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ABSTRACT: The backbone dynamics in the native state of apocytochromeb5 were studied using15N nuclear
magnetic spin relaxation measurements. The field (11.7 and 14.1 T) and temperature (10-25 °C)
dependence of the relaxation parameters (R1, R2, and R1F) and the1H-15N NOE established that the
protein undergoes multiple time scale internal motions related to the secondary structure. The relaxation
data were analyzed with the reduced spectral density mapping approach and within the extended model-
free framework. The apoprotein was confirmed to contain a disordered heme-binding loop of approximately
30 residues with dynamics on the sub-nanosecond time scale (0.6< S2 < 0.7, 100 ps< τe < 500 ps).
This loop is attached to a structured hydrophobic core, rigid on the picosecond time scale (S2 > 0.75,τe

< 50 ps). The inability to fit the data for several residues with the model-free protocol revealed the
presence of correlated motion. An exchange contribution was detected in the transverse relaxation rate
(R2) of all residues. The differential temperature response ofR2 along the backbone supported slower
exchange rates for residues in the loop (τex > 300 µs) than for the folded polypeptide chain (τex < 150
µs). The distribution of the reduced spectral densities at the1H and15N frequencies followed the dynamic
trend and predicted the slowing of the internal motions at 10°C. Comparison of the dynamics with those
of the holoprotein [Dangi, B., Sarma, S., Yan, C., Banville, D. L., and Guiles, R. D. (1998)Biochemistry
37, 8289-8302] demonstrated that binding of the heme alters the time scale of motions both in the heme-
binding loop and in the structured hydrophobic core.

The dynamic nature of native protein structures is ex-
pressed in a variety of internal motions ranging from local
fluctuations of atoms or side chains (1, 2) to large-scale
conformational changes associated with rigid body displace-
ment of entire domains (3). The functional importance of
some of these motions has been elucidated in enzymatic
action (4), ligand entry and binding (5), and protein-protein
(6) and protein-DNA recognition (7), to name but a few
examples. The corresponding time scales range from a few
picoseconds (rapid fluctuations about an average structure)
to milliseconds and slower (transition between conforma-
tions). This broad spectrum of molecular motions can be
probed by1H-detected13C and15N NMR relaxation mea-
surements (8, 9). The most common dynamic analyses are
used to investigate the amide N-H bonds.

Nonfunctional species, such as molten globules, partially
folded proteins, and unfolded proteins, are important for
gaining insight into the determinants of protein folding and
stability (10, 11), but comparatively little is known about
their internal motions. In practice, these flexible states are
among the most challenging for dynamic characterizations
(12-19). A special group of partially folded proteins includes
those obtained by removal of an embedded prosthetic group.
b-type hemoproteins are particularly interesting in this respect
because of the steric properties of the heme and the unique

topological features required of the apoproteins for efficient
binding. Apocytochromeb5 is selected here for itsR/â fold
and its favorable NMR characteristics.

Cytochromeb5 serves as an electron carrier in a number
of physiological processes (20, 21). The water-soluble
domain of the membrane-bound microsomal cytochromeb5

(cyt b5)1 is a globular protein whose single heme group is
attached to the polypeptide chain through two Fe-His
coordination bonds. The X-ray structure of the oxidized
bovine isoenzyme (22) reveals the key elements of the cyt
b5 fold (Figure 1A) (23). The heme-binding pocket (forming
hydrophobic core 1) is predominantlyR helical. It is adjacent
to a second hydrophobic core, core 2, formed by an irregular
â barrel and two terminal helices. Removal of the heme
group is accompanied by partial loss of structure (24) and
thermodynamic stability (25). The average low-resolution
NMR structure of rat liver apocytb5 is shown in Figure 1B
(26). In the apoprotein, core 2 remains largely intact while
core 1 becomes a partially disordered loop encompassing
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30 residues. Surface loops in folded proteins are shorter on
average. They have multiple purposes, from setting up the
connectivity between consecutive secondary structural ele-
ments to enabling biological function. The unusual length
of the apocytb5 loop is required for establishing a sufficient
number of heme contacts in the holoprotein.

Several properties of apocytb5 require a dynamic study
to complement the structural determination. (i) A useful
representation of the flexible heme-binding loop should
include its internal motions. (ii) The region containing core
1 (module 1) and that containing core 2 (module 2) have
been treated as independent on the basis of structural and
kinetic studies (27). Yet, when the heme-binding segment
is excised from the sequence, an abridged version of the
protein is obtained which folds with low stability (28). The
autonomy of the two modules and the dynamic coupling
between them are therefore open to investigation. (iii) The
thermal unfolding of apocytb5, as followed by calorimetry
of the rabbit protein (25) and verified by optical probes
restricted to core 2 in the rat protein (ref28 and this work),
is modeled satisfactorily with a cooperative transition
between a native state (N) and an unfolded state (U). The
temperature response of the dynamics is expected to elucidate
the onset of thermal denaturation in each module. (iv)
Addition of the heme consolidates the structure of the protein
in module 1 (26). Comparing apocytb5 and cytb5 data (29,
30) will reveal original information about the entropic
consequences of binding the heme. (v) Molecular dynamics
simulations of apocytb5 indicate conformational heterogene-
ity as well as increased mobility in module 1 (31). Experi-
mental data may reflect these features and validate the
calculations.

A large portion of the backbone of apocytb5 can be
monitored by NMR spectroscopy, including the segment
delineating the heme-binding site. Thus, it is a priori possible
to compare the time scale of the motions in the two regions
of the protein. In this first apocytb5 dynamics study, data
are presented for15N relaxation in the native state. It is found
that the folded and the disordered regions sample different

motional regimes. The dynamic view of the structure allows
for a clearer understanding of the consequences of heme
binding.

MATERIALS AND METHODS

Protein Samples.Uniformly 15N-enriched rat liver holocyt
b5 was prepared with recombinant techniques as described
elsewhere (26). The method of Teale (32) was followed for
preparing the apoprotein. NMR data were collected in 90%
H2O/10%2H2O at either pH 6.2 or 7.7 and between 10 and
25 °C. The labeled protein concentration was estimated to
be≈1 mM by comparing one-dimensional NMR spectra of
the samples of interest to those of unlabeled samples with
known concentrations determined by UV spectroscopy (ε280

) 10.6 M-1 cm-1). Additional data were acquired on an≈0.3
mM sample at pH 7.7 and 25°C.

NMR Spectroscopy.NMR data were acquired on a Bruker
AMX2-500 spectrometer (11.7 T, operating at a1H frequency
of 500.13 MHz and a15N frequency of 50.68 MHz) and a
Bruker DRX-600 spectrometer (14.1 T, operating at a1H
frequency of 600.13 MHz and a15N frequency of 60.81
MHz). Typical acquisition parameters included 2048 complex
points for sampling the spectral width along the direct (1H)
dimension and 160-256 real points along the indirect (15N)
dimension. A total of 64 transients were collected for each
t1 increment. The TPPI method (33) was used for frequency
discrimination in the indirect dimension. The spectral widths
for the 15N and 1H dimensions were 30 and 14 ppm,
respectively. The center of the15N spectral width was 119
ppm, and the1H carrier was placed at the water peak.

The laboratory frameR1, R2, and NOE relaxation spectra
were recorded according to established methods (34, 35)
suitably modified to incorporate the WATERGATE sequence
(36) for solvent suppression. The data collected at pH 6.2
and 25°C differed in the use of a conventional low-power
pulse for solvent presaturation during the recycling delay.
Typically, 8-10 spectra were collected in random order with

FIGURE 1: (A) Ribbon diagram of the X-ray structure of bovine cytb5 in the oxidized state (1cyo) (22). The heme, ligating histidines
(His-39 and His-63), and Trp-22 are shown in ball-and-stick representations. Core 1 refers to the set of hydrophobic side chains lining the
heme-binding pocket. Core 1 is part of “module 1”, formed by the secondary structure elementsR2-R3-â5-R4-R5. Core 2 contains
Trp-22 and side chains fromR1, R6, and strandsâ1-â4. These elements constitute “module 2”. (B) Schematic representation of the
average NMR structure of rat apocytb5 (1iet) (26). Little structure remains in module 1, whereas module 2 is mostly folded. The disordered
heme-binding loop extends from residue 40 to 70, and is referred to in the text as the hb loop. The figures were generated using MOLSCRIPT
(23); the â strands in cytb5 are labeled in the customary fashion according to the topology, not the primary structure.
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the variable relaxation delays ranging between 20 and 800
ms for R1 measurements and between 7 and 150 ms forR2

measurements. Several time points were repeated two to three
times to estimate the intensity errors. TheR2 data sets at
14.1 T and 25°C were recorded with the delays between
the refocusing pulses of the CPMG pulse train set to either
1000 or 400µs. Decoupling of the protons during the
inversion recovery delay in theR1 experiment was achieved
with hard 180° proton pulses spaced at intervals of 5 ms.
Additional data were acquired with selective cosine-shaped
pulses to minimize the perturbation of the solvent during
decoupling (37). R1, R1F, andR2 experiments were carried
out with a 3 srecycling delay to reduce sample heating. For
the heteronuclear NOE experiments, the recycle delay was
4 s and included a 3 speriod for saturation of the amide
protons with a GARP-1 sequence (38).

Constant time off-resonance rotating frame relaxation (CT-
R1F) data were acquired following the method of Akke and
Palmer (39). At 11.7 T, the15N magnetization was spin-
locked with a radiofrequency field of strength 2330 Hz
applied at an offset of 46 ppm from the center of the15N
spectral width (119 ppm). At 14.1 T, the data were collected
at two different offsets (23 and 46 ppm) from the center of
the15N spectral width with a spin-lock field strength of 1560
Hz. The constant relaxation periodT was set to 300 ms, and
spectra were collected at eight variable spin-lock times (from
7 to 275 ms).

1H-15N three-dimensional (3D) NOESY-HSQC and1H-
15N 3D TOCSY-HSQC spectra were collected at 14.1 T,
pH 7.7, and 25°C as described previously (26) with spectral
parameters adjusted for the higher magnetic field.1H-15N
HSQC spectra were also recorded at pH 6.2 and at 15, 20,
25, and 30°C. To determine the tautomeric state of the
histidines in apocytb5, 1H-15N HSMQC (40) spectra were
recorded at 14.1 T under the following pH and temperature
conditions: pH 6.2 and 25°C and pH 7.7 and 10, 25, and
35 °C. The acquisition parameters along the two dimensions
were as follows:1H spectral width of 14 ppm centered at
the water signal described by 2048 complex points and15N
spectral width of 150 ppm centered at 225 ppm, described
by 256 complex points [TPPI-States quadrature detection
(41)]. For selective observation of long-range1H-15N
correlation of the histidines (2JNH ) 6-12 Hz), the refocusing
delay in the INEPT sequence was set to 21.7 ms.

Data Processing.The 1H-15N correlation spectra were
processed with FELIX 97.0 (Molecular Simulations Inc., San
Diego, CA). Typically, the raw data in the time domain were
convoluted with a Gaussian function to remove the residual
solvent signal. The FIDs were corrected for the first point
and zero-filled up to 4096 points before transformation. For
resolution enhancement, the data were multiplied by a sine-
squared window function with a phase shift of 54°. Minor
baseline distortions were corrected by subtracting a zero- or
first-order fitted polynomial function. The15N interferograms
were extended to 256 points by linear prediction before
apodizing with a sine-squared window function phase-shifted
by 75°. The size of the transformed matrix was 2048× 2048
real points. Proton chemical shifts were indirectly referenced
to DSS through the water signal with temperature correction
(42). 15N chemical shifts were referenced indirectly to liquid
NH4Cl (43). Intensities of the individual peaks were mea-

sured for the various time points for each relaxation data
set.

Determination of the Relaxation Rate Constants.The
relaxation rate constants,R1 (longitudinal) andR2 (trans-
verse), were obtained by fitting the peak height versus time
profiles to a monoexponential decay function (35, 44)

In the above equation,Ri (i ) 1 or 2) is the rate constant,t
is the variable relaxation delay,It is the intensity measured
at time t, Io is the intensity at time zero, andI∞ is the final
intensity. The uncertainty associated with the measurement
of peak heights was determined as the standard deviation of
the difference in peak heights obtained for all the resolved
peaks from duplicate spectra recorded at the lowest relaxation
delay, divided by 21/2 (44). For each residue, the adequacy
of a two-parameter fit (Io andRi) over a three-parameter fit
(Io, I∞, andRi) was judged from the 95% confidence limits
of a ø2 goodness-of-fit test and anF-test where necessary.
The data were fit by using the optimization routines based
on the Levenberg-Marquardt algorithm available in the
Curvefit facility of the Modelfree 4.0 software (A. G. Palmer,
III). The reported uncertainties in the relaxation rate constants
are those obtained from the fit and are comparable to standard
deviations obtained through Monte Carlo simulations. The
NOE was calculated as the ratio of the intensity measured
with and without saturation of the amide protons. The
reported standard deviations were obtained indirectly from
the root-mean-square baseplane noise or directly from three
separate measurements.

At pH 6.2 and 25°C, R1 and NOE values were determined
for 74 out of 92 residues at 11.7 T. Because of resonance
offset effects in the CPMG experiment and severe line
broadening, theR2 values of only 54 residues were measured
reliably under these experimental conditions. At pH 7.7 and
25 °C, the three relaxation parameters were obtained at 14.1
T for 61 residues, except for two residues whereR2 could
not be determined by the CPMG experiment owing to scatter
in the data. The data collected at 11.7 T for the same sample
yielded all the relaxation parameters for 60 residues.

The rate constant for relaxation in the rotating frame (R1F)
was obtained by fitting the measured intensities to

with

In eq 2, Îo is given by exp(-R1T), whereT represents the
constant relaxation period, and in eq 3,θ is the tilt angle
between the reduced static field and the effective field in
the rotating frame (39). TheR2 values were determined by
using the measuredReff andR1 values. The standard deviation
in the calculatedR2 was obtained through propagation of
errors.

Reduced Spectral Density Mapping.The principal mech-
anisms of relaxation of the amide15N involve dipole-dipole
coupling to the attached proton and chemical shift anisotropy
(45). In the absence of cross-correlation effects, theR1, R2,
and1H-15N NOE parameters are expressed as functions of

It ) Io exp(-Rit) + I∞ (1)

I(t) ) Îo exp(-Refft) (2)

Reff ) (R2 - R1) sin2 θ (3)
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the spectral densityJ(ω) at five different frequencies of NMR
transition as indicated in eqs 4-8.

In these equations,ωN andωH are the Larmor frequencies
of the 15N and 1H nuclei, respectively,σ|| and σ⊥ are the
parallel and perpendicular components of the axially sym-
metric15N chemical shift tensor, respectively,γH andγN are
the gyromagnetic ratios of15N and1H nuclei, respectively,
h is Planck’s constant,µ0 is the permeability of free space,
and rNH (1.02 Å) is the N-H bond length. The numerical
value of the differenceσ|| - σ⊥ was set to-160 ppm for
the peptide bond and-89.6 ppm for the indole N-H bond
(46). TheRex term in eq 6 is phenomenological and accounts
for microsecond (µs) to millisecond (ms) conformational
exchange contributions toR2.

The reduced spectral density mapping approach assumes
J(ω) is a constant in the frequency range defined byωH (
ωN (47). Solving for the spectral densities from the three
relaxation parameters expressed as functions ofJ(ωH), J(ωN),
and J(0) is then straightforward. The values ofJ(ωH) and
J(ωN) were calculated from data acquired at bothBo fields
and temperatures.J(0), which contains exchange contribu-
tions, was not used. The uncertainty inJ(ω) was set equal
to the standard deviation obtained from fitting 500 simulated
data sets. The estimate of the random error from the Monte
Carlo simulations of the spectral densities is less than 1%,
whereas the uncertainty obtained by error propagation was
higher by a few percent.

Model-Free Analysis.In the extended model-free (EMF)
analysis (48, 49), J(ω) is given an expression dependent on
two time scales at least 1 order of magnitude apart. The EMF
approach was simplified further by neglecting the contribu-
tion of the fast (less than 10 ps) time scale to the spin
relaxation. The analytical form of the EMF spectral density
function is

with

where τm is the isotropic global correlation time of the
molecule,Sf

2 and Ss
2 are the order parameters for the fast

(τf) and slow motions (τs), respectively, andS2 ) Sf
2Ss

2 is
the generalized order parameter, that is, a measure of the
degree of spatial restriction of the amide bond vector. For a
single time scale motion,Sf

2 is equal to unity and eq 9
assumes the form proposed by Lipari and Szabo (48).
Calculations were performed using the Modelfree 4.0
programs. TheR1 and 1H-15N NOE data acquired at both
Bo fields and 25°C were fit simultaneously to this model.
The R2 values measured at 14.1 T were excluded from the
analysis because of their high uncertainty. AnRex term was
included in the model to reproduce the highR2 of all the
residues. The reported standard deviations associated with
the results were obtained from the fit using the Brent method
of nonlinear optimization and are comparable to the values
obtained from standard deviation of 300 Monte Carlo
simulations.

Determination of the Global Correlation Time (τm). Fitting
the relaxation data within the MF framework requires an
initial estimate of the global correlation time for subsequent
selection of the appropriate motional model of the N-H bond
vector (50). In the absence of an independent estimate of
rotational correlation time,τm may be extracted from theR2/
R1 ratio (34, 51) averaged over the entire backbone. The
limitation of this approach lies in the assumption of a rigid
N-H bond vector undergoing isotropic motion. Incorrect
estimates ofτm are obtained if either chemical exchange or
motions on the picosecond to nanosecond time scale are
present and ignored in the relaxation constants. Since there
is sufficient reason to suspect the presence of both types of
motions along the backbone of apocytb5, no attempt was
made to apply the model selection strategies dependent on
fixing τm (52). For similar reasons, the anisotropy could not
be estimated from the predicted relaxation constants using
the average NMR structure (53). Instead, the optimization
used a crude grid search to find a globalτm (for isotropic
motion) and the dynamic parametersτe andS2 for individual
residues. These parameters served as a starting point for
subsequent refinement.

The anisotropy of the structure was evaluated by perform-
ing hydrodynamic calculations based on a bead model with
a modified Oseen tensor (54). The average NMR structures
was hydrated to within a maximum distance of 3.5 Å from
the surface of the protein by using the CHARMm routines
of the Quanta program (Molecular Simulations Inc.). The
translation and rotational diffusion constants of the solvated
structure were calculated with the program HYDRO (54),
for which the protein heavy atoms (N, CR, and C′) and the
water O atoms were replaced by beads assigned a radius of
1.0 and 1.6 Å, respectively (55). The calculations were
repeated with a CR-only representation of the protein (bead
radius of 3.5 Å).

UV-Vis Spectroscopy.The thermal denaturation of apocyt
b5 was monitored by UV-vis spectroscopy on an AVIV
14DS UV-vis spectrophotometer. The samples, contained
in 1 cm path length cuvettes, were 0.024 mM protein in 20

R1,DD+CSA ) 1
4
dNH

2 [J(ωH - ωN) + 3J(ωN) + 6J(ωH +

ωN)] + 1
3
ωN

2(σ|| - σ⊥)2J(ωN) (4)

R2,DD+CSA ) 1
8
dNH

2 [4J(0) + J(ωH - ωN) + 3J(ωN) +

6J(ωH) + 6J(ωH + ωN)] + 1
18

ωN
2(σ|| - σ⊥)2[4J(0) +

3J(ωN)] (5)

R2 ) R2,DD+CSA + Rex (6)

NOE ) 1 + 1
4R1

dNH
2 γH

γN
[6J(ωH + ωN) - J(ωH - ωN)] (7)

dNH )
hµ0

8π2
γHγN〈 1

rNH
3〉 (8)

J(ω) ) [ S2τm

1 + (ωτm)2
+

Sf
2(1 - Ss

2)τ′s
1 + (ωτ′s)

2 ] (9)

1
τ′s

) 1
τm

+ 1
τs

(10)
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mM phosphate buffer adjusted to pH 6.2 or 8.0. Spectra were
collected between 260 and 320 nm every 2°C between 5
and 69°C, with a 5 min interval between scans for thermal
equilibration. Returning the sample to the starting temper-
ature and comparing initial and final spectra led to a
reversibility of better than 95%. Data were fitted to a two-
state model of denaturation to obtain an estimate of
thermodynamic parameters (28, 56).

RESULTS AND DISCUSSION

Temperature and pH Dependence of the NatiVe State.
Relaxation measurements were performed at pH 6.2 and 7.7
and 25, 15, or 10°C. The backbone amide1H and 15N
chemical shifts at pH 6.2 and 25°C are as previously
published (26). At pH 7.7, the1H-15N HSQC spectrum was
reassigned by using1H-15N NOESY-HSQC and1H-15N
TOCSY-HSQC data. The persistence of the1H-1H NOE
connectivity patterns demonstrates that no major conforma-
tional rearrangement is caused by the change in pH. A few
minor differences in chemical shifts were observed that could
be attributed to the proximity of a titrating histidine side
chain. The cross-peaks at 10°C were assigned by following
the chemical shift as a function of temperature in a series of
HSQC spectra collected between 25 and 10°C.

One of the concerns for the interpretation of the NMR
data is the structural integrity of the apoprotein under variable
sample conditions. The resistance to thermal and pH-induced
denaturation of the apoprotein was investigated by absorption
spectroscopy. The reversible transition between native (N)
and unfolded (U) states can be fitted with a two-state model
and yielded thermodynamic parameters that agree with those
obtained by monitoring the loss in secondary structure by
CD spectroscopy (28). The standard Gibbs energy of
unfolding at 25°C changes from 7( 1 kJ mol-1 at pH 6.2
to 5( 1 kJ mol-1 at pH 8.0. The fraction of unfolded protein
at pH 6.2 and 8.0 is plotted as a function of temperature in
Figure 2. Approximately 95% of the protein is native at pH
6.2 and 25°C. At pH 8.0, 87% of the protein is folded at 25
°C and 92% at 10°C. Therefore, the native protein is the
predominant species under the chosen experimental condi-
tions, and a small fraction of unfolded protein is always
present according to the two-state model.

1H-15N NOE, 15N R1, and 15N R2 Relaxation Measure-
ments.Figure 3 illustrates the field and temperature depen-
dence of the1H-15N NOE, R1, andR2 values measured at
pH 7.7 along the backbone of apocytb5. At 11.7 T, the
standard deviation obtained from the fits to the intensity-
versus-time profiles was typically 1% (R1), 5% (R2), and 8%
(1H-15N NOE). Comparable numbers were obtained at the
higher Bo field. The standard deviations from the fits
underestimate the actual errors by a few percent because of
the broad lines and pulse lengths. All values are listed in
Tables S1 and S2 of the Supporting Information.

The heteronuclear1H-15N NOE is most sensitive to
backbone dynamics for proteins with a global correlation
time on the nanosecond time scale (34). Thus, a rigid amide
N-H bond vector tumbling isotropically with a correlation
time of 5 ns is characterized by an NOE of 0.75, whereas
unrestricted motions result in a value of-3.62. In apocyt
b5, the average NOE values for residues 6-40 and 70-84
is 0.71 at pH 7.7 and 25°C (Figure 3A). Systematically lower
NOE values are obtained for the unstructured loop formed
by residues 40-70 (hb loop) and the termini. This observa-
tion is consistent with a dynamic hb loop and termini attached
to intactR/â secondary structure elements in module 2.

The longitudinal relaxation rate constant at 25°C senses
the motions of the termini and to a lesser extent those of the
hb loop (Figure 3B). At 10°C, the NOEs were found to
increase for all residues compared to the values measured
at 25°C (Figure 3A), with the largest increase in the loop.
In contrast, theR1 values decrease at lower temperatures,
and the decrease is minimal in the loop and the termini
(Figure 3B).

For the holoprotein, the correlation time is between 5 and
6 ns, and the averageR2 value is 8 s-1 at 14.1 T (30) as
expected for an 11.2 kDa protein (57). The R2 values of
apocytb5 (Figure 3C) are uniformly higher. This is indicative
of the loss of phase coherence through chemical exchange
as expressed in eq 6. Often, the identification of a non-zero
Rex term relies on detectable line broadening for selected
residues. The situation is not obvious if all NH correlation
peaks are similarly affected. For apocytb5, relaxation by
chemical exchange on intermediate (microsecond to mil-
lisecond) time scales appeared to involve the entire backbone.
Conformational exchange is not surprising in the flexible
loop but requires confirmation in the folded regions of the
protein. The prospect of a monomer-dimer or multimer
equilibrium with a millimolar dissociation constant was
considered. Association is often revealed by changes in
chemical shift or line width upon dilution (62, 63). No such
spectroscopic evidence was detected in apocytb5. To probe
this further in relationship to dynamic properties, the
relaxation ratesR1 andR2 were compared at 1 and 0.3 mM
apoprotein. The response is consistent with a slight decrease
in viscosity and incompatible with a large shift in overall
correlation time. Ultracentrifugation data for the rat protein
(0.2 mM, in the presence of 0.1 M NaCl, data not shown)
and the calf protein [0.045 mM, in the presence of 0.1 M
phosphate (24)], along with size-exclusion chromatography
and differential scanning calorimetry data for the rabbit
protein (25), suggest that the highly conserved hb loop does
not promote association in the sub-millimolar concentration
range. The state of aggregation of the unfolded protein in

FIGURE 2: Plot of the apparent fraction of unfolded protein (Fapp)
vs temperature derived from thermal denaturation experiments.
Samples were 0.024 mM apocytb5 in 20 mM phosphate buffer at
pH 8.0 ([) and 6.2 (4). The absorbance was monitored at 285
nm. The lines represent a two-state fit using the parameters listed
in the text.
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equilibrium with the native species remains undetermined.
However, its low concentration can only lead to minor
effects. Thus, the data analysis focuses on a native mono-
meric species with anRex due to intramolecular processes.
This key aspect of apocytb5 was investigated by changing
the acquisition parameters and temperature.

To reduce the uncertainty in theR2 measurements intro-
duced by line broadening at 10°C, data were collected at
15°C. Figure 3C illustrates that temperature has a differential
effect on the response ofR2 values. Several residues in the
hb loop and termini (52, 53, 57, 61, 62, 88, and 89) show
an increase inR2 measured at 25°C (b) compared to that
measured at 15°C (0). This response deviates from the trend
presented by the rest of the backbone, which shows a
decrease inR2 with T. The interpretation of these data relies
partly on the ability to distinguish the effect of temperature
onRex when superimposed on picosecond to nanosecond time
scale motions.

Conformational Exchange on the Microsecond to Mil-
lisecond Time Scale.Techniques for the identification and
evaluation ofRex include changing the refocusing delay in
the CPMG experiment (58) or varying the amplitude of the
spin-lock field applied to the15N magnetization in the rotating
frame (59). The off-resonance CT-R1F experiment (50) offers
advantages over these methods in probing conformational
fluctuations on the microsecond to millisecond time scale.

When the exchange can be approximated with a two-site
mechanism, the following equations apply:

where K is the equilibrium constant,pA and pB are the
fractional populations of the exchanging species,kf and kr

are the forward and reverse reaction rate constants, respec-
tively, andkex (1/τex) is the rate constant of exchange. The
exchange rate measured in the CT-R1F experiment is given
by

In this equation,∆ω is the difference in15N chemical shifts
between the exchanging species andωe is the effective field
in the rotating frame. For a CPMG-based experiment (60),

FIGURE 3: 15N relaxation parameters as a function of residue number for apocytb5 at pH 7.7. The rat sequence starts at residue-4 and
ends at residue 94 for alignment reasons: (A)1H-15N NOE, (B) R1 (s-1), and (C)R2 (s-1). The different symbols refer to data acquired
at (/) 11.7 T and 25°C, (b) 14.1 T and 25°C, (4) 14.1 T and 10°C, and (0) 14.1 T and 15°C. Error bars are not included in the figure
for clarity. Individual values are listed in the Supporting Information.
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2ωe

2)
(14)
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the Rex term takes the following form:

whereτCPMG is the delay between the refocusing pulses of
the CPMG train. This expression reproduces the exchange
parameters with reasonable accuracy if∆ω < 4.00 ppm and
kexτCPMG > 0.01 (61). The ratio of the totalR2 values
determined by the two methods

may therefore vary from unity in the presence of exchange.
The experimentalR2 ratios obtained for apocytb5 at 11.7
and 14.1 T are plotted in panels A and B of Figure 4,
respectively. Although the error is large for some residues,
the deviation from unity in the hb loop and the C-terminus
is significant and indicates participation in exchange pro-
cesses.

The theoretical range of values adopted byR2,CPMG/R2,SL

was explored by calculatingRex terms with plausible sets of
exchange parameters. In these simulations,τCPMG was kept
at 1 ms andωe at 2 kHz. The parameterpA was set at 0.9
(predominance of one site) or 0.5 (equal population of the
two sites), while∆ω was varied from 0.5 and 3 ppm andτex

from 50µs to 1 ms. The exchange terms so generated were
added to the pureR2,DD+CSA expected of a rigid (6 s-1) or
dynamic (4 s-1) N-H bond vector with aτm of 5 ns. The
resultingR2,CPMG/R2,SL ratios, shown in Figure 5, are between
ca. 0.9 and 3.5.

Figure 5 shows that several interpretations are possible
for the ratio values near 1 exhibited by module 2. However,
when ∆ω is larger than 1 ppm, a near-unity value can be
obtained only if the N-H bond vectors participate in
exchange processes with aτex of <150µs (kex > 6000 s-1).
This is likely for N-H bonds outside of the hb loop since
largeR2,CPMGvalues imply a sizable∆ω (eq 15). Within the
hb loop, the higher ratio can be ascribed to the lower-limit
R2,DD+CSA values (which reflect sub-nanosecond dynamics,
200 ps < τe < 900 ps) in conjunction withRex terms
generated with aτex of >300 µs (kex < 3300 s-1). If the
experiment is repeated with a shorterτCPMG (400 µs) at 25
°C, the rates are scarcely affected in module 2 (Figure 4C).
The small change is reminiscent of the fast exchange effect
observed in a fragment of bacteriorhodopsin, whereRex was
monitored for different spin-echo periods (58). The marked
decrease inR2,CPMG in the hb loop is in agreement with a
slow exchange process with rates near the maximum of the
curve described by eq 15. This experiment supports the
distinctly different dynamic nature of the two modules.
Further quantitative comparison of experimental and simu-
lated values would require estimates of populations and
chemical shift differences.

The variability in the exchange rates along the backbone
must be consistent with the changes inR2,CPMG with tem-
perature (Figure 3C). AsT is raised, the accelerated tumbling

FIGURE 4: Ratio ofR2 values obtained with different acquisition
parameters. (A)R2,CPMG/R2,SL ratio at 11.7 T, with aτCPMG of 1 ms.
R2,SL was derived fromR1F data recorded with an offset of 46 ppm
from the center of the15N spectral width at 119 ppm. (B) The same
R2,CPMG/R2,SL ratio at 14.1 T. (C)R2,CPMG/R2,CPMG* ratio at 14.1 T,
with τCPMG values of 1 ms (R2,CPMG) and 0.4 ms (R2,CPMG*). The
data displayed in all three panels refer to those recorded at pH 7.7
and 25°C. Error bars were calculated by the propagation method.
Data were not obtained for terminal residues because of line
broadening.

Rex,CPMG) pApB(∆ω)2τex[1 -
2τex

τCPMG
tanh(τCPMG

2τex
)] (15)

R2,CPMG

R2,SL
)

R2,DD+CSA + Rex,CPMG

R2,DD+CSA + Rex,SL
(16)

FIGURE 5: Variation of the ratioR2,CPMG/R2,SL as a function of the
exchange rate simulated for a two-site process. The curves
correspond to different combinations of exchange parameters used
to generateRex according to eqs 14 and 15: ([) ∆ω ) 3 ppm,
pApB ) 0.09, andR2,DD+CSA ) 6 s-1; (9) ∆ω ) 3 ppm,pApB )
0.09, andR2,DD+CSA ) 4 s-1; (/) ∆ω ) 1.5 ppm,pApB ) 0.25, and
R2,DD+CSA ) 6 s-1; (O) ∆ω ) 1.5 ppm,pApB ) 0.25, andR2,DD+CSA
) 4 s-1; (0) ∆ω ) 0.5 ppm,pApB ) 0.09, andR2,DD+CSA ) 6 s-1;
and (2) ∆ω ) 0.5 ppm,pApB ) 0.25, andR2,DD+CSA ) 4 s-1.
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of the molecule depressesR2,DD+CSA via theJ(0) contribution
in eq 5. In contrast,Rex,CPMGis a complex function of several
variables linked by the thermodynamic properties of the
exchanging system, and it may either decrease or increase
asT is raised. The functionRex,CPMG(T) can be cast with eq
15, rewritten to include the temperature dependence ofτex

derived from the Arrhenius relation. For a two-state process,

whereEf andEr are the activation energies of the forward
and backward reactions, respectively, and define the standard
change in enthalpy∆H° (Ef - Er). The fractional populations
of A and B vary according to eq 12 and

which expresses the equilibrium constant through the stan-
dard Gibbs energy change for the process,∆G°(T). R is the
gas constant. Expansion of∆G°(T) yields (56)

whereTm is the midpoint of the thermal transition,∆H°(Tm)
is the standard enthalpy change atTm, and∆Cp° is the heat
capacity difference between A and B, assumed to be
independent ofT.

The temperature response ofRex,CPMG was simulated for
various activation energies assuming the pre-exponential
factors to be equal and approaching the Eyring limit of 1012

s-1. In all cases,kf was smaller thankr, andEf was larger
than∆H°; kex was bound by a practical upper limit of 106

s-1. The 15N chemical shift difference (∆ω) was set equal
to 1 ppm andτCPMG to 1 ms. Two situations are considered
and shown in Figure 6.

(i) ∆H° ) 0, ∆Cp° ) 0, andkf ) kr. In this simple case,
the productpApB in eq 15 is a constant. Figure 6A displays
Rex,CPMG as a function of temperature forEf values ranging
between 48 and 61 kJ mol-1. Rex,CPMG(T) has a maximum
for kexτCPMG of 3.2, and consequently, inspection of the slope
at any temperature suffices to predict the experimentalkex

with respect to the reference value of 3.2/τCPMG (3200 s-1 in
this case).

(ii) ∆H° ) 35 kJ mol-1, ∆Cp° ) 0, and∆S° ) 100 J K-1

mol-1. This corresponds to a temperature-sensitive equilib-
rium, with a maximum in the functionpApB at 77°C. Unlike
in the previous situation, the temperature at whichRex,CPMG

reaches its highest value does not necessarily correspond to
a kexτCPMG of 3.2, and the time scale of exchange is not
readily derived from dRex,CPMG/dT. For example, ifEf ) 57
kJ mol-1, the maximum occurs whenkexτCPMG ) 4, whereas
if Ef ) 52 kJ mol-1, it occurs whenkexτCPMG ) 12. Further
complexity is introduced if∆Cp° is non-zero, as observed
for the global cooperative unfolding transition. Therefore,
estimatingkex with dRex,CPMG/dT data requires additional
information about the equilibrium, and the analysis for apocyt
b5 yields only broadkex ranges.

Two proteins for which conclusions could be reached serve
as extreme examples: ribonuclease H in its native state (50)
and a low-stability fragment of staphylococcal nuclease (12).
The ribonuclease H results are consistent with conformational
fluctuations on a fast time scale leading to a decrease in
Rex,CPMG as the temperature is increased. The nearly equal
and low forward and reverse activation energies qualify the
process as type i above. In contrast, the dynamics of the
staphylococcal nuclease fragment show an increase inRex

as the temperature is increased. This corresponds to a slow,
two-site exchange associated with the unfolding of the native
form.

As pointed out above, the hb loop of apocytb5 displays
an increase in total transverse relaxation time with temper-
ature (Figure 3C). The responsible increase inRex,CPMG

suggests slow exchange between two sets of conformers. The
possibility that one of these sets is the unfolded form was
inspected by simulations using the thermodynamic param-
eters of the thermal denaturation [∆H°(Tm) ) 136 kJ mol-1,
∆Cp° ) 4 kJ mol-1 K-1, and Tm ) 46 °C]. The Rex,CPMG

resulting from this equilibrium is small because of the low
value ofpApB below 25°C (less than 0.07) and high∆H°
above 27°C (greater than 60 kJ mol-1). The latter sets the
upper limit onkex at 400 s-1, which would not be detectable.
Slow exchange rates (2000 s-1 < kex < 4000 s-1) with pApB

approaching 0.25 can account for the magnitude and direction
of the change inRex terms at 25°C. In contrast to the hb
loop, the folded region of the protein exhibits a decrease in
Rex,CPMGwith T. The response is consistent with a fast process

FIGURE 6: Simulated temperature dependence ofRex: (A) ∆H° )
0, ∆S° ) 0, and∆Cp° ) 0, corresponding to aT-independentpApB
of 0.25, and (B)∆H° ) 35 kJ mol-1 and∆S° ) 100 J mol-1 K-1,
corresponding to a transition with a midpoint of 77°C. Exchange
rates were calculated using the∆H° values above and the following
Ef values (see the text): ([) 61, (9) 59, (2) 57, (/) 55, (0) 52,
(]) 50, and (4) 48 kJ mol-1. The numbers in panel B indicate the
kex values at theRex maximum, assumingτCPMG ) 1 ms. In panel
A, the kex value at the maximum is 3200 s-1 regardless ofEf.

kex ) Af exp(- Ef

RT) + Ar exp(- Er

RT) (17)

K(T) ) exp[- ∆G°(T)
RT ] (18)

∆G°(T) ) ∆H°(Tm)[1 - T
Tm] -
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Tm
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(3000 s-1 < kex < 10 000 s-1). The ranges ofkex obtained
with the temperature response reinforce the conclusions of
the R2 ratio analysis.

The preceding discussion has rested on fast to intermediate
exchange rates on the chemical shift time scale, as prescribed
by the observation of a single peak for most amides. There
is also some evidence of slow exchange giving rise to minor
peaks in the spectra. The chemical identity of the exchanging
species has been assigned to conformational heterogeneity
in the C-terminal helixR6 and part of strandâ2 (64). This
process is too slow to be detected in the CPMG experiment
(kex < 100 s-1). In summary, the variation of the relaxation
parameters along the polypeptide chain of apocytb5 reflects
picosecond to nanosecond time scale motions superimposed
on temperature-activated exchange processes. The nature of
these dynamic processes can be explored by analyzing the
data within the framework of the model-free approach or
the spectral density mapping approach.

Spectral Density Mapping.The spectral densities evaluated
at the frequency of NMR transitions reflect the range of time
scales sampled through the motion of the N-H bond vector.
The variation inJ(ωH) and J(ωN) across the backbone of
apocyt b5 is displayed in Figure 7A,B and follows the
distribution of 1- NOE andR1, respectively (Figure 3A,B).
The close correspondence between the profiles is explained
by the predominantJ(ω) term in the expression for the
relaxation parameter (57).

The ability to probe the dynamics of the N-H bond
through the spectral densities measured at various frequencies

follows from the conservation of the total area underJ(ω),
which is proportional to the mean-squared energy of the bond
motions driving the various relaxation mechanisms (45).
Therefore, a comparison ofJ(ω) measured at high and low
frequencies provides a quantitative measure of the breadth
of the frequency distribution accessed through the spatial
fluctuations of the bond and the overall tumbling of the
molecule. For instance, a broad distribution with significant
contributions to the area from high frequencies would
indicate the presence of fast internal motion on the order of
a few hundred picoseconds. On the other hand, a narrow
distribution indicates that slow molecular tumbling is the
principal contributor toJ(ω). Typically for proteins with well-
defined structures, the higher intensity of the low-frequency
components ofJ(ω) reflects the sensitivity of the N-H vector
to the slow rotational correlation time on the order of a few
nanoseconds. However, conformational averaging may alter
the J(ω) profile significantly and shift the dominant time
scale fromτm to the sub-nanosecond regime.

For apocytb5 at 25 °C, J(ωH) and J(ωN) are consistent
with the hb loop and termini undergoing motions on the sub-
nanosecond time scale. The broad shape forJ(ω) in the
mobile regions is characterized by lower-than-averageJ(ωN)
values for residues 50-68 and terminal residues 4-9, 88,
89, and 93. This trend is partly offset byJ(ωH), which shows
a systematic increase for residues 4, 5, 86, 88, 89, 93, and
those between 40 and 73. The observed profiles at 25°C
are strikingly different from those at 10°C, whereJ(ωH)
andJ(ωN) display enhanced values in the loop compared to

FIGURE 7: Reduced spectral density profiles in ns/rad at the frequency of1H [J(ωH), A] and that of15N [J(ωN), B]. Panel C illustrates the
ratio J(ωN)/J(ωH). Data for apocytb5 at pH 7.7 and 14.1 T are shown at (4) 10 and ([) 25 °C. Error bars are obscured by the data point
symbols.
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those in the remaining backbone. In addition,J(ωN) increases
near the termini at positions 1 and 2 and 88 and 89 and
undergoes a monotonic decrease toward positions-3 and
94.

The dynamic model appropriate for a rigid backbone scales
all correlation times as a function of the solvent viscosity at
different temperatures. Typically, the decrease inJ(ωN) with
temperature for allS2 andτe of less than 1 ns is predicted to
be on the order of 0.01 unit ifτm is in the nanosecond time
scale regime (65). This decrease is smaller by a factor of 10
than the observed difference of 0.1 in structured regions of
apocyt b5. It is appropriate to assume that the dominant
motion of the N-H vectors in the rigid portions of the
backbone is due to the molecular tumbling and reflected by
theJ(ωN) values. To conserve the total area underJ(ω), an
increase of 2-3 ns inτm brought about by the decrease in
temperature to 10°C would depressJ(ωN) significantly by
increasingJ(0) compared to the same values at 25°C. In
the hb loop, the alteration of the spectral density profile
through aτm effect is also coupled to the slowing of the
internal motion. The effect of the various factors on the
relative change of the spectral densities was explored through
simulation ofJ(ωN) and the correlation of spectral densities
at two frequenciesJ(ωN)/J(ωH) (7) for τm values of 5 and 8
ns, and for all combinations ofS2 andτe. The results of the
calculations are displayed in Figure 8. The choice ofτm was
arbitrary given the absence of an estimate from an alternate
source (τm for the holoprotein is 4.5 ns). Figure 8A shows
the expected increase inJ(ωN) with increasingτm.

The ratioJ(ωN)/J(ωH) is more sensitive to internal motion
on the picosecond time scale (<100 ps) because of the

disproportionately larger changes inJ(ωH) compared to those
in J(ωN) (Figure 8B). With reference to Figure 7C, theJ(ωN)/
J(ωH) values for residues in the hb loop and termini are
smaller than those in the remainder of the protein at 10 and
25 °C. This observation is in agreement with local sub-
nanosecond dynamics. The steep change inJ(ωN)/J(ωH) with
temperature in the folded portion of the backbone reflects
predominantly the quenching of the internal motion on a time
scale faster than 100 ps. The effect of temperature is minimal
as the limit of slow (greater than 150 ps) internal motion is
approached in the loop and termini.

The rationale for the above arguments is also compatible
with the uniform increase inJ(ωH) with temperature, which
reflects the transition to fast motion. The effect ofτm on
J(ωH) is smaller than that onJ(ωN) for comparable values
of S2 andτe and therefore not obvious from the differences
at the two temperatures. The test of the increase inτm is
generally the ratio ofJ(0) values at the two temperatures;
this method is not recommended in this case because of the
contribution from chemical exchange.

Model-Free Calculations.The relaxation data were also
analyzed using the MF approach of Lipari and Szabo for
isotropic motion. The N-H vectors participating in regular
secondary structure are characterized by highS2 (0.75-0.87)
and low τe values (less than 50 ps). The average standard
deviation forS2 andτe is less than 1 and 20%, respectively.
The final estimate ofτm was equal to 5.5 ns. Most of the
residues were fitted to the simple three-variable model (S2,
τe, andRex) within 95% confidence limit with the exception
of residues 4, 16, 89, and 93 in the termini and 49-62 in
the loop. An attempt to fit these residues with the EMF
approach outlined in eq 9 failed to improve the quality of
the fit. This implies a complexity of motion ignored when a
single global correlation time was used.

The anisotropy of the apocytb5 conformational ensemble
could yield spuriousRex andτe values. The axially symmetric
anisotropy derived from the hydrated NMR structure equals
1.2 (beads centered on CR) and 1.3 (beads centered on N,
CR, and C′). The corresponding translational diffusion
coefficient equals 12.7× 10-7 cm2 s-1, a value within the
expected range for a molecule of this size (56). However,
the eigenvalues of the rotational diffusion tensor remain
dependent on the choice of parameters and structural model;
they are unreliable unless they are calibrated against experi-
mental data (54). The main limitation for a partially folded
system is the lack of adequate representation for the flexible
segments.

For a rigid nonspherical body, it has been demonstrated
through fitting simulated data thatR2 is underestimated by
20% for anisotropies (D||/D⊥) equal to 2.0 (66). The effect
on the correlation time is unique to the angle between the
N-H bond vector and the axis of the diffusion tensor. For
moderate anisotropies (ca. 1.3), the order parameters remain
insensitive to the choice of model (30). Therefore, in the
case of the average apoprotein structure, the estimatedS2

values afford a reasonable view of the N-H vector motions
but theτe values may be overestimated. Individual structures
have anisotropies below 2.0 as calculated by the same
procedure. A fit to an anisotropic model (available in
Modelfree 4.0) was not attempted because of exchange. The
combined results ofRex determination and internal motion
analyses are listed in Table 1.

FIGURE 8: Simulated spectral density at the15N frequency and the
ratio of J(ωN)/J(ωH) as a function of the internal correlation time
τe (ns) for the following motional parameters: (×) S2 ) 0.8 and
τm ) 5 ns, (0) S2 ) 0.8 andτm ) 8 ns, (/) S2 ) 0.5 andτm ) 5
ns, and (4) S2 ) 0.5 andτm ) 8 ns.
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pH Dependence of the Relaxation Constants.The thermal
stability of apocytb5 is slightly higher at pH 6.2 than at pH
7.7. To investigate the possible relation between the dynamics
and stability of the apoprotein, the relaxation constants at
11.7 T were measured at pH 6.2 and 25°C. The range and
variation inJ(ωH) andJ(ωN) estimated from the relaxation
constants were within error of those obtained at pH 7.7,
suggesting that the motions of the backbone in the native
state are not influenced by the 1.5 unit change in pH.

The effect of pH on the structure and stability of proteins
is mostly through the titration of charged side chains. The
tautomeric state of the histidines of apocytb5 was determined
at pH 6.2 and 7.7 and 25°C (67). The pattern of cross-peaks
contains information about the tautomeric state in the neutral
state via the four2JNH correlations between imidazole ring
15N and the nonexchangeable carbon-bound protons (68).
Deprotonation occurs preferentially from the Nδ position and
results in the formation of approximately 80% Nε tautomer
at neutral pH. Of particular interest is the pH and temperature
response of two helix-capping imidazoles: His-15 (a C-cap
for helix R1) and His-80 (an N-cap for helixR6). Both side
chains participate in stable tertiary interactions.

Previous NMR studies have indicated that His-80 either
forms a capping hydrogen bond (major form,∼90%) or is
free (minor form) (64). The equilibrium between the two
forms is slow on the chemical shift time scale, and the
heterogeneity is detected downstream throughR6 and
upstream in the last residues ofâ2. The major form of His-
80 (pKa < 5) involves exclusively the Nε tautomer, a
consequence of hydrogen bond formation between the
imidazole Nδ and the amide proton of Asp-82. The side chain
to main chain hydrogen bond is resistant to increased
fluctuations at higher temperatures. The minor form of His-
80 is also detectable and displays the approximate 4:1
equilibrium mixture of tautomeric states generally observed
for free histidine groups. The major form of His-80 describes
the rigidity and structure of the N-cap ofR6. Unfortunately,
the information for the C-cap interaction between the His-
15 NδH proton and the backbone carbonyl oxygen of Glu-
11 is lost through line broadening during the titration (pKa

≈ 8.0).
Dynamics of the Folded Module.The N-terminal segment

(â1-R1-â4-â3-R2) and C-terminal segment (â2-R6) of
module 2 are rigid on the sub-nanosecond time scale. The
small-amplitude N-H bond librations (0.75< S2 andτe <
50 ps) are characteristic of hydrogen bond formation within
the preserved secondary structural elements and an apolar
environment sequestered from the solvent. These motions
are decorrelated from the microsecond dynamics associated
with the chemical exchange term. The indole NH of the
single Trp of apocytb5 (Trp-22, Figure 1B) provides a probe
for monitoring the dynamics of a conserved side chain within

core 2. The limited mobility of the N-H bond (S2 ) 0.88)
suggests a side chain frozen into a well-defined orientation.

The most dynamic stretch in the folded module is restricted
to the turn connecting helixR1 and strandâ4 (residues 13-
20, corresponding to turns 1 and 2 in the holoprotein).
Chemical exchange on the microsecond to millisecond time
scale broadens the amide resonances of residues 17-19
beyond detection at pH 7.7. The onset of the slow dynamics
is visible in the increase in the relaxation constants at the
two tethered ends of these turns. The amide resonances are
also broadened in turn 3 (residues 25-28, connecting strands
â4 andâ3), which contains His-26 and His-27. Histidine
protonation-deprotonation equilibria are likely to contribute
to the line width and mask the dynamic information.
However, the His-26 backbone NH could be observed at 10
°C. Its1H-15N NOE value of 0.8 suggests restricted mobility
on the picosecond to nanosecond time scale. His-27 could
be followed only at low pH, and its1H-15N NOE of 0.8 at
pH 6.2 also points to a rigid turn. This turn (turn 3) is
essential for positioning strandsâ3 andâ4 correctly. In the
holoprotein, it has been assigned conformational exchange
on time scales faster than 200µs (69). More recent work
suggests the direct involvement of at least two hydrophobic
side chains, Val-23 and Leu-25 (strandâ3), in controlling
heme reorientation (30, 70). A rigid turn in the apoprotein
predisposes these residues in the final geometry.

Dynamics of the Heme-Binding Module.The apoprotein
heme-binding site has enhanced flexibility, except in irregular
helix R2 (Thr-33-Glu-38). Conformational heterogeneity is
manifested in the transition to complex motion by the
backbone from Pro-40 to Leu-70. The bell-shaped profile
of J(ωH) (Figure 7A) illustrates the diminishing effect of the
rigid backbone as the N-H vectors are farther from either
end of this segment. The relaxation constants of one of the
two ligating histidines (His-39) could be evaluated reliably
(S2 ) 0.77). The rest of the loop hasS2 values between 0.60
and 0.70, andτe values between 100 and 500 ps. These values
agree with known motional parameters for unfolded (16, 37,
71) or partially folded (15, 18, 19) proteins.

The reorientation motions of peptide bonds in polymer
chains are characterized by the configurational parameterC∞
(72) and the associated persistence lengths (73). The limiting
values reflect the stiffness of the chain over a short segment
involving 2-10 bonds and are unique to the composition of
the polymer. A long polypeptide chain can be visualized as
several such statistical segments linked in succession. An
analogous situation is identified with the unfolded state of
proteins in solution, subject to the additional effect of amino
acid conformational biases in theæ-ψ space (14). The direct
measure of these effects has been demonstrated through the
profile of the relaxation parameters in polypeptide chains
with different degrees of randomness. The interpretation of
the experimental results entails factoring the length of the
chain, amino acid composition (14), and nonlocal contacts
(74). The length of the unstructured loop in apocytb5 is
sufficient for a plateau to be reached where purely segmental
motions dominate (55-65). However, weak NOEs indicate
that the tip of the loop is spatially restricted with respect to
module 2 (26). This illustrates that segmental motions (short-
range effects) are compatible with transient long-range
contacts.

Table 1: Summary of Backbone Dynamics in Cytochromeb5

apoprotein holoproteina

hb loopb 100 ps< τe < 500 ps τe < 50 ps
τex > 300µs τex < 200µs

module 2c τe < 100 ps τe < 50 ps
τex < 150µs

a Values taken from Kelly et al. (29) and Dangi et al. (30). b Residues
40-70 of the heme-binding loop.c Residues involved in secondary
structure.
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The interpretation of multiple time scale dynamics in
proteins generally relies on fluctuations between conforma-
tional substates such as random coil or folded chain. The
continuum bracketed by these extremes is divided into a
hierarchy of states (75) whose occupational probability
depends on the Gibbs energy and its relation to external
perturbations for a given set of experimental conditions. This
type of analysis is particularly relevant to the partially folded
apocytb5. The N-H bond librations (<50 ps) in the folded
module imply a single potential energy minimum with
fluctuations between nearly degenerate substates. The rel-
evant energies are on the order of a few kilojoules per mole
(76). The physical changes associated with these motions
are local and involve bond vibration or small displacement
within a cage composed of solvent and protein atoms (1).
On the other hand, the longer time scale motions (>200 ps)
in the heme-binding loop illustrate jumps between discrete
states separated by a large activation barrier (1). These slow
jumps may reflect the substantial energy required for
concerted motions of the backbone when solvent and a small
number of tertiary contacts offer a net resistance. These sub-
nanosecond motions in the average native conformation are
superimposed on the chemical exchange (microsecond to
millisecond) between states further separated in the energy
landscape (≈40 kJ mol-1 or more). The difference in these
slow exchange rates parallels the difference in activation
energies associated with the conformational substates that
are accessible to the two modules.

CONCLUDING REMARKS

In a fully folded native protein, the backbone dynamics
probed by the NMR relaxation measurements are predomi-
nantly a function of the rotational correlation time,τm, with
internal motions reflecting small fluctuations about an
average structure. For all practical purposes, these motions
are decorrelated. In partially folded proteins, backbone
rigidity and lasting side chain packing are not the dominant
features any longer. The protein is best represented by a
dynamic ensemble of conformers, where the correlation
between the collective motions of small segments is neces-
sary for maintaining a system amenable to subsequent
chemistry. Conformational analysis is facilitated in structured
proteins, where the dynamic models generated with MD
simulations have been tested against experimental parameters
(77). Such approaches remain to be generalized for partially
folded proteins. The current MD simulations for native
apocytb5 extend to 1.6 ns and reproduce the loss of structure
and picosecond to nanosecond internal motions in core 1
(31). The simulations are uninformative with respect to the
experimentally identified sub-millisecond motions.

The goals of the study included the characterization of
coupling between the two structural units in apocytb5 and
the consequences of heme binding. Inb hemoprotein, the
affinity is driven by enthalpy, which is partitioned into
contributions from desolvating the heme in the apolar protein
environment, forming the proximal histidine-Fe bond, and
rearranging side chains in the active site (78, 79). Little is
known about the activation barrier associated with individual
steps and the corresponding microscopic rates. However, the
bimolecular rate of heme association in apocytb5 [4.5 ×
107 M-1 s-1 (80, 81)] serves for gauging the relevance of
the heme-binding loop motions to the heme binding affinity.

The disordered apoprotein heme pocket displays motions
on multiple time scales, which do not interfere with heme
binding. They are only partially restrained when the pros-
thetic group is inserted [Table 1 (29, 30, 69)] as exchange
on the microsecond time scale for several residues (42-52
and 65-75) lining the hydrophobic pocket persists after
consolidation of module 1. Similar flexibility, albeit on a
faster time scale (picosecond to nanosecond), has been
identified through MD simulations of the holoprotein (82).
In the calculations, the increased rigidity of module 1 has
no apparent effect on module 2. In contrast, the experimen-
tally observed microsecond exchange in module 2 of the
apoprotein suggests a certain degree of cooperativity, as
suggested by the loss of stability in the truncated protein
with the heme-binding loop replaced by a short linker (28).
The key factor in the interactions of the two modules could
be the length of the hb loop, which has to be maintained in
a conformation conducive to rapid collapse into the native
structure around the heme. It appears that for the cytb5 fold,
the dynamic allowances made in the heme-binding region
compromise the stability of module 2 and its rigidity on the
microsecond time scale through the weakening of tertiary
contacts at the interface. Module 2 retains picosecond
fluctuations similar to those in the holoprotein, thus minimiz-
ing entropy loss through induced fit upon heme binding and
eliminating kinetic traps. This scaffold may be a minimal
requirement for binding the large heme group and at the same
time optimizing function.
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