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ABSTRACT: In the accompanying paper [Storch et al. (1999)Biochemistry 38, 5054-5064] equilibrium
denaturation studies and molecular dynamics (MD) simulations were used to investigate localized dynamics
on the surface of cytochromeb5 (cyt b5) that result in the formation of a cleft. In those studies, an S18C:
R47C disulfide mutant was engineered to inhibit cleft mobility. Temperature- and urea-induced denaturation
studies revealed significant differences in Trp 22 fluorescence between the wild-type and mutant proteins.
On the basis of the results, it was proposed that wild type populates a conformational ensemble that is
unavailable to the disulfide mutant and is mediated by cleft mobility. As a result, the solvent accessibility
of Trp 22 is decreased in S18C:R47C, suggesting that the local environment of this residue is less mobile
due to the constraining effects of the disulfide on cleft dynamics. To further probe the structural effects
on the local environment of Trp 22 caused by inhibition of cleft formation, we report here the results of
steady-state and time-resolved fluorescence quenching, differential phase/modulation fluorescence
anisotropy, and1H NMR studies. In Trp fluorescence experiments, the Stern-Volmer quenching constant
increases in wild type versus the oxidized disulfide mutant with increasing temperature. At 50°C, KSV is
nearly 1.5-fold greater in wild type compared to the oxidized disulfide mutant. In the reduced disulfide
mutant,KSV was the same as wild type. The bimolecular collisional quenching constant,kq, for acrylamide
quenching of Trp 22 increases 2.7-fold for wild type and only 1.8-fold for S18C:R47C, upon increasing
the temperature from 25 to 50°C. The time-resolved anisotropy decay at 25°C was fit to a double-
exponential decay for both the wild type and S18C:R47C. Both proteins exhibited a minor contribution
from a low-amplitude fast decay, consistent with local motion of Trp 22. This component was more
prevalent in the wild type, and the fractional contribution increased significantly upon raising the
temperature. The fast rotational component of the S18C:R47C mutant was less sensitive to increasing
temperature. A comparison of the1H NMR monitored temperature titration of theδ-methyl protons of Ile
76 for wild type and oxidized disulfide mutant, S18C:R47C, showed a significantly smaller downfield
shift for the mutant protein, suggesting that Trp 22 in the mutant protein experiences comparatively
decreased cleft dynamics in core 2 at higher temperatures. Furthermore, comparison of theδ′-methyl
protons of Leu 25 in the two proteins revealed a difference in the ratio of the equilibrium heme conformers
of 1.2:1 for S18C:R47C versus 1.5:1 for wild type at 40°C. The difference in equilibrium heme orientations
between wild type and S18C:R47C suggests that the disulfide bond affects heme binding within core 1,
possibly through damped cleft fluctuations. Taken together, the NMR and fluorescence studies support
the proposal that an engineered disulfide bond inhibits the formation of a dynamic cleft on the surface of
cyt b5.

Cytochromeb5 (cyt b5)1 plays a critical role in reductive
and oxidative metabolism of endogenous substrates and
xenobiotics. Redox partners of the microsomal membrane-
bound form of cytb5 include several cytochrome P450s,

cytochrome P450 reductase, and stearyl-CoA desaturase (1,
2), whereas mitochondrial cytb5 interacts with cyt b5

reductase and cytc (3). In addition, nonredox roles for cyt
b5 have been suggested, in which cytb5 acts as an allosteric
effector. For example, apocytb5 stimulates the metabolism
of several drugs by cytochrome P450 3A4 (4, 5), and holocyt
b5 alters the metabolite production of cytochrome P450c17
(6, 7). The versatility of cytb5 and its ability to interact with
such a wide range of structurally diverse partners have
prompted the suggestion that multiple conformations may
contribute to its function.

Solubilized cytb5 consists of two cores (Figure 1). Core
1 includes the heme cofactor inserted into aR-helix bundle,
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whereas core 2 consists of aâ-sheet and two shortR-helices.
Nearly all of the available mechanistic insight into structure-
function relationships of cytb5 has been obtained with the
cyt b5-cyt c system. Solubilized cytb5 forms a functional
electron-transfer complex with soluble cytc in vitro (8).
Numerous approaches have been used to probe the interac-
tions between these partners, and this redox pair has served
as a paradigm for interprotein electron transfer. Salemme
proposed a static model of the cytb5-cyt c complex based
on X-ray structures of ferric cytb5 and ferric cytc, where
complex formation is mediated via electrostatic stabilization
(9). In the model, carboxylate groups of glutamate and
aspartate side chains along with a heme propionate on cyt
b5 are ‘docked’ with complementary lysine and arginine side
chains on cytc. The resulting complex yields nearly coplanar
heme cofactors. Subsequently, mutagenesis, hyperbaric
experiments, and functional studies including measurement
of electron-transfer kinetics support the importance of
electrostatics in the cytb5-cyt c interaction (10-15).
Collectively, these studies provide qualitative support for
most features of this model. Although individual salt bridges
in the complex provide only∼0.5-1 kcal/mol of stabiliza-

tion, their collective interactions contribute to the stability
and specificity of the complex. The electrostatics, however,
provide only 15% of the stabilization energy, suggesting that
other types of interactions may be important for complex
formation (14).

Several experimental and theoretical approaches have been
applied to address the role of dynamics within the cytb5-
cyt c complex, and, thereby, to obtain a more refined model.
A short MD simulation of the ‘Salemme complex’ yields a
complex with optimized packing at the protein-protein
interface, where Fe-Fe distances decreased to an average
of 15.7 Å (16). Brownian dynamics simulations suggest that
the docked complex may be envisioned as an ensemble of
complexes with two predominant species (17, 18). The
dominant interaction predicted by these studies matches well
with the ‘traditional’ cyt c-cyt b5 model. However, the
second most populated orientation identified in those simula-
tions requires the cytc to bind to a surface on cytb5 that is
shifted relative to the ‘traditional’ surface. In addition,
pseudocontact shift NMR studies on the complex also reveal
the possibility of multiple binding orientations on the same
‘traditional’ binding surface (19).

FIGURE 1: Top: Ribbon diagrams of the cytb5 crystal structure shown in the ‘traditional’ orientation (top left) and in a 180° rotated
orientation (top right) in order to show the ‘cleft’ (52). The prosthetic heme group, Ser 18, Trp 22, and Arg 47 are shown in black with
ball-and-stick. The proposed cleft region lies between Ser 18 and Arg 47. The numbering scheme for bovine cytb5 is used. Bottom: Conic
representations of the crystal structure and a snapshot from the wild-type MD simulation illustrating the formation of a cleft (20). In the
‘opened’ conformation (bottom right), the hydrophobic core, main chain atoms of Trp 22, and part of the prosthetic heme group are exposed
(shown in gray). In the cleft ‘closed’ conformation (bottom left), these same groups have limited accessibility.
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The results of a 2.5 ns molecular dynamics (MD) simula-
tion suggest another possible surface for cytc binding (20).
In the simulation, a patch of surface residues on one face of
the molecule is highly dynamic, compared to the remainder
of the protein. Specifically, residues contributed from core
1 and core 2 that are close to one another in the X-ray
structure transiently move away from each other and then
back together, thus restoring the conformation found in the
crystal structure (Figure 1). During this process, cyclical
formation of a surface cleft exposes the hydrophobic interior
including the heme and main chain atoms of Trp 22. Also,
several of the acidic residues previously shown to be
important for docking with cytc are on the rim of this cleft,
and they reorient during the simulation (see Figure 5,20).
Recent NMR studies (21) support the MD results: The
molecule is highly dynamic in solution, with redox-state-
dependent differences in mobility near the cleft region.

To further test the predictions made on the basis of the
MD simulation, site-directed mutants aimed at perturbing
cleft dynamics were constructed with a disulfide (S18C:
R47C) or salt bridge (S18D), and equilibrium denaturation
studies were performed (see accompanying paper,22). In
those studies, the heme absorbance and fluorescence of the
single Trp (Trp 22) were exploited as spectroscopic probes
of core 1 and core 2, respectively. Comparison of the thermal
denaturation of these proteins indicates that the engineered
disulfide or salt bridge has negligible effects on the stability
of the protein based on heme absorbance. In contrast,
fluorescence changes of Trp 22 consistent with increased
solvent accessibility are observed at temperatures well below
those required to release heme. Most importantly, the
oxidized disulfide mutant (S18C:R47Cox; the subscripts ‘ox’
and ‘red’ refer to the oxidation state of the disulfide bond;
all studies performed here were with the ferric heme
oxidation state) is significantly more stable to temperature-
induced changes in Trp 22 fluorescence than either wild type
or the S18D mutant. Apparently, the disulfide inhibits or
prevents temperature-dependent conformational transitions
prior to heme release. At temperatures just below 50°C,
the wild-type protein populates a heme-bound state with
fluorescence properties distinct from the native state, and
distinct from the disulfide-containing mutant. Although the
steady-state fluorescence intensity and spectral shift data are
consistent with a temperature-induced change in the local
environment of Trp 22 prior to heme release, more detailed
characterization is required.

The results from the accompanying paper (22) suggest that
by inhibiting cleft dynamics, the disulfide bond of S18C:
R47C affects the local environment of Trp 22. To directly
compare the dynamics surrounding Trp 22 in the wild-type
and S18C:R47C proteins, we have utilized steady-state and
time-resolved fluorescence quenching, fluorescence aniso-
tropy decay, and1H NMR at variable temperatures. Together,
the results presented here further support the proposal that
the dynamics of a ‘breathing’ motion at the core 1/core 2
interface of cyt b5 results in transient exposure of a
hydrophobic cleft that is restricted in the disulfide mutant.

MATERIALS AND METHODS

Site-Directed Mutagenesis and Protein Purification.Mu-
tagenesis and protein purification protocols of tryptic-

solubilized rat cytb5 were performed as described in the
accompanying paper (22). Protein purity was determined by
UV-Vis absorbance spectroscopy at a ratio of 280/412 nm
of e0.18. The purities were verified by SDS-PAGE analysis
and MALDI-TOF mass spectrometry (data not shown). The
oxidation states of the disulfide mutants, S18C:R47Cox and
S18C:R47Cred, were determined by susceptibility to car-
boxymethylation by iodoacetate based on analysis by MALDI-
TOF MS (22).

Steady-State Fluorescence.Steady-state fluorescence ex-
periments were performed on an SLM-8100 spectrofluo-
rometer using 1 cm quartz cuvettes with stir bars. Temper-
ature was controlled within(0.4 °C. The excitation was at
295 nm using a detection cutoff filter of 305 nm. The slit
widths were 4-8 mm. Samples contained 10µM cyt b5 in
5 mM K2HPO4 at pH 7. For acrylamide quenching experi-
ments, a 7 M acrylamide stock in 5 mM K2HPO4 at pH 7
buffer was used. Blank spectra (buffer only and buffer plus
acrylamide) were subtracted from all sample spectra. All
spectra reported are the average of at least two emission
spectra. The spectral center of mass,λmass, was determined
by integrating the area under the curve from 310 to 370 nm:
λmass) 1/[∑νiFi/∑Fi], whereFi is the fluorescence intensity
at wavenumberνi. Stern-Volmer quenching constants (KSV)
were obtained from the relationship (23): F/Fo ) 1 +
KSV[Q] ) 1 + kqτ0[Q], whereFo andF are the fluorescence
intensities in the absence and presence of quencher, respec-
tively, Q is the acrylamide concentration, andKSV is the
Stern-Volmer quenching constant. Also,KSV is equal tokqτ0,
wherekq is the apparent bimolecular rate constant andτ0 is
the excited-state lifetime in the absence of quencher. We
used the average lifetime〈τ〉 at 340 nm to calculatekq. The
apparent rate constant for the quenching reaction,kq, is equal
to γkd, whereγ is the efficiency of the quenching process.
Eftink and Ghiron have shown that the efficiency of
acrylamide quenching of indole is unity (24). Therefore,kq

is equal tokd, the diffusion-limited rate constant for colli-
sional quenching.

Time-ResolVed Fluorescence.Frequency-domain excited-
state lifetime and anisotropy measurements were carried out
at the Center for Fluorescence Spectroscopy, University of
Maryland, Baltimore, MD. Lifetimes were measured with a
frequency-domain 10 GHz fluorometer equipped with a
Hamamatsu microchannel plate detector (MCP-PMT),
described in detail elsewhere (25). Excitation was at 295 nm
from a mode-locked Ar-ion laser source. Sample emission
was filtered through an Oriel interference filter centered at
340 nm. For reference, we used the scatter of the sample
solution filtered through an Oriel interference filter at 289
nm with neutral density filters. Samples contained 20µM
cyt b5 in 5 mM K2HPO4 at pH 7.

Data Analysis.The frequency-domain fluorescence phase
and modulation data were subject to nonlinear least-squares
analysis using the software developed at the Center for
Fluorescence Spectroscopy (26). Time-resolved intensity
decays were described by the multiexponential equation:I(t)-
) I0∑iRiet/τi, where I(t) is the emission intensity at timet
and I0 is the initial emission intensity. The amplitude
(preexponential factor),Ri, is related to the fraction of
molecules in each environment with lifetimeτi. The mea-
sured quantities at each frequencyω, were phase shift,φω,
and demodulation factor,mω, of the emitted light versus a
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reference. For anisotropy measurements, the intensities of
the parallel and perpendicular anisotropy components at time
t areI||(t) ) (1/3)I(t)[1 + 2r(t)] and I⊥(t) ) (1/3)I(1 - r(t)],
respectively, wherer(t) is the anisotropy at timet, andr(t)
) r0∑igie-t/φi. Here,gi is the amplitude of theith anisotropy
decay component, andφi is the rotational correlation time
of the ith component. The measured quantitites are the phase
angle differences between the perpendicular and parallel
emission components,∆φ, and the amplitude ratio of the
parallel and perpendicular components of the modulated
emission.

1H NMR Measurements.All NMR experiments were
performed on a Varian Inova 500 MHz NMR spectrometer,
using aZ-axis PFG triple-resonance probe (Varian Inc., Palo
Alto, CA). Data were acquired using a gradient-tailored echo
sequence (27) with a RAW element (28) to dephase water.
For each experiment, 512 scans were collected with a sweep
width of 10 000 Hz and a relaxation delay of 1 s. Data were
acquired and processed using VNMR 5.3b software (Varian
Inc.). The FIDs were processed with multiplication by a 90°
shifted sine bell and zero-filling. Line-broadening of 10 and
4 Hz was applied in the processing of the wild-type and
mutant spectra, respectively. The spectra were referenced to
TSP, and select resonances were assigned according to1H
NMR assignments made at 40°C for rat ferric cytb5 (29).
Samples contained 0.5 mM wild type and 1 mM S18C:R47C
ferric cyt b5 in 100 mM Na2HPO4 buffer, pH 7.4, in water
with 10% D2O.

RESULTS

Background.In an attempt to alter the dynamics of the
putative cleft, S18D and S18C:R47C mutants were designed
to favor the ‘closed conformation’ via a salt bridge or
disulfide bond, respectively [Figure 1; also see Figure 2 in
accompanying paper (22)]. The S18C:R47C mutant was
characterized with the disulfide bond oxidized, S18C:R47Cox,
and reduced and acetylated, S18C:R47Cred, to examine the
cleft in both the ‘closed’ and ‘opened’ states. Characterization
of the S18C:R47C mutant in the oxidized and reduced forms
was done with SDS-PAGE and MALDI-TOF mass spec-
trometric analysis as described in the accompanying manu-
script. The disulfide bond was formed spontaneously, prior
to the final purification steps without additional manipulation
or oxidation.

Steady-State Fluorescence. The steady-state fluorescence
properties of Trp 22 at 25°C in the wild-type, S18D, S18C:
R47Cox, and S18C:R47Cred proteins have been described in
the accompanying manuscript (22). Briefly, the wild-type
fluorescence spectrum suggests that Trp 22 has a very low
quantum yield, with a spectral center of mass (λmass) at∼340
nm. The relative quantum yields were 1.0, 1.08, 1.06, and
1.01 for wild type, S18D, S18C:R47Cox, and S18C:R47Cred,
respectively, based on the emission peak area from 305 to
500 nm, for samples with an absorbance of 0.10 ODU at
295 nm. The relative quantum yields of S18D and S18C:
R47Cox were essentially identical to the wild type, but the
spectra are blue-shifted modestly (λmass ∼338-339 nm)
compared to the wild-type protein. Upon disulfide reduction
and acetylation of S18C:R47C, theλmassred-shifted to 340
nm. These results suggest that Trp 22 in the wild-type and
S18C:R47Cred proteins was more solvent-exposed than in the

S18D or S18C:R47Cox proteins. To further probe the solvent
accessibility of Trp 22 in each of these proteins, solute
quenching studies were performed with both KI and acryl-
amide. As expected for a buried Trp, KI was poorly effective
as a quencher, and was not used in further experiments (data
not shown).

Results for steady-state acrylamide quenching at 5, 35,
and 50°C are summarized in Figure 2 and Table 1. At 5
and 35°C, each of the proteins exhibited similar sensitivity
to quenching by acrylamide. However, at 50°C modest
differences were apparent. Whereas the wild-type and S18D
proteins exhibited at least a 2-fold increase inKSV upon
raising the temperature, S18C:R47Cox was relatively insensi-
tive. When the reduced disulfide mutant (S18C:R47Cred) was
tested at 50°C, theKSV was nearly the same value as wild
type, suggesting that the oxidized disulfide had closed a route
of solvent accessibility to Trp 22. Because the differences
between S18C:R47Cox and the other proteins were minimal
at 5 and 35°C, the reduced protein was used only in the 50
°C experiments. As acrylamide concentrations were in-
creased,λmass blue-shifted as much as 1.7 nm (3 M acryl-
amide) from the original values. This shift suggested the
existence of a heterogeneous population of excited states,
where the longer-wavelength-emitting or more solvent-
exposed populations were more susceptible to quenching.
A likely source of excited-state heterogeneity is ground-state
heterogeneity, maintained in the excited state. No curvature
of Stern-Volmer plots was apparent in the concentration
range of acrylamide used here.

Time-ResolVed Fluorescence.Due to limited access to the
instrumentation required for the lifetime measurements, time-
resolved quenching studies were performed only with the
two proteins that exhibited the greatest difference in steady-
state quenching, wild type and S18C:R47Cox. Also, due to
the low intensity of emission for cytb5, quenching experi-
ments were performed at a single emission wavelength near
the λmass, 340 nm. The recovered parameters for intensity
decay and the collisional quenching constants are sum-
marized in Table 2. Each of the proteins exhibited hetero-
geneous decay, which was adequately described by a sum
of three exponential terms, based onø2 values and weighted
residuals. At 25°C, both proteins had similar lifetime

FIGURE 2: Acrylamide quenching of cytb5 at 35°C (dashed lines)
and 50°C (solid lines) for wild type (b), S18C:R47Cox (×), and
S18C:R47Cred (0). The susceptibility of S18C:R47Cox to acrylamide
quenching does not increase with temperature. In contrast,KSV
increases significantly for wild type, S18D, and S18C:R47Cred.
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components of approximately 0.08, 1.4, and 4.9 ns. The
fractional intensities of the median lifetime components were
very similar for wild type and S18C:R47Cox at both 25 and
50°C (0.29-0.36). However, the wild type exhibited a nearly
2-fold greater fractional intensity for the short-lifetime
component than the mutant, which had a larger fractional
intensity for the long-lifetime species. At increased temper-
atures (50°C), the median and long lifetimes of each protein
decreased, while the shortest component remained the same
as at lower temperatures. The decrease in average lifetime
was consistent with increasing thermal motion on the
nanosecond time scale resulting in collisional quenching of
Trp 22 by nearby residues and solvent. To explore the basis
for the temperature-induced changes inKSV in steady-state
experiments, the excited-state lifetimes were also determined
in the presence of several concentrations of acrylamide at
variable temperature. These experiments yieldedkq, the
bimolecular rate constant for collisional encounter between
Trp 22 and acrylamide. Quenching rate constants were not
determined for the individual lifetime components, and,
therefore, the mean lifetimes were used to calculatekq for
the steady-state quenching reaction (Table 2). Upon increas-
ing the temperature from 25 to 50°C, kq for the wild type
increased nearly 3-fold, whilekq for the cleft ‘closed’ mutant,
S18C:R47Cox, exhibited less than a 2-fold increase in the
same temperature range. Thus, the difference in sensitivity
to acrylamide quenching between the wild type and disulfide-
containing mutant observed in the steady-state experiments
was directly attributable in part to differences in the
frequency of collisional encounter between Trp 22 and
acrylamide. Trp 22 in the wild-type protein became more
solvent accessible upon raising the temperature while Trp
22 in the disulfide mutant was less temperature sensitive, as
indicated by comparison ofkq values.

Time-ResolVed Anisotropy.The temperature-dependent
dynamics of Trp 22 were directly probed with frequency-
domain time-resolved anisotropy measurements. Specifically,
the differential phase angles and modulated anisotropies were
determined at 25 and 50°C for the wild type and S18C:
R47Cox mutant. The data are shown in Figure 3, and the
recovered parameters from a global analysis are summarized
in Table 3. Several features of the data are suggestive of
differences in dynamics between the two proteins. At 25°C,
both the wild-type protein and the disulfide mutant exhibited
a minor contribution from a component associated with a
fast rotational correlation time of 80-90 ps (φ1), which
presumably reflected local motion of Trp 22. The fractional
contribution for this term was at least 2-fold greater for the
wild type than for the disulfide-containing mutant. The data
in Figure 3 intuitively suggested complex anisotropy decay
with multiple components corresponding to significantly
different relaxation times. For both proteins, the data fit
significantly better to a two-component exponential aniso-
tropy decay versus a single-exponential decay, on the basis
of ø2 and weighted residuals. In fact,ø2 values were
consistently>20 for single-exponential fits (not shown).
Inclusion of the second, fast relaxation component (φ1) was
required to obtain reasonable fits of the data. At 25°C, the
∆φ of ∼5 °C centered at 300 MHz for the wild type clearly
reflected a fast rotational relaxation that was less prominent
in the disulfide mutant (Figure 3). It may also be significant
that the slower rotational correlation time,φ2, which reflected
motion of the entire molecule, was modestly longer for the
wild type. The slow rotational correlation times were in
reasonable agreement with values predicted on the basis of
the molecular weight of cytb5 and standard values for
hydration (Table 3). The fact that this correlation time was
longer for wild type than for S18C:R47Cox is consistent with

Table 1: Acrylamide Quenching Parameters for Cytochromeb5

λmass(nm)a KSV
b

protein 0 M acrylamide 3 M acrylamide 5°C 35°C 50°C
wild type 339.8 338.2 3.69 (0.15) 5.05 (0.08) 7.85 (0.37)
S18D 338.8 337.8 3.46 (0.18) 4.71 (0.02) 7.66 (0.06)
S18C:R47Cox 338.5 337.2 2.98 (0.14) 4.04 (0.03) 5.32 (0.31)
S18C:R47Cred 339.0 NA NA NA 7.22 (0.18)

a The spectral center of mass was determined as described under Materials and Methods.b Stern-Volmer quenching constants were determined
as described under Materials and Methods. The numbers in parantheses are standard deviations of the slopes for the linear fits.

Table 2: Fluorescence Lifetime Data Analysis

protein temp (°C) 〈τ〉 (ns) τ1, τ2, τ3 (ns)a f1, f2, f3b ø2 kq (×109 M-1 s-1)c

wild type 25 3.01 0.08 0.177 1.18 1.68
1.50 0.301
4.88 0.522

S18C:R47Cox 3.60 0.08 0.075 2.96 1.12
1.37 0.290
5.03 0.635

wild type 50 1.72 0.08 0.261 1.33 4.56
1.23 0.435
3.84 0.303

S18C:R47Cox 2.57 0.09 0.157 1.52 2.07
1.19 0.358
4.40 0.485

a The excited-state lifetimes,τi, were calculated from frequency-domain fluorescence phase and modulation data (not shown) as described under
Materials and Methods.〈τ〉 ) ∑fiτi. b Fractional normalized intensitiesfi ) Riτi/∑Riτi. c Bimolecular rate constant for acrylamide quenching was
calculated using〈τ〉 andKSV (see Table 1). For Table 2 and Table 3, theø2 values are ‘reduced chi-squares’ and approach unity with improved fits.
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a more expanded structure, as would be predicted if a fraction
of the molecules were in the ‘opened’ conformation which
is prohibited in the disulfide mutant. At 50°C, both proteins
exhibited an increase in the fractional contribution of the
fast rotational component, compared to 25°C. At the higher
temperature, this component remains more prominent in the
wild type compared to the disulfide mutant, and in fact is a
major source of the anisotropy decay. Taken together, these
results support a model in which the surface disulfide bond
reduces the local motion of Trp 22 even at increased
temperatures.

1H NMR. The solution structures of rat cytb5 and other
species variants have been well studied through the applica-
tion of 1D, 2D homo- and heteronuclear, and 3D hetero-
nuclear NMR methods (29-36). Since a full resonance
assignment is beyond the scope of this study, we have
restricted our attention to three well-resolved NMR signals
that lie between 0.0 and-2.2 ppm on the chemical shift
scale, particularly those of Ile 76δ- and Leu 25δ′-methyl
resonances. Based on location, these residues are good
indicators of structural and dynamic changes in cores 1 and
2 of cyt b5 (Figure 4). Figure 5 shows the upfield region of
the 500 MHz1H NMR spectra for the paramagnetic forms
of wild type (panel A) and S18C:R47Cox cyt b5 (panel B) at
25, 40, and 60°C. Assignments for theδ′-methyl resonances

of Leu 25 and theδ-methyl resonances of Ile 76 were made
by comparison of chemical shifts with those published for
wild type and mutant rat cytb5 at 40°C (29, 36).

Ile 76 δ-Methyl Resonances. The single resonance at
-1.19 ppm has been assigned to theδ-methyl protons of
Ile 76 in the mutant protein (Figure 5). The chemical shift
of these protons was similar but slightly upfield shifted
compared to Ile 76 in the wild-type protein (-1.14 ppm) at
40 °C. The pronounced upfield shifts of these protons arise
from the fact that they lie above and in van der Waals contact
with the indole ring of Trp 22 in core 2 (Figure 4) and hence
experience large ring-current shifts. The similarity of the
chemical shifts for Ile 76δ-methyl protons in the mutant
and wild-type proteins provided evidence that the structural
integrity of core 2 was maintained upon mutagenesis. Due
to its isolation from the heme binding core (core 1) of the
protein, the chemical shifts of the Ile 76δ-methyl resonances
are relatively unaffected by heme orientation and iron
oxidation state as evidenced by the small change in chemical
shift (-0.12 ppm) upon change in oxidation state of the metal
and the presence of only a single resonance (29, 34).

Leu 25δ′-Methyl Resonances.In contrast to Ile 76, the
side chain of Leu 25 lies in core 1, in close proximity to the
prosthetic heme group. Thus, chemical shifts of these
resonances should indicate structural changes in the heme

FIGURE 3: Differential phase angles (in degrees) and modulation anisotropy versus frequency for wild type (b) and S18C:R47Cox (×) at
25 °C (left) and 50°C (right). The frequency scale is in MHz. At both temperatures, the wild type exhibited a larger contribution to
anisotropy decay from a ‘fast’ rotational component with high-frequency response.

Table 3: Time-Resolved Fluorescence Anisotropy Parameters

protein temp (°C) r0
a r0

bg1 r0g2 φ1 (ns) φ2 (ns) predictedφ2
c (ns) ø2

wild type 25 0.235 0.074 0.161 0.09 18.2 5.22 1.4
S18C:R47Cox 0.254 0.031 0.223 0.08 14.9 5.21 1.6
wild type 50 0.243 0.115 0.128 0.10 10.1 4.81 1.3
S18C:R47Cox 0.243 0.066 0.177 0.07 7.74 4.80 0.8

a The limiting anisotropy at zero time.b The anisotropy at timet is r(t) ) r0g1e(-t/φ1) + r0g2e(-t/φ2), whereφ1 andφ2 are the correlation times
associated with the components with fractional zero-time anisotropies ofr0g1 and r0g2, respectively.r0 is the limiting anisotropy at time zero.
c Predicted value fromr ) 3(MW)(ν + δ)n/RT, where MW is the molecular weight of wild type (11 190) or S18C:R47C (11 174),ν is the specific
volume of 0.73 mL/g,δ is the hydration state of a globular protein assumed to be 0.4 mL/g,n is 1.004 centipoise,R is the standard gas constant,
andT is temperature in degrees kelvin.
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binding region of the protein. The observed chemical shifts
for Leu 25 δ′-methyl protons in cytb5 are influenced by
heme ring-current effects and by the magnitude and orienta-
tion of the anisotropic unpaired electron magnetic moment.
In addition, doubling of these and other resonances that lie
in the vicinity of the heme is due to two equilibrium
conformers of cytb5 (A and B) that differ in heme orientation
(31). The resonances at-1.77 and-1.92 ppm have been
assigned to the A and B forms of the Leu 25δ′-methyl
protons in S18C:R47Cox, respectively. The similarity of these
chemical shifts to those determined for the wild-type protein
provided strong evidence that the disulfide bridge had not
significantly perturbed the structure of the heme binding core.
Interestingly, the ratio of peak intensities of the two forms
(A:B) is almost 1.2:1 in S18C:R47Cox in contrast to 1.5:1
found for the wild-type protein at 40°C.

Ile 76δ-Methyl Resonances as a Probe of Cleft Dynamics.
The insensitivity of the Ile 76δ-methyl resonance to heme
effects coupled with its simple identification in 1D 1H NMR
spectra makes it an excellent probe of the effect of cleft

dynamics on the local environment of Trp 22 in core 2. We
measured the chemical shift of the Ile 76δ-methyl resonance
as a function of temperature between 25 and 60°C, the latter
being slightly above the temperature where previous studies
have indicated a pronounced difference in structure between
wild type and S18C:R47Cox (see accompanying manuscript,
22). In Figure 6, the chemical shifts of Ile 76δ-methyl
protons are plotted as a function of temperature for mutant
and wild-type proteins. Calculated slopes for the wild-type
and mutant proteins show that the temperature dependence
of the chemical shift is smaller for S18C:R47Cox.

DISCUSSION

On the basis of previous results from MD simulations and
equilibrium denaturation studies, it was proposed that
rationally designed mutations in cytb5 should inhibit
localized surface dynamics that give rise to the cyclic
formation of a cleft (20, 22). Furthermore, at increased
temperatures prior to heme release, an ensemble of states is
obtained in the wild-type protein with an average environ-

FIGURE 4: Ribbon diagram of cytb5 illustrating the locations of Ile 76 and Leu 25 with respect to Trp 22. Leu 25 provides a probe of core
1. Ile 76 is ring-current-shifted by Trp 22 and provides a probe of core 2.

FIGURE 5: Upfield methyl region of the1H NMR spectra of (A) wild type and (B) S18C:R47Cox cyt b5 at 25°C (bottom spectrum), 40°C
(middle spectrum), and 60°C (top spectrum). Assignment of the upfield methyl resonances of Leu 25 and Ile 76 came from comparison
to the published1H NMR assignments made at 40°C for the wild-type ferric form of rat cytb5 (29).
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ment of Trp 22 that is more solvent accessible and dynamic
than in the native state. A disulfide mutant designed to close
the cleft, S18C:R47Cox, does not populate this ensemble of
dynamic structures to the same extent as the wild type during
urea- or thermal-induced denaturation, or it populates a
different conformational space. To support the previous
results, Trp 22 was exploited as a probe of dynamics. Here,
we have extended and confirmed the model with steady-
state and time-resolved fluorescence quenching and fluores-
cence decay anisotropy as well as variable-temperature 500
MHz 1H NMR. Obviously, the fluorescence and NMR
approaches yield dynamic information for very different time
scales. It is important to note that, whereas the fluorescence
studies may directly provide information concerning the
dynamics observed in the MD simulations on the nanosecond
time scale in the accompanying manuscript (22), the1H NMR
experiments utilized here are not intended as direct probes
of motion of Leu-25 or Ile-76. More detailed analysis is
required to obtain dynamic NMR parameters for these
residues. Rather, the1H NMR experiments at variable
temperature provide information about the relative sensitivity
of the local environments of Leu-25 and Ile-76 to temper-
ature. This can only be interpreted as an indirect measure of
the dynamics of those local environments.

Cyt b5 is ideal for the fluorescence studies presented here.
It contains a single Trp that is conveniently located near the
dynamic cleft area of interest. MD simulations have shown
that the backbone of Trp 22 is accessible to solvent through
the cleft at the core 1/core 2 interface shown in Figure 1.
The side chain of Trp 22 has limited solvent accessibility
through core 2. Because of the rigidity of this core even in
the apoprotein (37-39), solvent accessibility through this
route should not differ appreciably in the wild-type and
mutant proteins, as long as the mutations only affect cleft
dynamics at the core 1/core 2 interface.

The steady-state fluorescence spectra of the S18D and
S18C:R47Cox mutants are slightly blue-shifted relative to the
spectrum of the wild-type protein. The emission spectrum
is a direct indicator of local environmental effects on the
excited state of the fluorophore. In comparing two proteins,

a blue-shifted spectrum may be due to decreased dipolar
relaxation around the excited state as a result of decreased
solvent accessibility. However, other factors may contribute
to spectral shifts, and it is therefore necessary to further probe
the physical origins of spectral changes through techniques
such as quenching and excited-state lifetime measurements.

The Stern-Volmer analysis of the acrylamide quenching
results presented here supported the hypothesis that there is
decreased solvent accessibility of Trp 22 in the mutant
proteins designed to perturb cleft dynamics. At low temper-
atures (5°C), the solvent accessibility of Trp 22 was similar
in the wild-type and mutant proteins. As the temperature
increased, differences in acrylamide accessibility for each
protein became more apparent, presumably due to differential
effects on dynamics. At increased temperatures (50°C), the
data suggested that the salt bridge added little to constrain
cleft dynamics, resulting in similar Trp accessibility in the
S18D and wild-type proteins. The covalent disulfide bond,
however, restricted the solvent accessibility of Trp 22 in
S18C:R47Cox. The results obtained with the reduced disulfide
form of the protein were similar to results from wild type
and S18D which provided further evidence that the engi-
neered oxidized disulfide bond impeded solvent accessibility
of Trp 22.

The time-resolved quenching experiments indicated that
the decreased susceptibility of Trp 22 to acrylamide in the
disulfide mutant is directly attributable to a decrease in the
dynamic quenching rate constant. The recoveredkq increased
with temperature for each of the proteins studied, but the
disulfide mutant was the least sensitive. Although these
experiments provided no structural detail, they demonstrated
that Trp 22 is less solvent accessible in the disulfide mutant,
as would be predicted from the previous equilibrium
denaturation and MD studies in the accompanying paper (22).
The results also suggested that the hydrophobic cleft was
not the only route by which acrylamide quenches Trp 22, as
discussed below. If this were the case, then a more
pronounced difference between wild type and S18C:R47Cox

would be expected. Presumably, Trp 22 is accessible to
acrylamide by other routes, and these are not ‘closed’ by
the incorporated disulfide bond or they become accessible
in response to strain induced by the disulfide bond. The high
degree of Trp accessibility in wild type is supported by the
magnitude of thekq value which approaches the diffusion
limit. In fact, kq values in this range further indicate that cyt
b5 is dynamic and samples conformations other than those
observed in the crystal structure.

The rotational correlation times (φ2) measured for the
global motion of both wild-type and S18C:R47Cox proteins
at 25 and 50°C were longer than predicted by the Perrin
equation for spheres of ‘standard’ hydration state (40, 41).
In practice, it is not uncommon to observe rotational
correlation times that are ca. 2-fold longer than the predicted
values, as is the case here. There are several possible
contributions to this increase including deviations from
spherical symmetry, large-amplitude motion on the time scale
of emission, increased hydration, and alignment of emission
dipoles with rotational axes (42). In addition, fluorophores
with excited-state lifetimes significantly shorter than rota-
tional correlation times are imperfect probes for accurate
determination of anisotropy parameters. The average excited-
state lifetimes of Trp 22 measured in our experiments

FIGURE 6: Chemical shift versus temperature measured for the
δ-methyl group of Ile 76 for wild type (b) and S18C:R47Cox (O).
Best linear fits to the data are represented by the solid lines. The
wild type is more ‘temperature-sensitive’ than the S18C:R47Cox
mutant.
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suggested that it was not an ideal probe for the time regime
of 5-10 ns. For these reasons, the absolute values of the
long correlation times must be viewed qualitatively. How-
ever, it is interesting to note that the correlation time
associated with the global motion of the protein was longer
for the wild type than for the mutant, at both temperatures.
We speculate that this may be due to real differences in the
shape or hydration of the molecule. For example, the
‘opened’ conformation expected for the wild type is more
elliptical than the ‘closed’ conformation, with a radius of
gyration of∼12.4 Å, compared to∼13 Å for the ‘closed’
conformation of S18C:R47C. This difference can be quali-
tatively seen when comparing the two proteins in Figures 1
and 4. In the opened conformation, the shortest molecular
axis is 19 Å long, and projects through residues 72 and 53.
The longest molecular axis is∼35 Å long and runs nearly
parallel to the heme in core 1 and nearly parallel to the indole
ring of Trp-22 in core 2, even though the planes of the indole
ring and the heme form an angle of∼40°. This major axis
passes through Gly 42 at the surface of core 1 and Asp 82
in core 2. It also runs through theR-carbon of Trp 22. The
opened conformation is quite elliptical, with an axial ratio
of 1.84. Moreover, it is possible to estimate the angle between
the emission dipole of Trp 22 and the long axis of the
expanded structure of cytb5. The 1La transition dipole of
Trp residues dominates the emission at long times after
excitation at 295 nm (43), and this transition dipole lies
within the indole ring at an angle of-38° from the major
axis of the indole, and projects through the indole nitrogen.
In the ‘open’ structure of cytb5, this vector forms a relatively
narrow angle of∼21° with the longest molecular axis. Thus,
the Trp 22 emission dipole and the major axis of rotation
are well aligned, and this may contribute to the apparently
long φ2 values. It is unlikely that this factor, alone, could
cause the correlation time to be 2.5-fold higher than
predicted. However, based on the orientation of Trp 22, the
molecular asymmetry of cytb5 that is enhanced in the ‘open’
conformation may be nearly fully realized in the anisotropy
decay that is due to global motion. Also, the ‘opened’
conformation provides additional surface area for solvation
(∼200 Å2), and this would contribute to a larger value for
the hydration state of the wild type, even though the
molecular weight does not change significantly. Therefore,
the shorterφ2 correlation times for the disulfide-containing
mutant suggested that the hydrodynamic properties of the
molecule have been altered, presumably as a result of a
decrease in a large-amplitude motion or decrease in hydra-
tion.

Of course, a possible explanation for the long rotational
correlation times is that cytb5 aggregated to form dimers
under the conditions of the experiments. In fact, we explicitly
looked for the presence of dimers or higher aggregates with
gel filtration and nondenaturing gel electrophoresis. We did
not observe aggregates, for either wild type or S18C:R47C,
under any conditions. Thus, if the proteins were dimers in
the fluorescence experiments, the aggregates are not very
stable. Even if the proteins were aggregated, then the raw
differential phase and modulated anisotropy data (Figure 3)
clearly demonstrate a difference in the relative contribution
of an anisotropy component with a high-frequency response,
that is likely due to a fast local motion of Trp 22, in the
wild-type and disulfide-containing mutant. With more de-

tailed NMR studies and analysis of line widths, it should be
possible to further probe the possibility of a monomer-dimer
equilibrium.

1D 1H NMR methods provide an excellent tool to probe
the effects of mutations in localized regions of the proteins.
Changes in chemical shifts are often indicators of structural
changes (44) occurring in a protein as a result of mutation
or the binding of a ligand (45). While it is difficult to
correlate changes in chemical shifts with exact changes in
structure, near-identity of chemical shifts can indicate, to a
first approximation, structural similarity. In the case of cyt
b5, extensive NMR resonance assignments exist for multiple
species variants. Additionally, high-resolution structural
information from both X-ray crystallography and NMR is
also available. Given this vast body of information, it may
be justifiable to correlate structure with chemical shift
information derived from 1D1H NMR data.

As mentioned above, the change in chemical shift of Ile
76 δ-methyl as a function of temperature provides informa-
tion on the local environment of Trp 22 in core 2. MD
simulations of wild-type cytb5 indicate that at higher
temperatures the cleft undergoes increased thermal fluctua-
tions between ‘open’ and ‘closed’ conformations, core 2
becomes more dynamic, and the local structure around Trp
22 is disrupted (see accompanying paper,22). The structural
perturbations lead to an increase in the average distance
between the Ile 76δ-methyl protons and the Trp 22 indole
ring. Consequently, a decreased ring-current effect and
concomitant downfield shift occur for these resonances.
Figure 6 shows that such an effect is observed in the course
of the temperature titration. The smaller downfield shift for
the Ile 76 δ-methyl protons over the temperature range
indicates that the disulfide bond constrains the cleft to a
‘closed conformation’. Interestingly, while the temperature
titration of the wild-type protein was found to be completely
reversible, that of the mutant protein was irreversible.
Comparison of chemical shifts for Ile 76δ-methyl at 25°C
before and after heating to 60°C suggests that at higher
temperatures S18C:R47Cox was conformationally trapped in
local minima and was unable to reequilibrate to the native
state due to inhibited cleft mobility.

Structural implications of the inhibition of cleft dynamics
on core 1, as reported by Leu 25, are more difficult to
interpret on the basis of chemical shifts alone. Differences
in observed chemical shifts for wild type and S18C:R47Cox

could possibly be due to subtle differences in heme binding
orientation and/or orientation of the unpaired electron
magnetic moment. Heme binding orientation is strongly
influenced by the steric effects of hydrophobic side chain
groups in the heme binding pocket. Through systematic
investigation of species variants of cytb5, LaMar and co-
workers conclude that it is the porphyrin rather than the
polypeptide that moves to accommodate destabilizing steric
interactions caused by varying side chain length of residues
in the heme binding pocket (46-49). Introduction of a
disulfide bridge between core 1 and core 2 could have altered
side chain packing in the heme binding core, forcing an
adjustment by the heme. Fluorescence anisotropy data also
indicated that the mutant was more rigid and compact as
evidenced by the shorter rotational correlation times,φ2.
While the mechanism of the isomer interconversion rate is
unknown, it is possible that the mobility of the cleft region
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is linked to the dynamics in core 1. While these preliminary
results are interesting, a detailed NMR structure and dynam-
ics analysis of the S18C:R47Cox mutant is necessary for any
understanding of the influence of cleft dynamics on core 1.

Each of the experimental probes used here, solute quench-
ing, anisotropy decay, and1H NMR, revealed only modest
differences in the dynamic properties or the local environ-
ment of Trp 22 upon introduction of the disulfide bond.
Together, however, the experimental parameters measured
here suggest that altered cleft dynamics caused by the
disulfide bond are responsible for the differential temperature
effects on each of these probes. Although the cleft provides
a major solvent-accessible channel for solute quenchers, and
it is the region in which the greatest temperature-dependent
changes in structure and dynamics take place, it is not the
only region that is affected in the temperature range prior to
heme release. Minor increases in dynamics are observed
elsewhere, primarily further along the main chain extended
from Cys 47 (see accompanying paper,22). Therefore, other
dynamic modes contribute to solvent accessibility and local
motion of Trp 22, and these are not inhibited by the
incorporation of the disulfide. In fact, other dynamic modes
may be favored when the cleft dynamics are damped. Thus,
the disulfide mutant is not completely ‘frozen’. However,
the engineered disulfide does decrease at least one dynamic
mode responsible for local motion and solvent accessibility
of core 2 (see Figure 3 in accompanying paper22).
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