protein sequence. In addition to residue 94 (S2 ) 0.44),
which is expected to have a low value forS2 as is close to

Table 1: Exchange Correlation Times (τex) Estimated for the Amide Backbone Nitrogens of Oxidized cytb5 (A and B forms) in the Native
State and in the Presence of Denaturant (2 M GdmCl)a

2 M GdmCl native form

residueb secondaryc element cytb5 Bd,e τex(µs) cytb5 Bd,e τex(µs) secondary element cytb5 Ad,e τex(µs) cytb5 Bd,e τex(µs)

*Lys 5 *** 9 9 â1 160( 45 160( 45
*Leu 9 R1 9 9 R1 50( 25 50( 25
*Glu 10 R1 9 9 R1 250( 55 250( 55
*Lys 19 loop 80( 25 80( 25 loop 9 9
Trp 22 â4 1 1 â4 155( 30 155( 30
Ile 24 â4 40( 10 9 â4 9 145( 50
His 26 turn 9 40 ( 5 turn 160( 40 155( 60
*His 27 turn 60( 15 60( 15 turn <40 <40
Tyr 30 â3 9 50 ( 10 â3 90( 30 175( 65
Asp 31 â3 1 1 â3 <40 <40
Thr 33 *** 60 ( 10 9 R2 9 9
Lys 34 R2 9 9 R2 <40 130( 50
Leu 36 R2 9 9 R2 9 155( 70
Glu 38 R2 40( 5 40( 5 R2 1 1
His 39 *** 9 9 R2 165( 45 175( 80
Glu 44 R3 9 9 R3 <40 <40
Val 45 R3 9 9 R3 160( 45 110( 35
Leu 46 R3 60( 10 9 R3 165( 50 165( 50
Arg 47 R3 60( 10 60( 10 R3 180( 45 185( 50
Glu 48 R3 9 9 R3 230( 60 150( 75
Gln 49 R3 1 1 R3 175( 35 190( 90
Ala 50 R3 9 9 R3 9 90 ( 40
Gly 51 turn 9 45 ( 5 turn 9 9
Gly 52 turn 9 9 turn 9 185( 65
Ala 54 *** 9 9 R4 <40 <40
Thr 55 R4 9 9 R4 9 100( 55
Asn 57 R4 9 9 R4 9 190( 65
Phe 58 R4 9 50 ( 10 R4 130( 35 140( 45
*Glu 59 R4 40( 10 40( 10 R4 90( 30 90( 30
Asp 60 R4 50( 15 9 R4 170( 50 110( 50
Ser 64 R5 85( 15 70( 10 R5 9 9
Ala 67 R5 9 35 ( 5 R5 190( 55 70( 45
Arg 68 R5 60( 15 55( 15 R5 9 9
Glu 69 R5 50( 15 50( 10 R5 165( 35 140( 55
Ser 71 R5 50( 10 50( 10 R5 9 9
Lys 72 R5 9 9 R5 <40 <40
Thr 73 *** 9 9 R5 9 120( 65
Tyr 74 *** 9 9 R5 165( 35 165( 65
Ile 75 *** 9 50 ( 5 â2 55( 25 70( 40
*Glu 78 *** 50 ( 15 50( 15 â2 9 9
*Leu 79 *** 9 9 turn 185( 65 185( 65
*His 80 *** 40 ( 15 40( 15 turn <40 <40
*Arg 84 R6 9 9 R6 175( 55 175( 55
*Ser 85 R6 45( 10 45( 10 R6 9 9

a Secondary structural elements to which each amide belongs are also reported.b Single asterisk (*) denotes residues with degenerate resonances
for both species.c Three asterisks (***) denote these residues do not belong anymore to a secondary structural element in 2 M GdmCl.d (1)
Resonance not observed.e (9) Residues not involved in conformational exchange processes.
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Table 2: Generalized Order Parameters,S2, and Effective Internal Correlation Times,τe (where determined), for the Amide Backbone
Nitrogens of Oxidized cytb5 (A and B forms) in the Native State and in the Presence of Denaturant

2 M GdmCl native

A formb B formb A formb B formb

residuea S2c τe
d (ps) S2c τe

d (ps) S2c τe
d (ps) S2c τe

d (ps)

*Lys 5 0.40( 0.10 1800( 500e 0.40( 0.10 1800( 500e 0.76( 0.05 40( 20f 0.76( 0.05 40( 20f

*Tyr 6 0.37( 0.11 2440( 700e 0.37( 0.11 2440( 700e 1 1
*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 0.80( 0.06 g 0.80( 0.06 g 0.80( 0.05 50( 20f 0.80( 0.05 50( 20f

*Glu 10 b b 0.91( 0.05 g 0.91( 0.05 g
*Glu 11 1 1 0.83( 0.04 0.83( 0.04
*Ile 12 1 1 0.90( 0.04 0.90( 0.04
*Gln 13 0.93( 0.05 250( 200e 0.93( 0.05 250( 200e 0.84( 0.05 0.84( 0.05
*Lys 14 1 1 0.67( 0.09 1000( 300e 0.67( 0.09 1000( 300e

*His 15 0.74( 0.06 g 0.74( 0.06 g 0.84( 0.04 0.84( 0.04
*Lys 16 0.93( 0.05 0.93( 0.05 0.84( 0.04 0.84( 0.04
*Asp 17 0.84( 0.06 50( 30h 0.84( 0.06 50( 30h 1 1
*Lys 19 0.70( 0.05 30( 12f 0.70( 0.05 30( 12f b b
*Ser 20 1 1 0.91( 0.05 g 0.91( 0.05 g
*Thr 21 1.00( 0.05 1.00( 0.05 0.83( 0.05 g 0.83( 0.05 g
Trp 22 1 1 1.00( 0.05 1
Val 23 b 0.91( 0.06 71( 66f 0.85( 0.05 70( 30h 0.90( 0.05 g
Ile 24 0.85( 0.09 150( 140f 0.65( 0.09 16( 5f 0.88( 0.04 0.87( 0.05 g
Leu 25 0.76( 0.05 0.47( 0.09 2260( 920e 0.81( 0.04 45( 20h 0.77( 0.04 100( 30h

His 26 b 0.89( 0.05 66( 44f 0.87( 0.05 80( 50f 0.86( 0.05 60( 40f

*His 27 0.99( 0.06 g 0.99( 0.06 g 0.94( 0.05 g 0.94( 0.05 g
Lys 28 0.78( 0.05 b 0.82( 0.04 1
Val 29 0.72( 0.05 20( 10h 0.42( 0.09 1900( 400e 0.85( 0.04 1
Tyr 30 0.76( 0.06 g 0.49( 0.06 11( 4f b 0.94( 0.05 g
Asp 31 1 1 0.88( 0.05 g 0.90( 0.05 g
Thr 33 0.74( 0.06 g b b b
Lys 34 0.80( 0.05 0.77( 0.04 0.88( 0.05 0.97( 0.07 g
Phe 35 0.78( 0.05 15( 12h b 0.86( 0.05 1
Leu 36 0.77( 0.05 21( 13h 0.68( 0.08 2200( 970e 0.80( 0.04 45( 20h 0.82( 0.04 160( 81f

*Glu 37 0.72( 0.06 18( 10f 0.72( 0.06 18( 10h 0.79( 0.04 0.79( 0.04
Glu 38 0.81( 0.05 25( 16f 0.79( 0.05 21( 14f 1 1
His 39 0.88( 0.05 43( 33h 0.82( 0.04 61( 25h 0.85( 0.05 g 0.86( 0.05 92( 50f

Gly 42 0.63( 0.05 2200( 500e 0.55( 0.06 17( 6f 0.75( 0.06 900( 500e 0.76( 0.10 1100( 825e

Glu 43 0.81( 0.05 0.89( 0.07 1 1
Glu 44 b b 0.94( 0.05 150( 150f 1.00( 0.05
Val 45 b b 0.91( 0.04 0.78( 0.11 g
Leu 46 0.77( 0.05 g b 0.88( 0.05 100( 60f b
Arg 47 0.83( 0.05 30( 18f 0.99( 0.05 g 0.80( 0.05 50( 20f 0.89( 0.05 100( 70f

Glu 48 0.85( 0.06 40( 25h 0.87( 0.05 60( 30h 0.87( 0.05 65( 40f 0.87( 0.05 87( 51f

Gln 49 1 1 0.91( 0.04 0.80( 0.06 100( 56f

Ala 50 0.75( 0.06 14( 10f 0.65( 0.05 16( 4f 0.89( 0.05 0.87( 0.05 50( 35f

Gly 51 0.72( 0.10 2050( 1170e b b 0.83( 0.07
Gly 52 0.83( 0.05 50( 25h 0.79( 0.05 38( 17h b 1
Asp 53 0.77( 0.05 21( 13h b 1 1
Ala 54 0.59( 0.04 20( 6h b 0.74( 0.05 20( 10f 0.81( 0.05 20( 18f

Thr 55 0.85( 0.05 g 1.00( 0.05 b 0.50( 0.11 2000( 300f

Asn 57 0.84( 0.05 33( 22h 0.76( 0.05 27( 12f 0.90( 0.04 110( 80h 0.99( 0.05
Phe 58 b b 0.86( 0.03 230( 200f 0.92( 0.07
*Glu 59 0.99( 0.05 g 0.99( 0.05 g 0.94( 0.05 g 0.94( 0.05 g
Asp 60 0.75( 0.06 23( 13f 0.93( 0.05 0.85( 0.05 32( 26f 0.91( 0.10 200( 150f

Val 61 0.84( 0.05 0.89( 0.05 39( 33h 0.83( 0.04 0.84( 0.06
Gly 62 0.80( 0.05 18( 14h b 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( 40h

Ala 67 1.00( 0.05 0.78( 0.05 g 0.88( 0.05 85( 55f 0.88( 0.05
Arg 68 0.76( 0.06 24( 14f 1.00( 0.05 g 0.79( 0.04 50( 20h 0.78( 0.06
Glu 69 1.00( 0.05 g 0.91( 0.04 40( 39f 0.87( 0.05 g 0.89( 0.05 115( 80f

Ser 71 0.87( 0.05 g 0.76( 0.05 32( 14f 0.86( 0.04 0.84( 0.05 55( 30h

Lys 72 0.80( 0.06 g 0.60( 0.09 3000( 1300e 0.87( 0.05 g 0.92( 0.07 80( 60h

Thr 73 0.66( 0.06 18( 8f b 0.86( 0.04 0.80( 0.20 1000( 900f

Tyr 74 0.71( 0.06 13( 9f 0.71( 0.06 13( 9f 0.94( 0.05 g 0.90( 0.07 g
Ile 75 1.00( 0.05 0.76( 0.06 g 1.00( 0.05 g 0.88( 0.05 g
*Gly 77 0.76( 0.06 g 0.76( 0.06 g b b
*Glu 78 0.67( 0.06 g 0.67( 0.06 g 0.74( 0.05 0.74( 0.05
*Leu 79 b b 0.87( 0.05 50( 35f 0.87( 0.05 50( 35f

*His 80 0.80( 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 0.91( 0.05 g 0.91( 0.05 g
*Arg 84 0.92( 0.05 0.92( 0.05 0.73( 0.04 160( 60f 0.73( 0.04 160( 60f

7124 Biochemistry, Vol. 39, No. 24, 2000 Arnesano et al.



the C-terminus, three common residues (5, 6, and 78), three
residues unique for the A form (42, 54, and 73), and nine
for the B form (24, 25, 29, 30, 36, 42, 50, 64, and 72) display
S2 values below 0.70, thus indicating the occurrence of
extensive unfolding processes. Most of the residues experi-
ence fast librations (model 2, see Materials and Methods),
while only a few residues, scattered over the protein frame,
show slower internal motions (model 5). All the residues
[except one for the A form (Ser 64)] displaying a dependence
of theR1F

OFF,corvalues with the effective magnetic field are
fitted, within the Model-Free analysis, with anRex contribu-
tion to R2 (models 3 and 4). For Ser 64 in the A form, the
Rex contribution is relatively small and within the error of
R2, and therefore it may easily escape from the Model-Free
analysis. Furthermore, the Model-Free analysis requires the
Rex contribution for a few residues for which no effective
field dependence has been detected, thus indicating the
presence of chemical exchange processes occurring at rates
faster than those accessible with the present experimental
conditions.

The averageS2 values for all the characterized residues
are 0.79( 0.14 for the A form and 0.76( 0.18 for the B
form. These values are lower than those found in the native
protein (see below), which are 0.86( 0.07 and 0.85( 0.09
for A and B forms, respectively. Therefore, it is evident that
nearly the same, relatively small, change is observed for
internal mobility in both the A and B forms upon addition
of denaturant. A pictorial representation of these results is
shown in Figure 5 for the A form (panel a) and for the B
form (panel c).

Relaxation Properties of the NatiVe, Oxidized Forms.For
both the A (20) and the B (18) forms of the oxidized native
state of cytb5, R1F

OFF,cormeasurements are already available.
Their values and their dependence on the effective magnetic
field indicated the presence of motions in the milli- to
microsecond time range on some residues in relevant regions
of the protein. To complete the characterization of the
motions of cytb5 also in the native state,15N longitudinal
and transverse relaxation rates as well as heteronuclear NOEs
are needed. These values recently appeared in the literature

Table 2 Continued

2 M GdmCl native

A formb B formb A formb B formb

residuea S2c τe
d (ps) S2c τe

d (ps) S2c τe
d (ps) S2c τe

d (ps)

*Lys 86 0.72( 0.05 0.72( 0.05 1 1
*Ile 87 1 1 0.84( 0.03 300( 300h 0.84( 0.03 300( 300h

*Lys 89 1 1 0.91( 0.05 0.91( 0.05
*Glu 92 1 1 0.58( 0.05 116( 36h 0.58( 0.05 116( 36h

*Leu 94 0.44( 0.04 50( 10h 0.44( 0.04 50( 10h 1 1

a Single asterisk (*) denotes residues with degenerate resonances for both species.b (1) Amide backbone nitrogens for which relaxation rates
could not be measured due to cross-peak overlap with other resonances.c (b) For these residues, the Model-Free approach does not provide self-
consistent results.d τe indicates eitherτf if models 2-4 are used orτs if model 5 is used for fitting the experimental data.e The relaxation rate of
this residue is fitted using model 5.f The relaxation rate of this residue is fitted using model 4.g The relaxation rate of this residue is fitted using
model 3.h The relaxation rate of this residue is fitted using model 2.

FIGURE 4: Order parameters (S2) of the backbone nitrogens for the oxidized rat microsomal cytb5 in the presence of 2 M GdmCl [panels
a (A form) and b (B form)] and for the native system [panels c (A form) and d (B form)].
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from another laboratory (21); however, the measurements
have been also performed within this work for consistency
of the sample and experimental conditions, allowing us to
make a meaningful comparison with those obtained in the
presence of denaturant.

The experimental values ofR2, R1, and heteronuclear
NOEs for the native form are reported in the Supporting
Information. From a Model-Free analysis of these data,
performed with the same approach used for the protein in
the presence of denaturant, the order parameters and the
correlation times for the internal motions can be determined.
The pattern ofS2 values on the protein frame is shown in
Figure 5 (panels b and d).

TheS2 values of the native oxidized A and B forms display
a quite more even distribution along the amino acid sequence
with respect to the values in the presence of denaturant. They
are reported in Table 2 and plotted in Figure 4 as well. Their
values are consistent with those already reported (21).

Having now available the experimentalR2 values, we have
reanalyzed theR1F

OFF,corvalues, previously determined (20),
by using theR2 values as theR1F

OFF,corlimits at zero effective
magnetic field. From the fitting to eq 3, now we obtain more
accurate values forτex, which are reported in Table 1. The
data obviously provide the same picture in terms of exchange
conformation equilibria as the previous ones. The pattern of
conformational exchange processes for both forms is reported
in Figure 3 (panels b and d). The correspondence between

detection of exchange conformational processes determined
through the Model-Free analysis and through rotating-frame
experiments is essentially complete. Discrepancies observed
for residues 22, 34, 45, and 49 for the A form; residues 44,
57, 58, 67, and 72 for the B form; and residue 80 unique for
the two forms can be accounted on the same basis as
discussed for the GdmCl system.

DISCUSSION

Cyt b5 is now quite well-characterized in terms of mobility
both on milli- to microsecond and nano- to picosecond time
scales. The system is complicated by the presence of the
two A and B conformers, which, however, add further pieces
of information to the knowledge of the system. When the
signals of the two forms are well separated, specific mobility
data are available. This happens for about 40% of the signals.
For the remaining signals, degenerate for the two species,
the mobility parameters may be assumed to be equal for both
species, as degenerate signals both in1H and15N dimensions
are indicators of very similar behavior.

GdmCl changes the mobility parameters, often by increas-
ing the internal mobility but sometimes by decreasing it. The
increase in mobility can be associated to a break in the
hydrogen bonds, as observed in the case of Ser 64, whereas
the decrease in mobility may be related to strong interactions
with the denaturant molecules.

FIGURE 5: Mapping of HN mobility in the nano- to picosecond time scale in the protein frame of the A form of cytb5 in 2 M GdmCl (a)
and in the native state (b) and of the B form of cytb5 in 2 M GdmCl (c) and in the native state (d). The color scale of the spheres redf
yellow f green indicates increasing mobility (lowerS2 values). Secondary structure elements are indicated:R-helices in blue andâ-strands
in magenta.
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We are now going to compare the dynamical properties
of oxidized cyt b5 in the presence or in the absence of
denaturant and between A and B forms. The aim is that of
providing a picture of the events occurring before the release
of the heme moiety and the subsequent unfolding of the
protein.

Comparison of the Dynamical Properties of cyt b5 in 2 M
GdmCl with Those of the NatiVe State. (1) A Form.
Comparing the conformational exchange processes on the
milli- to microsecond time scale of the oxidized A form of
cyt b5 in the presence of 2 M GdmCl with those of the native
protein (20) (see Table 1), the first observation to be made
is that the total number of backbone nitrogens participating
in exchange processes is somewhat reduced: 16 backbone
nitrogens in the present system versus 28 in the native
protein. The comparison includes both the resolved (10 in 2
M GdmCl and 20 in the native protein) and those coincident
with those of the B form, even if for some residues the
corresponding signal in both forms is not available. The
decrease in number of residues experiencing conformational
exchange can be due to either aδΩ of eq 2 that accidentally
becomes close to zero upon addition of denaturant or due to
the actual rigidity of the molecule. As this behavior is
observed for several residues, we suggest that this is due to
the real rigidity. For those residues for which the exchange
process is observed, exchange rates in GdmCl are faster than
in the native state. Analyzing the secondary structural
elements to which they belong (see Table 1) the following
major conclusions can be reached (see also Figure 3):

(i) Helix R1 (residues 9-10) is rigidified upon addition
of denaturant.

(ii) Helices R2, R3, and R4 do not experience any
significant change in their overall milli- to microsecond time
scale backbone dynamics. For example, for helixR2 the
decrease in mobility of residues 34 and 39 is partly
counterbalanced by the increased mobility of Thr 33.

(iii) In helix R5 (residues 64-74 in the native form), the
number of residues experiencing backbone exchange pro-
cesses upon addition of 2 M GdmCl is slightly increased:
three backbone NHs are now involved in exchange processes
(64, 68, and 71), while two seem to be rigidified (67 and
72). It is worth noting that in the present system, helixR5
extends between residues 64-72, and it is thus shortened
by residues 73 and 74 (19). Furthermore, extensive rear-
rangements in the hydrogen bond network involve its
residues. This indicates that the addition of denaturant
increases conformational exchange processes in protein
segments where also significant structural changes are
occurring.

(iv) The largest structural changes induced by the denatur-
ant involve the protein backbone segments 33-38 (helixR2),
62-64 (end of helixR4 - beginning of helixR5), and 77-
78 (19). Interestingly, the backbone nitrogens of residues
33, 34, 64, and 78 are also subjected to mobility changes.
Three of them (33, 64, and 78) become more mobile while
one (34) is rigidified.

Also on a faster time scale (nano- to picosecond range),
useful information is obtained. As mentioned earlier, a
decrease in the order parameterS2 corresponds to a more
mobile backbone nitrogen. By comparing the two sets of
order parameters (Table 2 and Figure 5), it is observed that,
in the presence of 2 M GdmCl, the backbone NHs of 10

residues (seven of which unique for the A form) haveS2

values considerably lower (outside the experimental error)
than the native system. On the other hand, only four
backbone NHs displayS2 values larger than in the native
protein. Thus, a general comment can be made that in the
nano- to picosecond time scale an overall increase in the
backbone mobility is induced upon addition of 2 M GdmCl,
as it is also pictorially shown in Figure 5. This increase is
mostly present on backbone nitrogens located in the heme
vicinity. In fact, for NHs within 8 Å from the heme moiety,
six such NHs (42, 46, 50, 54, 73-74) show increased nano-
to picosecond mobility in the presence of denaturant, while
only two (67 and 69) such NHs display reducedS2 values
in the native system.

Again, most of the residues that show enhanced internal
mobility are located in protein segments experiencing the
largest structural changes induced by the denaturant. How-
ever, it seems that these fast time scale motions do not have
an obvious relation with the slower conformational exchange
processes. A decrease in theS2 values is observed for helix
R2 (34-38), where several hydrogen bonds are broken by
the denaturant. The residues at the two extremes of the
various elements of secondary structure show an increased
fast mobility in 2 M GdmCl. This behavior can explain the
reduction in length of these elements in the structure of the
A form of cyt b5. Finally, â-strand 5-7 moves apart from
the 75-78 one. Again, this occurs together with an increase
in local mobility. Indeed, in this region only residue 75
remains quite ordered in 2 M GdmCl, and the analysis of
the structure in the same conditions confirms that residue
75 is still part of aâ-strand.

(2) B Form.Examination of Table 1, in which the two
sets of results for the B form in the presence of 2 M GdmCl
and in the native state are shown together, indicates that, in
analogy to the A form, the number of residues showing
conformational equilibria in the milli- to microsecond time
scale is again somewhat reduced upon addition of denatur-
ant: 18 backbone nitrogens in the present system versus 35
in the native protein. Also in this form, the data for the same
NH in both forms are not available for all residues.

Also in this system, although the number of residues
involved in conformational equilibria is reduced, the ex-
change rates, when measured, are invariably faster than in
the native state. By taking again into account the secondary
structural elements to which the residues belong (see Table
1 and Figure 3), it can be observed that helicesR2, R3, and
R4 become more rigid. HelixR5 experiences a behavior
similar to that observed in the A form: three residues are
involved in exchange process in GdmCl and not in the native
state (residues 64, 68, and 71), while only one is rigidified
in the denaturant (residue 72). Since the structure of the B
form of oxidized cytb5 in 2 M GdmCl is not available, no
correlation can be made between the structural and the
mobility changes. However, it is interesting to draw the
attention to the changes in the conformational exchange
processes involving residues 34, 36 (decreased mobility), and
64 (increased mobility), which experience small but signifi-
cant structural changes upon addition of 2 M GdmCl to the
A form.

Analyzing the nano- to picosecond backbone dynamics
of the B forms (Table 2, columns 4 and 8, and Figure 5), it
appears that in the protein in the presence of denaturant 15
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backbone NHs displayS2 values considerably lower (outside
the experimental error) than in the native protein, while only
four backbone NHs haveS2 values larger in the denaturant
than in the native species. Thus, there is a considerable net
increase in nano- to picosecond mobility occurring upon
addition of 2 M GdmCl to the B form, similarly to that
observed for the A form. This increase is mostly located in
the heme vicinity also in this form. In fact, 10 NHs within
8 Å from the iron (24-25, 30, 42, 50, 57, 64, 72, and 74-
75) show considerably reducedS2 values in the presence of
denaturant while only two (55 and 68) in the native system.
Summarizing, in the nano- to picosecond time scale, GdmCl
exerts a considerable effect resulting in a net increase of
mobility in the vicinity of the heme. The dual effect seen in
the milli- to microsecond time scale is present also here but
at a much lesser extent.

From this analysis, it can be deduced that the chaotropic
agent guanidinium chloride added in a subdenaturing con-
centration to oxidized cytb5 acts simultaneously by “fixing”
some backbone atoms and by “releasing” others. This could
be done via hydrogen bond breaking/making reactions, in
agreement to that already reported, i.e., that GdmCl causes
protein unfolding by disrupting noncovalent interactions
within native protein structures (70) as well as that it interacts
directly with the unfolded protein via multiple hydrogen
bonds (71).

Comparison of the Backbone Dynamics of the A and B
forms of cyt b5 in the Presence of Denaturant.The
comparison between the conformational exchange behavior
of the two forms in the presence of denaturant (Table 1) is
performed by considering only the resolved signals for the
two forms. Twelve NHs participate in exchange processes
in the B form, while there are 10 in the A form. The slight
increase in the number of backbone nitrogens involved in
mobility of the B form relative to the A form is similar to
that recently observed for these two forms in the native state
of the protein (18). More specifically, six backbone nitrogens
display milli- to microsecond mobility in both forms, six
solely in the B form and four solely in the A form. Most of
the residues involved in conformational exchange processes
are located around the heme. Four of the six residues in the
B form are either in direct van der Waals contact with the
heme (58 and 67) or within one bond away (26 and 75).
The four backbone nitrogens that participate in exchange
processes only in the A form are in direct van der Waals
contact with the heme (46) or within one bond away (24,
33, and 60).

Analyzing the nano- to picosecond mobility of the two
forms of oxidized cytb5 in the presence of denaturant (Table
2), it can be observed that nine backbone nitrogens display
an increase in local mobility in the B form with respect to
the A form,while four display increased local mobility in
the A form. The most dramatic differences are observed for
residues 25, 29-30, and 64, with Ser 64 experiencing the
largest (0.99f 0.41 in theS2 value). Ser 64 is one of the
residues whose backbone experiences a significant structural
change upon addition of GdmCl in the A form (19), but it is
not known whether this structural change occurs also in the
B form. However, it can be proposed that Ser 64 is quite
affected by the presence of denaturant also in this form. With
respect to the secondary structure elements, it can be
observed the considerable increase in local mobility for the

â3 and â4 strands in the B form with respect to the A
(residues 24, 25, 29, and 30). This behavior could indicate
that there is an increase in internal mobility around the heme
in the B form relative to the A form in 2 M GdmCl.

CONCLUSIONS

The effect of a denaturant on the A and B forms of
oxidized cyt b5 is that of slightly increasing the internal
mobility both in the milli- to microsecond and the nano- to
picosecond time scales. As already noted in other systems
(37, 72-74), the mobility in these two time scales is
generally uncorrelated. In the present system, most of the
increased mobility is concentrated around the heme group.
The larger increase in mobility for both ranges of rates as
well as for both forms is observed in theâ-sheets and, at a
smaller extent, in theR-helices that form the heme binding
pocket. These regions are those that experience the largest
structural changes upon addition of GdmCl to the A form
of oxidized cytb5 (19). However, the effect is not as large
as could have been expected. At 2.6-2.9 M concentration
of GdmCl, the heme is totally released (19, 23) and the
protein shows NMR spectra typical of a random coil system
(19).

It is found that, upon addition of denaturant, some residues
have increased mobility while others reduced in the same
secondary structure element. HelixR1 is definitely rigidified
in the milli- to microsecond time range. The increased rigidity
could suggest that the denaturant establishes new hydrogen
bonds and stabilizes one of the conformations within which
there is mobility in the native state. HelixR5 becomes more
mobile, and this effect is larger in the B form than in the A
form. The latter observation can be related to the slightly
lower stability of the B form with respect to denaturants (by
∼7 kJ mol-1).

Lower S2 values were observed for more residues in the
B form than in the A form. This may be due to the greater
effect of the denaturant on the B form. Values ofS2 < 0.7
and longτ values (>200 ps), which are typical of partially
folded systems (26, 32, 75, 76), involve for the B form Leu
25 [which is in contact with the heme and possibly affects
its orientation (22, 77)] belonging toâ4; Val 29 belonging
to â3; Leu 36 belonging toR2; and Lys 72, which is the
last residue ofR5. For the A form, longτ values are found
for residues Gly 42 and Gly 51 both belonging to turns. For
both the A and the B forms, large mobility, as indicated by
long τ values, is experienced by residues Lys 5 and Tyr 6
belonging to strandâ1, which loses regular structure upon
addition of denaturant. Residues 24, 30, 42, 50, and 64 in
the B form, residues 54 and 73 in the A form, and residues
78 and 94, unique for the two forms, also showS2 < 0.7.
The regions showing increased mobility are mainly those
forming the heme pocket. This mobility would facilitate the
release of the heme at lower GdmCl concentration in the B
form of the protein, as it is indeed observed.

To understand the relevance of the internal mobility with
respect to the biological function, it is meaningful to consider
the pattern of the order parameters and the distribution and
rates of the exchange processes over the molecule, rather
than analyzing the values of the single, individual NH. From
inspection of Figures 3 and 5, it appears that the effect of
addition of GdmCl is that of an overall, even if not dramatic,
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increase in internal mobility. The first steps of the unfolding
process involve the breaking of the hydrogen bond between
the peptidic nitrogen of Ser 64 with a propionate group and
the concomitant reduction of the helixR5 on the side of
residues 73-74 (19). The following determinant step in the
unfolding process is the detachment of the heme moiety
followed by the obtainment of an unfolded state of the
protein. Therefore, the heme cofactor represents a relevant
element for the stabilization of the protein. It can be noted
that the more mobile parts of the protein and those more
affected by the denaturant are those around the heme. The
resulting picture is essentially consistent with the data
obtained in the apo form, which shows large mobility in the
subnanosecond time scale in the helices and turns around
the heme (36).

All residues (33-38, 62-64, and 77-78) that experienced
structural changes in the A form of the protein upon addition
of GdmCl show reducedS2 values and, for some of them
(33, 38, 64, and 78), conformational equilibria not present
in the native state. Only two exceptions to the general trend
of increased mobility in the nano- to picosecond time scale
are shown by residues Ser 64 and Ala 67, which have an
increased order parameter in the presence of denaturant. This
can be rationalized taking into account that the NH of these
two residues, despite the break of relevant interactions
induced by the denaturant, now form new hydrogen bonds
that can stabilize the new conformation (19).

In the present system, at variance with other partially
unfolded proteins investigated, the secondary structure ele-
ments present in the native state are essentially conserved.
This behavior could rationalize why the internal mobility is
not significantly altered. Indeed, in an intermediate of a
HiPIP from ChromatiumVinosum in 4 M GdmCl, where
secondary structure elements are lost, the mobility is
dramatically increased (35). It can be proposed that, as long
as secondary structure elements are present, the mobility is
moderately affected by denaturants. Locally, if the denaturant
breaks relevant hydrogen bonds, mobility is altered and can
be either increased or decreased. In the former case, it is
essentially as expected. In the latter case, new hydrogen
bonds with the denaturant can be formed.

SUPPORTING INFORMATION AVAILABLE

Two figures depicting the off-resonance15N rotating-frame
relaxation rates,R1F

OFF,cor, of the backbone nitrogens of the
A and B forms of oxidized rat microsomal cytb5 in the
presence of 2 M GdmCl and the15N relaxation parameters,
R2, R1, and1H-15N NOEs, for both native cytb5 and in the
presence of 2 M GdmCl (3 pages). This material is available
free of charge via the Internet at http://pubs.acs.org.
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