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Abstract Dynamics of large-amplitude conformational

motions in proteins are complex and less understood,

although these processes are intimately associated with

structure, folding, stability, and function of proteins. Here,

we use a large set of spectra obtained by cross-relaxation

suppressed exchange NMR spectroscopy (EXSY) to study

the 180� flipping motion of the Y97 ring of horse ferricy-

tochrome c as a function of near-physiological temperature

in the 288–308 K range. With rising temperature, the ring-

flip rate constant makes a continuous transition from

Arrhenius to anti-Arrhenius behavior through a narrow

Arrhenius-like zone. This behavior is seen not only for the

native state of the protein, but also for native-like states

generated by adding subdenaturing amounts of guanidine

deuterochloride (GdnDCl). Moderately destabilizing con-

centrations of the denaturant (1.5 M GdnDCl) completely

removes the Arrhenius-like feature from the temperature

window employed. The Arrhenius to anti-Arrhenius tran-

sition can be explained by the heat capacity model where

temperature strengthens ground state interactions, perhaps

hydrophobic in nature. The effect of the denaturant may

appear to arise from direct protein-denaturant interactions

that are structure-stabilizing under subdenaturing condi-

tions. The temperature distribution of rate constants under

different stability conditions also suggests that the prefactor

in Arrhenius-like relations is temperature dependent.

Although the use of the transition state theory (TST) offers

several challenges associated with data interpretation, the

present results and a consideration of others published

earlier provide evidence for complexity of ring-flip

dynamics in proteins.
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Abbreviations

EXSY Cross-relaxation suppressed exchange NMR

spectroscopy

GdnDCl Guanidinium deuterochloride

cyt Cytochrome

ferricyt Ferricytochrome

Introduction

In recent years, structural studies by X-ray techniques

(Pellicena and Kuriyan 2006) and NMR spectroscopy

(Grishaev et al. 2005; Stangler et al. 2006), and mutational

analyses (Dill and Shortle 1991; Shaw and Valentine 2007)

have greatly facilitated relating structure, conformational

changes, function, and stability of proteins. Investigations

of protein dynamics are still in its infancy though (Feni-

more et al. 2004). Internal dynamics that include small

amplitude collective motions (Karplus 1986) and large

amplitude cooperative breathing modes (Englander et al.

1972), and other structural fluctuations and deformations at

the subglobal level (Ansari et al. 1985) are relatively less

understood. The complexity of certain of these processes

has been recognized for quite some time in both experi-

mental (Fenimore et al. 2004; Austin et al. 1975; Steinbach
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et al. 1991) and theoretical studies (McCammon et al.

1979; Karplus 2000). For analytical solutions of experi-

mental data, they often appear complex because of either

unusual time evolution or complex temperature depen-

dence or both. In theoretical studies, the complexity

surfaces when a suitable reaction coordinate and an

appropriate transition state along the coordinate is difficult

to define. There, of course, is the problem of current

atomistic simulations not reaching times longer than

microseconds. However, a comprehensive description of

protein motions is important not only for connecting

structure and function to dynamics, but also for under-

standing their role in folding and stability of native and

natively unfolded states (Portman et al. 2001; Okazaki

et al. 2006; Doan-Nguyen and Loria 2007).

This paper presents the temperature and denaturant-

related complexity of the ring motion of Y97 side chain

(180� rotational jump of the ring about the Cb–Cc bond axis)

of horse ferricytochrome c observed by cross-relaxation

suppressed exchange NMR spectroscopy (EXSY). The rate

of the process does not follow Arrhenius temperature

dependence under native and native-like conditions. The

changes in the rate-temperature trend under different con-

ditions of protein stability appear to indicate temperature

dependence of the Arrhenius-type prefactor. Data are ana-

lyzed invoking a heat capacity model that assumes a

considerable change in the ground-state heat capacity with

temperature.

Starting with the seminal work of Wüthrich and Wagner

(1975) on BPTI, the rate-temperature relationship for aro-

matic ring flip has been reported for just about four proteins to

date: BPTI (Wagner et al. 1976; Otting et al. 1993; Li et al.

1998; Skalicky et al. 2001), ferrocytochrome c (Campbell

et al. 1976), iso-2-cytochrome c (Nall and Zuniga 1990), and

HPr protein (Hattori et al. 2004). Although the activation

parameters from all data sets, generated largely by simulation

of variable temperature NMR spectra, were extracted by

assuming temperature independence of enthalpy and entropy

in the Eyring equation, we believe they are generally tem-

perature dependent to different extents, and hence could be

modeled better by using temperature dependent functions.

Indeed, this was indirectly observed in a revisit to the BPTI

Y35 ring-flip dynamics (Otting et al. 1993). Also, rate-tem-

perature curves calculated for several cases (Skalicky et al.

2001) using activation parameters published earlier indicate

visibly non-Arrhenius behavior. Together with the observa-

tions of the present study of ferricytochrome c, ring-flip

dynamics appear generally complex.

Materials and methods

All experiments were performed using cytochrome c (Type

VI from Sigma) and GdnHCl (from USB, GE Healthcare)

the labile hydrogens of both of which were preexchanged

for deuterium. Exposure of D2O solutions of cytochrome c

to pH 10 at 60�C for an hour followed by lyophilization of

the neutralized solution caused complete deuteration of the

labile proton sites. GdnDCl was prepared by repeated

lyophilization of D2O solutions of the denaturant.

NMR spectroscopy

A 2-mM solution of cytochrome c containing a desired

concentration of GdnDCl was prepared in 50 mM phos-

phate buffer in D2O, pH 6.5. The same sample was used to

take variable-temperature NOESY and EXSY spectra.

Each 2D spectrum was of 400t1 increments and 2048t2 data

points over a spectral width of 18 ppm. Quadrature

detection along the indirectly detected dimension was

achieved by the States-TPPI method. For exchange rate

measurement at a given concentration of GdnDCl and

temperature, EXSY spectra (Fejzo et al. 1991) were

recorded using five mixing times (10, 20, 30, 40, and

50 ms). The details of the mixing pulse scheme are shown

in Fig. 1. With 128 scans averaged for each t1, the time

required for a 2D spectrum was over 16 h at 400 MHz.

Spectra were recorded using a Bruker spectrometer, and

processed and analyzed with XWIN NMR (Bruker) and

Felix (Accylrysis) softwares.

Results and discussion

Y97 ring-flip rate constant as a function of protein

stability coordinate measured by NMR spectroscopy

The earliest NMR investigations of protein dynamics that

employed techniques of 1D time-resolved saturation

transfer, isotope-edited spectroscopy in conjunction with

spectra simulation, and analysis of temperature dependence

of resonances have made several fundamental contribu-

tions to the understanding of aromatic ring rotational

motions in proteins (Wüthrich and Wagner 1975; Wagner

et al. 1976; Skalicky et al. 2001; Nall and Zuniga 1990).

The advent of 2D NMR spectroscopy has greatly facilitated

studies of such dynamic processes that are too slow to

affect the lineshapes (Ernst et al. 1988; Roder 1989).

Subsequent introduction of pulse sequences designed to

produce chemical exchange cross-peaks by elimination of

cross-relaxation and spin coupling-induced coherence

transfer effects in 2D spectra (Fejzo et al. 1990, 1991) has

further augmented the NMR approach to studies of

exchange dynamics in proteins. Indeed, numerous recent

work have employed EXSY to investigate dynamic effects;

particularly, the ring inversion phenomenon in biology and
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chemistry (Skalicky et al. 2001; Shokhirev et al. 1997;

Whittaker et al. 1998; Lam and Carlier 2005; Gallego

2004).

With the objective of characterizing the NMR-defined

slow dynamic processes in cytochrome c under native to

mild denaturing conditions, we collected a large set of

exchange spectra recorded at several low concentrations of

GdnDCl, each as a function of temperature, and in turn as a

function of mixing time in the 0–50 ms range. This

approach allows mapping the activation parameters for the

rate processes, as the protein is progressively destabilized.

Figure 1 presents excerpts from the data set showing the

extraction and temperature dependence of cross peaks due

to rotational motions of Y97 and F10 rings in native

cytochrome c. Another ten cross peaks assigned to P30

CbH, L68 CdH3, Y48/T42 CaH, T28 CcH, F36/T47 CbH,

K22/G23 CaH, C14/Q16 CcH, F822,6, F46 C3H, and H26

Cb appear in the aliphatic region of the native-state spec-

trum at 22�C.

To calculate the rate coefficients and activation param-

eters of the dynamic processes along the protein stability

coordinate, it is necessary that the set of exchange-

connected cross peaks in the NMR spectrum consistently

appear at all concentrations of the denaturant in a suitable

range of temperature. However, since both temperature and

denaturant affect the dynamics, those processes the inter-

conversion times of which are shorter or longer than the

mixing time of the NMR experiment fail to produce cross

peaks; shorter interconversion times lead to exchange

broadening, and longer interconversion times make only a

minute fraction of exchanging population available for

interrogation. Such conditions do not produce quantifiable

cross peaks. The requirement of the suitable exchange time

severely constrains the number of cross peaks, and hence

the dynamic processes that can be examined in detail. Two

cross peaks, Y973,5 and Y972,6, (peaks 1 and 2, respec-

tively, in Fig. 1b) corresponding to 180� rotational motion

of the Y97 ring are consistently observed in the 288–313 K

temperature range at 0–1.5 M GdnDCl concentration,

and were used for further analysis. The ring-flipping rate

constant, kflip, was calculated according to Ernst et al.

(1988),

ln(� 2Cþ 1) ¼ �2kflipsm , ð1Þ

where C = Vc/(Vc + Vd) with Vd and Vc the diagonal and

cross-peak volumes, respectively, and sm is the mixing

time. Figure 2 shows an example of the plot of ln(–2C + 1)

versus sm.

Values of kflip thus obtained should preferably be cor-

rected for the viscosity effect due to GdnDCl. Although the

relative viscosity of the medium increases only marginally

in the range of denaturant concentrations used in this study

(0–1.5 M), a correction can be introduced according to kflip

� 1/g, where g is the bulk viscosity. To eliminate the effect

of viscosity due to GdnDCl on the ring-flip rate constant,

we simply use relative viscosity g/go, where go is the vis-

cosity in the absence of GdnDCl. The corrected kflip

(Table 1) is then given by the relation

ln kcorr
flip ¼ ln kflip þ ln

g
go

� �
. ð2Þ

To obtain the values of g/go, we used viscosity of

aqueous solutions of GdnDCl from literature (Kawahara

and Tanford 1966), and found the following empirical

relation

Fig. 1 Relaxation suppressed

EXSY largely eliminates

NOESY peaks. (a) The aromatic

region of a NOESY spectrum of

ferricyt c at 22�C, pH 6.3. The

same region of EXSY spectra

recorded with the same sample

at 20�C (b), 30�C (c), and 35�C

(d). Cross peak labels in (b) are

1: Y973,5; 2: Y972,6; 3: F102,6;

and 4: F103,5. The pulse

sequences shown at the left are

for NOESY (top) and EXSY

(bottom)
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g
go

¼ 1þ 0:005 D½ �2:6144 þ 0:018½D�0:6594 þ 0:01213½D�0:6636
,

ð3Þ

where [D] represents molar concentration of GdnDCl.

Non-Arrhenius behavior for the ring-flip rate constant

The temperature dependence of kflip for Y97 at four con-

centrations of GdnDCl is presented in Fig. 3. The plots of

ln(kflip/T) against 1,000/T are not at all linear. The gradients

for the curves at 0, 0.5, and 1 M GdnDCl make continuous

transition from negative at low temperatures to positive at

high temperatures, more accentuated for the latter two

concentrations of the denaturant. In general, we identify the

curved temperature dependence of rate constants with non-

Arrhenius behavior, which could be operationally termed

Arrhenius-like (negative slope) or anti-Arrhenius (positive

slope) for a small segment of the temperature axis. Indeed,

one notices a gradual turn from Arrhenius-like to

anti-Arrhenius behavior as the temperature is raised

from 15 to 40�C. At 1.5 M GdnDCl, where the protein is

still native-like but denaturing conditions are approached

(Kumar and Bhuyan 2005), the flip rate constant shows

only anti-Arrhenius temperature dependence.

To explain the diminishing enthalpic but growing

entropic contribution to the ring isomerization barrier with

increasing temperature, we chose to use the transition state

theory (TST) rate expression. For justification of this

choice, a detailed consideration of reaction rate theory

more appropriate for protein reactions is required, a general

understanding of which is still not available. It is also

uncertain if the ring motion is fully in the diffusive regime,

so a Kramers-like rate description becomes essential. The

magnitude of the internal friction, and the extent of influ-

ence of system–solvent collisions on the ring-flip reactive

trajectories across the barrier are other uncertainties. Fur-

ther, the ring motion is unlikely to be associated with a low

and flat barrier for which one might expect a diffusive rate.

On the other hand, within the limitations of presently

available reaction rate theories and microscopic models, a

full justification for the adequacy of TST is difficult to

achieve. To make progress with the data at hand, we started

with the Eyring-type expression

ln kflip ¼ ln A� DGz
RT

, ð4Þ

where DG� = DH� – TDS� is the barrier free-energy. The

exact nature of the prefactor A is not known; it is perhaps

determined by microscopic dynamics entailed in barrier

crossing (Portman et al. 2001). DG� is expanded by casting

the enthalpy and entropy changes in their basic forms

τm (sec)
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Fig. 2 Extraction of the flip rate constant for the Y97 ring in the

native protein at 20�C, pH 6.3. The experimental procedure and data

analyses are detailed in the text

(1/T)x1000, K-1
3.2                     3.3                      3.4                     3.5

( nl
k

pilf
)

T/

-7

-6

-5

-4

-3

-2

-1

Native

0.5 M

1.0 M

1.5 M

15oC2025303540

Fig. 3 Temperature dependence of the Y97 ring-flip rate constant at

four concentrations of GdnDCl: 0 M (black), 0.5 M (red), 1.0 M

(yellow), and 1.5 M (blue). Solid lines are fits to data by equation 6.

Values of DH�, DCp
�, and DS� obtained from the fits are listed in

Table 2Table 1 Values of kflip (s–1) as a function of temperature and

GdnDCl concentration

Temperature (K) GdnDCl (M)

0 0.5 1.0 1.5

289 4.60 7.56 9.47 10.66

293 13.25 11.85 10.41 9.39

298 22.30 14.56 15.75 2.10

303 33.40 13.91 3.36 0.89

306 26.48 – – –

308 – 3.38 – –

313 – 0.68 – –

Error in determination of rates: 2–20%
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DH
z
T ¼ DH

z
T0
þ
Z T

T0

DCpz dT and

DS
z
T ¼ DS

z
T0
þ
Z T

T0

DCpz dT

T
;

ð5Þ

which allow evaluation of enthalpy and entropy changes at

temperatures T with respect to a reference temperature T0.

DCp
� is the difference in heat capacity of the transition state

and the initial state. We set T0 at 25�C (see below),

although for accurate calculations of heat-induced

conformational transitions, the midpoint temperature

should be used. Thus, the equation

ln kflip ¼ ln A� 1

RT

"
DH
z
T0
þ DCzp ðT � T0Þ

�T DS
z
T0
þ DCzp ln

T

T0

� �� �# ð6Þ

was used to fit the data shown in Fig. 3. Values of DH�,

DS�, and DCp
� for all four curves are listed in Table 2.

Variation of the activation parameters along the protein

stability coordinate

The details of the ring-flip activation parameters in the

presence of low concentrations of GdnDCl could poten-

tially provide important information regarding collective

motion, stability, and interactions of the relevant structural

elements under subdenaturing to denaturing conditions. For

scaling the activation parameter, it is reasonable to assume

that the changes of the differences in thermodynamic

properties between the transition state and the ground state

under different conditions of temperature and stability are

largely due to effects at the ground state level (see Olive-

berg et al. 1995), because the state variables are expected

to cause relatively less changes in the thermodynamic

properties of a changing transition state which is structur-

ally diminished and distorted.

The temperature gradient of DH� (Fig. 4a) is negative for

all concentrations of GdnDCl. The curves precisely indicate

the turn from Arrhenius to anti-Arrhenius through a rela-

tively smaller Arrhenius-like zone of temperature. For all

conditions, the value of DH� passes from positive to negative

with increasing temperature registering ‘zero’ at 298 K, a

consequence of choosing To = 298 K. Obviously, To cannot

be 298 K all along the stability coordinate. Even for the

native state, the chosen To may be way off. It is hard to

determine the melting temperature for the specific subglobal

part of the protein that is involved in the ring isomerization

process. Nonetheless, the arbitrary choice of To can still

Table 2 Activation parameter for flipping motion of the Y97 ring

GdnDCl (M) Parameter

DH�

(kcal mol–1)

DCp
� (kcal mol–1

1,000 K–1)

DS� (kcal mol–1

1000 K–1)

0.0 15.3 –3.448 0.019

0.5 –4.9 –4.697 –0.049

1.0 –25 –6.645 –0.117

1.5 –38 –2.196 –0.165

Estimated error range for these values is 3–5%
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Fig. 4 Thermodynamic parameters for the Y97 ring-flip dynamics

calculated from the data shown in Fig. 3. Temperature distribution of

(a) DH�, (b) DS�, and (c) DG� for the four concentrations of GdnDCl

indicated. The vertical dotted lines in panel (c) show the temperature

range used in this study. (d) GdnDCl distribution of the temperature

corresponding to minimal DG�. (e) GdnDCl distribution of the

minimal DG�
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provide qualitative information and relative values of acti-

vation parameters, since the temperature gradient of DH�

will depend little on To. The increase in the slope of the

enthalpy curves with increments of GdnDCl up to 1 M

(Fig. 4a) suggests that in the subdenaturing limit of its

concentration, the denaturant acts to increase the difference

in heat capacity between the transition state and the ground

state (DCp
�). At 1.5 M GdnDCl, denaturing conditions are

approached, and DCp
� begins to shrink. This is also seen from

the values listed in Table 2, where the –ve sign for DCp
�

indicates larger values for the ground state Cp. An inter-

pretation of this result could be that within the subdenaturing

limit of its concentration, GdnDCl somehow modulates the

solvent properties and introduces additional interactions by

virtue of its mechanism of action on proteins. This aspect of

GdnDCl–protein interaction and the consequences thereof is

being discussed in detail in a later section.

Like the temperature dependence of DH�, the value of

DS� passes from positive to negative with increasing tem-

perature for all concentrations of GdnDCl (Fig. 4b).

Clearly, the entropic contribution to the barrier energy

dominates in the respective anti-Arrhenius temperature

zones (Fig. 3). The slope of the entropy–temperature curve

increases in going from 0 to 1 M denaturant, suggesting

that in the presence of increasing subdenaturing concen-

trations of GdnDCl, relatively large-scale conformational

constraint must be negotiated to make to the transition

state. The constraint is generated by the binding interaction

of the denaturant with the protein. The decrease of the

slope at 1.5 M denaturant is due to the onset of denatur-

ation, where entropy-lowering restraints in the ground state

begin to weaken because of increasing structure-breaking

action of the denaturant in at least that part of the protein

molecule which harbors the flipping ring.

Temperature variation of DG� for different concentra-

tions of GdnDCl, plotted in Fig. 4c, shows vertical shift of

energy and horizontal shift of the temperature corre-

sponding to the energy minimum. The magnitude and the

sign of these shifts are specific to the reference temperature

chosen (To = 298 K). For the same reason, DG� value for

the native-state protein comes out as negative, and there-

fore, the shifts obtained from Fig. 4c must be scaled

relatively. Figure 4d shows how the temperature corre-

sponding to minimal DG� decreases with increasing

amount of GdnDCl; this is due to the general destabilizing

action of the denaturant. On the other hand, the increase in

the minimal DG� with denaturant (Fig. 4e), implying a

lowering of the free energy of the ground state relative to

the transition state, is due to the stabilizing action of the

denaturant. The increase is nonlinear though, suggesting

that the initial protein stabilization caused by subdenatur-

ing amounts of GdnDCl withers as denaturation begins to

set in (see below). By magnitude, the increase of DG� as a

function of GdnDCl is nearly the same within the tem-

perature range employed in our experiment (marked by

dotted line in Fig. 4c). The observed variation of rates in

this temperature range, however, appears complex. For

example, the kflip value for 0 M GdnDCl relative to that for

1 M GdnDCl is an order of magnitude larger at 30�C, is

matching at *20�C, and is smaller at lower temperature.

These differences are not due to error of measurement.

They rather originate from a temperature dependence of the

prefactor A, possibly compounded by the effect of GdnDCl

on the internal friction of the protein (see below for a

discussion on the internal friction).

Temperature dependence of DG�

In Arrhenius-type rate expressions, DG� should be virtually

independent of temperature. However, variable degrees of

temperature dependence of DG� have been described for

different systems, including simple metathesis reactions

(Benson and Dobis 1998; Krasnoperov et al. 2006) enzyme

mechanisms (Truhlar and Kohen 2001), DNA fluctuations

(Wallace et al. 2001), protein–ligand reactions (Austin

et al. 1975), and protein refolding kinetics in general

(Oliveberg et al. 1995; Chan et al. 1989). The unusual

temperature dependence of certain gas-phase reactions has

been explained by a modified TST (Krasnoperov et al.

2006). For protein reactions, folding processes in particular,

two explanations are provided to account for temperature

dependence of DG�. The first, explicable by statistical

mechanical principles, is derived for a random walk of an

activation within a Gaussian distribution of conformations

(Bryngelson and Wolynes 1989), and is often referred to as

super-Arrhenius temperature dependence where exp –

(DG�/RT)2 is used instead of exp – (DG�/RT) in the rate-

temperature expression (Bryngelson et al. 1995; Scalley and

Baker 1997). The second, based on foolproof experimental

evidence for strong temperature dependence of hydrophobic

interactions (Baldwin 1986; Dill 1990), proposes that tem-

perature dependence of DG� is due to the disruption of large

buried apolar surfaces in going from the ground state to the

transition state; the associated heat capacity change DCp
�,

and hence DG�, is strongly temperature dependent (Olive-

berg et al. 1995; Chan et al. 1989). Another explanation,

more appropriate for bimolecular protein reactions, accords

complex temperature dependence of DG� when the binding

rate competes with the rates of conformational fluctuations

or relaxations of the target site. A well-documented example

is rebinding of CO after flash photolysis of carbonmon-

oxymyoglobin at low temperature (Austin et al. 1975;

Steinbach et al. 1991).

Of these, the second explanation corresponds to the heat

capacity model used here for analyzing the ring-flip data.
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The heat capacity model draws support from strong con-

nections recognized for large amplitude breathing motions

of the protein and the ring isomerization event (Wagner

et al. 1976; Otting et al. 1993; Skalicky et al. 2001; Hattori

et al. 2004; Wagner and Wüthrich 1978). Since deforma-

tions of structure and interactions are involved in large

amplitude breathing modes (Englander et al. 1972; Eng-

lander and Mayne 1992), a difference in heat capacity

between the transition state and the ground state (DCp
�) is

expected. It is also generally accepted that DCp
� contributes

at least in part to non-Arrhenius temperature dependence of

protein reactions. The less preference for the use of a super

Arrhenius-type model for ring-flip analysis rests on two

considerations. First, unlike the folding of protein chains,

ring-flip dynamics is not quite a diffusive process in con-

figurational space. Second, the super-Arrhenius relation

applies better for an extended temperature range. At tem-

peratures well above the glass transition, the rate coefficient

is smaller than the relation predicts (Steinbach et al. 1991).

Challenges associated with data interpretation

The analyses and discussions presented above also illus-

trate some of the major difficulties associated with data

interpretation and calculation of heat capacity differences

between ground and excited states. Fundamentally, the use

of a kinetic theory and an Eyring-like expression modeled

on simple chemical reaction may not necessarily lead to

uncontestable insight. Even when granted, the use of an

arbitrarily chosen constant reference temperature (To =

298 K) provides at best a qualitative picture, because the

value of To must change according to the protein stability

influenced by the denaturant. Accurate values for To rele-

vant for the subglobal part harboring the ring are often

difficult to obtain. Another concern is that the ground and

excited states vary greatly as a function of denaturant

concentration and temperature. Clearly, a detailed knowl-

edge of the landscape topography under denaturing to

native-like conditions (i.e., near the bottom of the funnel) is

essential for a more quantitative description of the prob-

lem. We should mention that the strong temperature

dependence of exchange rate of a buried water molecule in

BPTI has been previously associated with internal motions

involving multiple conformational substate interconver-

sions in a rugged energy landscape (Denisov et al. 1996).

Structural basis for non-Arrhenius ring-flip dynamics in

cytochrome c

As mentioned already, fairly good evidence exists for the

concerted control of large-scale protein motions on the ring

isomerization process. Assuming generality of this,

numerous influential work on structure and folding of

cytochrome c facilitates surmising the motional mode that

could drive the Y97 ring-flip process. Y97 is a resident of

the C-terminal helix, and it is near this residue that the

N- and C-terminal helices form a tight contact to produce

an orthogonal geometry of helix docking (Fig. 5; see also

Roder et al. 1988; Bushnell et al. 1990). This contact

region is made of predominantly hydrophobic residues that

are highly conserved, and the majority of the very slowly

exchanging amide protons, including residues 94–99, are

found on the N- and C-terminal helices (Roder et al. 1988).

Sufficient exposure of the hydrophobic surface may be

required to allow flipping motion of the Y97 ring. We do

not have a direct evidence to show how the motion of the

helices arranges for the ring-flip. Reports that an early

kinetic intermediate of cytochrome c comprises the struc-

tures of these two helices (Roder et al. 1988; Elöve et al.

1994), the corresponding peptides in solution self-associate

(Wu et al. 1993), and that the associated structure of these

helices in the native protein forms a low-energy coopera-

tive unfolding unit simulating the global unfolding

behavior (Maity et al. 2006), all provide a seeming basis to

assume that intrinsic association and dissociation or rela-

tive sliding motions of the docked helices render Y97 ring

flipping. In thermodynamic terms, the relative motions of

the helices that expose the hydrophobic surface in the

vicinity of Y97 involve a sizable heat capacity Cp, the

magnitude of which increases with strengthening of

the hydrophobic interactions by temperature. This motional

mechanism must be treated as a possibility. The DCp
� value

is negative for all curves (Table 2), implying that an

extensive hydrophobic surface characterizes the ground

state, and a large heat is involved in the dissolution of the

surface.

Complex action of GdnDCl and temperature on protein

stability and ring-flip rate

One of the major objectives of this study was to learn how

the rates of slow dynamic processes, Y97 ring-flip in the

context, change as the protein is placed in incrementally

destabilizing conditions. A gradual decrease of kflip occurs

with increments of GdnDCl, clearly noticeable at temper-

atures higher than *20�C. This general decrease can be

explained by constrained dynamics of the protein as a

result of its interaction with the denaturant. An explanation

and the illustration of this effect in the case of cytochrome

c has been provided in two of our earlier papers reporting

on a different set of experiments (Bhuyan 2002; Kumar

et al. 2004). Briefly, GdnDCl can interact directly with

protein backbone and side-chains by variable-length
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hydrogen bonding and van der Waals interactions (Dunbar

et al. 1997; Makhatadze and Privalov 1992; Pike and

Acharya 1994; Zarrine-Afsar et al. 2006). Such interac-

tions produce cross-links or non-specific network of

intraprotein interactions (Dunbar et al. 1997), leading to

protein stiffening, reduction of motional freedom,

increased internal friction, and thus entropic stabilization.

In the present case also, GdnDCl-induced constraints on

the motions of N- and C-terminal helices of cytochrome c

is likely to retard the ring-flip motion. The protein stabi-

lizing effect of subdenaturing amount of GdnDCl is

overrun by its structure unfolding action when used at

higher concentrations. The present results indicate that the

denaturing effect begins to appear at *1.5 M GdnDCl.

But the observed kflip dependence on GdnDCl is more

complex when the temperature variable is brought into

picture. The kflip-temperature curves appear to meet near

20�C, and diverge on either side showing a reversal of

temperature dependence (Fig. 3), suggesting that the ring

flip rate constant near this temperature does not change

with GdnDCl as long as the latter is present in subdena-

turing concentrations. The slight difference in the behavior

of the curve for 1.5 M GdnDCl is likely due to approach of

denaturing conditions. This behavior of kflip as a function of

denaturant and temperature (Fig. 3) is inconsistent with the

temperature distribution of DG� at the four GdnDCl con-

centrations (Fig. 4c). The vertical dotted lines in Fig. 4c

show the temperature range used in our experiments, and

within this range the variation of DG� with denaturant is

very similar for all temperatures, suggesting that the kflip

curves for different denaturant concentrations should not

converge at any temperature within this range. This

observation should mean that the prefactor A is acting in a

temperature dependent manner leading to the coalescence

of kflip values at *20�C. But why this happens near 20�C is

not clear at present. In Eyring-type relations, A generally

shows only weak temperature dependence. However, the

fits of the data to the heat capacity model with three

floating parameters (DH�, DCp
�, and DS�) cannot rule out a

significant nonlinear dependence of A on temperature in a

denaturant dependent manner. Studies on the effect of

GdnDCl on A in Eyring-type expressions will shed light on

this issue.

Aromatic ring-flip motions in other proteins

Following the earliest study with BPTI (Wüthrich and

Wagner 1975), ring-flip dynamics of only four proteins,

namely, ferrocytochrome c (Campbell et al. 1976), fd

bacteriophase (Gall et al. 1982), yeast iso-2-cytochrome c

(Nall and Zuniga 1990), and S. carnosus HPr (Hattori et al.

2004) have been studied in some detail, although the

problem in BPTI has been revisited on several occasions

(Wagner et al. 1976; Otting et al. 1993; Skalicky et al.

2001; Wagner and Wüthrich 1978). In general, the rate

strongly varies with packing and dynamics of the ring

environment. This is the likely reason why the rates for

different aromatic rings within a protein, and for one pro-

tein from another could differ, often very significantly,

under identical experimental conditions. For example, the

rates for Y35 and Y23 of BPTI near room temperature may

vary by an order of magnitude, from *102 to *103 s–1

(Wagner et al. 1976), and the aromatic rings of fd bacte-

riophage flip at *106 s–1 (Gall et al. 1982).

Even more interesting is the complex temperature

dependence, which the present study exposes in some

detail. A review of earlier rate-temperature data for ring

dynamics in different proteins also reveals some deviation

from simple Arrhenius behavior. The temperature depen-

dence of Y35 flip rate constant in BPTI (Wagner et al.

1976), for example, would appear nonlinear unless large

errors in data are allowed. As Karplus points out (Karplus

2000), in the reinvestigation of Y35 flip rate by the use of

high resolution EXSY, Otting et al. (1993) tie the activa-

tion parameters for the flipping process with those for

disulfide conformational exchange motion at high temper-

ature. The flip rate at low temperature (\20�C) was not

measured. However, since the temperature graph for the

activation energy of the disulfide exchange motion shows

different dependences at low and high temperatures regis-

tering a sharp inflection centered around 20�C, and because

Fig. 5 The N- and C-terminal helices of cytochrome c with the

disposition of the Y97 ring as seen in the crystal structure (PDB file:

1HRC; Bushnell et al. (1990)). Also shown is the heme ring
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the conformational motion and flip motion are linked, the

latter should also follow the trend for the former process and

hence a nonlinear function of temperature. In a more recent

paper, Skalicky et al. (2001) used activation parameters

published earlier to calculate rate-temperature curves for

several residues of BPTI, iso-2-cytochrome c, and horse

cytochrome c. The curves in their semilogarithmic plot of

kflip versus T, calculated using 1/kflip = h/(kBT)exp[(DH�/

RT – DS�/R)], are clearly not linear. The flip dynamics of

Y6 in S. carnosus HPr deduced from spectra simulation

(Hattori et al. 2004) has been analyzed assuming tempera-

ture independence of the activation parameters. Here also,

the rate-temperature behavior, especially at 200 Mpa, may

not simply be linear; an even closer look is perhaps worth

considering. Thus, evidences are rather strong that aromatic

ring dynamics in proteins are complex, and they do not

follow an Arrhenius-like equation.

Conclusions

Unusual temperature dependence for dynamic processes

like ring rotation within a temperature range where spec-

troscopic measurements do not reveal any change in the

time-averaged native structure of the protein is a complex

phenomenon by itself. The complexity is compounded

when subdenaturing amounts of denaturant act on the

protein. Aromatic ring isomerization in dense systems like

proteins and polymers involves large amplitude coopera-

tive motion of the ring and certain structural elements,

often engaging the chain backbone (Otting et al. 1993;

Khare and Paulaitis 1995). We have used the heat capacity

model to explain the cytochrome c results. Further studies

may reveal alternative, perhaps even better models for such

phenomena. Irrespective of the merit of the model, the data

and evidences presented are compelling that aromatic ring

motions are complex.
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