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D. Krishna Rao, Rajesh Kumar, M. Yadaiah, and Abani K. Bhuyan*
School of Chemistry, Upérsity of Hyderabad, Hyderabad 500046, India
Receied September 15, 2005; Reed Manuscript Receed January 3, 2006

ABSTRACT. This paper describes the structural and dynamic properties of a hitherto uncovered alkali molten
globule (MG) state of horse “ferrocytochrongg (ferrocyt c). Several experimental difficulties mainly
because of heme autoxidation and extraordinary stability of ferrotygve been overcome by working

with the carbonmonoxide-bound molecule under extremely basic condition (pH 13) in a strictly anaerobic
atmosphere. Structural and molecular properties extracted from basic spectroscopic experiments suggest
that cations drive the base-denatured CO-liganded protein to the MG state. The stability of this state is
~5.2 kcal mot?, and the guanidinium-induced unfolding transition is shanp{ 2.3 kcal mot* M~1),
suggesting contents of rigid tertiary structure. Strategic experiments involving the measurement of the
CO association rate to the base-denatured protein and intrachain diffusion rates measured by laser photolysis
of CO indicate a substantially restricted overall motion and stiffness of the polypeptide chain in the MG
state. Possible placement of the state in the folding coordinate of ferrasydiscussed.

During the past 30 years or so, a large volume of literature folding course ). It is now generally accepted that the MG
has most definitely indicated the existence of the molten state, characterized by the presence of nativelike secondary
globule (MG} state, which, viewing from the classical structure and molecular compactness but lacking both
perspective of protein folding, has been referred to as the nativelike side-chain packing and solvation of the partially
third thermodynamic state of proteins; the native and hydrophobic core, corresponds to late folding intermediates
unfolded states are the other twd).(The concept of the  (9—11).

MG state emerged at a time when the view of the two-state  While the classic MG state was detected in anion-
nature of folding of small globular protein®2{4) had containing acid medium1@), stabilization under diverse
appeared to break down. “Compact molecular states contain-solvent conditions of equilibrium states of proteins that
ing nativelike secondary structure” were temporally resolved broadly meet with the definition of the MG state has been
in the early stages of folding of an increasingly large set of reported in due course (for example, see rkf43—16).
proteins 6—7). These intermediate folding structures ap- These developments raise the issue of the importance of the
peared to fit nearly flawlessly into the molecular organiza- MG-like states in the protein-folding problem. It is thus
tional definition of the classic MG stat&)(and thus provided necessary to not only look at different aspect of their
the basis to propose that the MG state corresponds to earlystructure, dynamics, and molecular organization but also
kinetic intermediates in protein folding. Several concerns |ocate their positions in the folding coordinate.

arise, however. How can the unfolded chain achieve SO The acid MG state is known for numerous proteins,

nativelike structural organization so early, in perhaps the particularly well-known for ferricytochrome (ferricyt c)
submillisecond regime? Where along the reaction coordinate (12). The complementary alkali state has however been
is the folding transition-state poised? Does the transition from reported for only a few proteins, includifjlactamaseX7)

the unfolded to the MG state involve a rate'”miting barrier- and barstarx8). Many reports on the nature of the alkaline
crossing event? About the same time, theoretical and transition and the properties of the alkali-unfolded state of

computer simulation studies of protein folding detected ferricyt ¢ have appearedL—25), but the alkali MG state
ensembles of MG-like structures that occur very late in the remained elusive.

: : Being aware of the extraordinary native-state stability and
TFunds for this research were provided by the Departments of

Biotechnology (BRB/15/227/2001) and Science and Technology (4/1/ apparent two-state fast folding of the r.educed form of horse
2003-SF) and University Grants Commission (UPE Funding), Govern- Cytochromec (cyt c) (26-28), we were interested to know
ment of India. _ if a MG-like state exists for this oxidation state of ayt
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uo?i%g:gsigt?éntleg%?ﬁa9tjgr'"zd?;ﬁg'ﬁ%?(')Eﬁé}ﬁgf@fg’ﬁg:z‘mo' because of the enhanced autoxidation rate of the ferrous heme

chromec; ferricyt c, ferricytochrome; ferrocytc, ferrocytochrome; in acid solutions. To counter this problem and suppress the
cyt-CO, carbonmonoxide-bound ferrocytochronse MG, molten excessive stability of the protein, we test-tube-engineered

globule; AG, Gibbs energy of denaturation in the absence of the the protein by liganding the ferrous heme iron with extrinsi-
denaturant;my, protein surface area associated with the denaturant L
unfolding transition: 4 and U states, acid- and alkali-denatured states, Cally added CO at pH 13. Under these conditions, the reduced

respectively; A and B states, acid and alkali MG states, respectively. state of cytc [to be called ferrocytochrome (ferrocyt c)
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henceforth] is fully denatured. Upon addition of cations to for each concentration of salt used. For phase-sensitive
the medium, the protein undergoes a transition to the MG NOESY spectratd, = 150 ms), 512t; were used. The
state as judged from spectroscopic signatures. We havespectral width was 7184 Hz.
specifically looked into the aspects of tertiary structural  Kinetic Measurements of the Association of .Cthe
organization, folding stability, and the dynamic nature of the procedure for these measurements has been described earlier
alkali MG state by employing a set of strategic experiments. (30, 31). Briefly, cyt ¢ (1 mM) dissolved in aqueous NaOH
Very interestingly, the properties observed are atypical of at pH 12.9 4-0.1) is deaerated and reduced by adding sodium
the MG state, although the basic requirements of the dithionite (2 mM). A total of 25L of this ferrocytc solution
definition are met. The relevance of the alkali MG state to s mixed rapidly with 2 mL of NaOH solution containing 2
the folding problem of ferrocyt is discussed. mM dithionite, a given amount of NaCl, and 1 mM CO.
Association kinetics of CO are followed at 550 nm (dead
MATERIALS AND METHODS time ~ 5 s) at a peltier-controlled temperature of 22 in
Cyt ¢ from Sigma (type VI) was used without further @ Cary 100 spectrophotometer.

purification. Sodium dithionite was from Merck. All experi- Laser Photolysis and Microsecond Measureme@ig c
ments were done in controlled anaerobic atmosphere at 22solutions (15uM), prepared in aqueous NaOH containing
°C. NacCl in the B-1 M range at pH 12.940.1), were deaerated

Equilibrium Unfolding and NacCl Titration Studiegor and reduced by the addition of 2 mM sodium dithionite and
pH unfolding studies, an @M solution of cytc, prepared were incubated for-15 min at 22°C under 1 atm CO gas
in an agueous medium containing 10 mM each of Tris, pressure in 1-cm square quartz cuvettes. CO photolysis was
disodium hydrogen phosphate, and CAPS (3-[cyclohexy- achieved by irradiation with 45410) mJ pulses of the
lamino]-1-propanesulfonic acid), was titrated to different pH second harmonic output (532 nm) of a Spectra Physics
values in the #13.25 range by the use of NaOH. The Q-switched Nd:YAG laser (10 Hz). Spectral changes fol-
titration did not upset the uniformity of the protein concen- lowing each photolysis pulse were recorded with a pulsed
tration in the samples. Samples were deaerated by usingXe lamp. The monochromator was set to 421.5 nm. The basic
nitrogen or argon gas and reduced by adding a small volumeconfiguration of the instrument is based on the Applied
of freshly prepared dithionite to obtain a final concentration Photophysics laser flash photolysis spectrometer. The sample
of 2—3 mM. The samples were then incubated 80 min temperature was maintained by using an external circulating
under 1 atm CO gas pressure in tightly capped cuvettes orwater bath.
glass tubes. Fluorescence emission spectra (excitation at 280
nm) were taken in a FluoroMax-3 instrument (Jobin-Yvon, RESULTS
Horiba). Optical absorption spectra were recorded in a Cary
100 instrument. The pH titration curves were analyzed using
the following transformed Henderseiasselbalch equation

NaCl-Induced Resistance toward Alkali Denaturation of
Carbonmonoxide-Bound Ferrocytochrom¢Qyt-CO). Be-
cause low pH enhances autoxidation of the ferrous heme,

n(pH—cr) experiments with ferrocyt are best performed at a neutral
— ¢, + ¢[10 ] 1) to alkaline range of pH. We therefore chose to work under
1 + 10PH—cm) highly basic pH conditions in which a MG-like state of
ferrocytc could possibly be found. However, because of its

wherec, andc; are normalized fluorescence signals for the €xtraordinary stability, ferrocyt does not denature even in
unfolded and refolded states, respectiveiy's the number extreme alkaline conditions unless CO is allowed to bind to
of OH" titrated, ancty, is the pH midpoint for the transition.  the ferrous heme 3@). Figure la shows fluorescence-
The procedure for guanidine hydrochloride (GdnHCI)- monitored base titrations of cyt-CO in the absence and
induced unfolding experiments, where the pH was held presence of 0.03, 0.1, dr. M NaCl. In saltless medium,
constant at 12.940.1) by using NaOH, was the same as the titration is nearly complete at pH 13. The fit to the data
described above. The data were analyzed using the two-stat®y the use of eq 1 indicates that three Ogte titrated. The
equation 29). titration curve clearly shifts toward higher pH values as NaCl
NaCl titration studies were carried out with protein is included incrementally; in the presenceé oM NaCl,
solutions (6-8 uM) prepared in NaOH containing the salt hardly any sign of denaturation appears within the limit of
in the 0-1.5 M range. pH of the solutions were adjusted to achievable pH. This suggests that cations increase the
12.9 @0.1). Protein reduction and CO ligation were carried Stability of the protein under conditions fully denaturing
out using the protocol detailed above. CD spectra were takenotherwise.
in a JASCO J-710 spectropolarimeter using 1 mm cuvettes. Alkali-Denatured Cyt-CO and Its Molecular Compaction
NMR SpectroscopyNaCl-containing RO solutions of 2 in the Presence of NaCFluorescence emission intensity
mM cyt c, the backbone amides of which were pre- because of the lone tryptophan (W59) provides a reliable
exchanged, were adjusted to the pH-meter reading of 12.9marker for the molecular compactness of cylNative cytc
(£0.1) by adding NaOD. Protein solutions contained in NMR is fluorescence-silent because of excitation energy transfer
tubes were reduced by adding solid sodium dithionite (20 from W59 to the heme33). Unfolding results in an increase
mM) under nitrogen. A gentle stream of CO was bubbled in the heme-tryptophan distance because of molecular
into the solutions. The tubes were then sealed with sleevedexpansion and, hence, a dramatic increase in the fluorescence
rubber stoppers and equilibrated at 22 for ~30 min. quantum yield 83, 34). The emission spectra in Figure 1b
Spectra were taken at 22C in a 400 MHz Bruker provide a number of important information. (1) The emission
spectrometer (AV400). A 90pulse length was calibrated  Amaxvalues for the GdnHCI-unfolded protein at pH 7 (called




3414 Biochemistry, Vol. 45, No. 10, 2006 Rao et al.

Lo LTI 5 LR 'Un'fc']dld';; T polar Water-_exposed environment_when an unfold_ing amount
r ot of GdnHCl is added to the gJsolution. (3) NaCl drives the
0.8 —
. I ~ Ug state to compactness (spectra@), because the fluores-
g 06 i cence decreases with increments of the salt. In the presence
g 04 2B of ~1 M NacCl, the fluorescence is nearly fully quenched,
s L S0l indicating the formation of the MG state. It is also clear that
= o021 B g P the emissior.max shifts gradually to the right with increments
S T s T '?:_151.11““[1.“11.“. of NaCl. The MG state shows/an.x ~ 358 nm, indicating
7 8 9 1011 121314 % 220 230 240 250 that W59 in the compact protein is relatively more exposed
[==]

to water. The MG state can be unfolded by the addition of
GdnHCI. Spectrum 9 is obtained when the protein solution
that shows spectrum 6 also contains 3.7 M GdnHCI. The
Amax (~360 nm) is roughly maintained, but the fluorescence
intensity increases, indicating the unfolding of the MG state.
Characteristically, the MG state is as compact as the native
state (). Figure 1c shows this result even more clearly: the
molecular compactness of thes dtate in the presence of
>0.5 M NaCl is close to that of native cygt indicating a
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Wavelength, nm NaC/M Presence of NaClThe CD spectra in Figure 1d show

10 secondary-structure content in the relevant protein states. At
222 nm, the molar residue ellipticity (MRE) for the GdnHCI-
unfolded ferrocyt-CO is roughly-1100. The corresponding
value for the |§ state is—5900, indicating that this state is
not fully unfolded. A considerable residual secondary
structure characterizes the alkali-denatured cyt-CO protein.
With increments of NaCl, the secondary structure is strength-
ened. Spectra-14 show the changes induced by NaCl. In
the presence of 1.1 M NacCl, the MRE value is comparable
with that for the native protein at pH 7, suggesting that the
MG state is fully formed. Typically, far-UV CD spectra of
proteins in the MG state are similar to those of the native
states §). The control CD spectra were recorded at pH 7,
because the spectra at pH 13 are obscured when GdnHCl is
added to the protein solution.

Figure 1le shows the variation of the 222-nm ellipticity
with salt in the 6-1.1 M range. Clearly, cyt-CO at pH 13
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Ficure 1: Basic results indicating cation-induced transformation
of base-unfolded cyt-CO into the MG state. (a) Alkaline pH-induced
unfolding of cyt-CO at 22C: (@) no salt, ©) in 30 mM NacCl,
(a)in 0.1 M NaCl, and4) in 1 M NaCl. (b) Fluorescence emission
spectra of cyt-CO at 22C. NaCl concentrations and pH values
are 1,0 M at pH 13; 20.005 M at pH 13; 3, 0.01 M at pH 13; 4,
0.15M at pH 13; 5,05 M at pH 13; 6, 1 M at pH 13; 7, 0 M at
g;‘oﬁﬁ g”% ?\hle\ggirzl—éﬂ gtgeasge?::t;u&n ngﬂgce;la_nai%agedld&wn acquires substantial secondary structure in the presence of

NaCl at pH 13 and 3.7 M GdnHCI. The native-state at pH 7 is ~0-5 M NaCl, suggesting a transformation of the &tate
fluorescence-silent. (c) Relative quenching of W59 fluorescence to the MG state.

Wavelength, nm

as a function of salt@). In control experiments, fluorescence of
ferrocytc without CO ligation ©) and NATA (a) were recorded.
(d) Far-UV CD spectra of cyt-CO at 2Z. NaCl concentrations
and pH values are,D M NaCl at pH 13; 2, 0.2 M NaCl at pH 13;

Absence of Near-UV CD SignaMGs are generally
distinguished by a dramatic loss of near-UV CD sigrial (
35). Figure 1f compares the aromatic CD signals of native

3, 0.4 M NaCl at pH 13; and 4, 1.1 M NaCl at pH 13. The cD ferrocytc and base-denatured cyt-CO in the presence of 1
spectra in the presence of high-pH GdnHCl is obscured and is notM NaCl. The 282- and 290-nm bands of native ferrocyt
shown. (e) Variation of CD absorption at 222 nm with s?lt. (® (pH 7 and 1 M NaCl) that arise from the coupling of the
[\(lje)?:gt\i(/é:fgrsopcey%rgt: pa’g?fMa}\Iggl}2&";;8%;?3?};@; electric transition dipole moments of the W59 indole and
ferrocyt c at pH 7 and 7 M GdnHCI £); unfolded ferrocytc the heme are not traceable in the salt—cpnt_aml_ng alkaline
liganded with CO at pH 7 ah7 M GdnHCI @). medium (pH 13 ad 1 M NaCl), apparently indicating some
loosening of the tertiary structure. A comparison of this
the U state, spectrum 7) and the alkali-denatured proteinspectrum with those for the GdnHCI-unfolded protein at pH
(called U; state, spectrum 1) are-358 and 350 nm, 7 (see the caption of Figure 1) indicates some content of the
respectively. Notice that the emission intensity at pH 13 is tertiary structure in the MG state. It does not however
at least 5-fold less relative to that at pH 7. The 8-nm blue necessarily mean an increased fluctuation and conformational
shift seen for the bJstate indicates that W59 is in a relatively averaging for the W59 side chain (see the Discussion).
apolar surrounding, shielded from water. (2) Wheg is NMR Spectral Features of Alkali-Denatured Cyt-CO in
unfolded in the presence of 3.7 M GdnHCI, the emission the Presence of NaClncreased internal mobility and side-
intensity does not change substantially (spectrum 8). How- chain environmental averaging, a documented characteristic
ever, the emissiofmax shifts to~362 nm. These observations of the MG state, is better checked By NMR (12, 36).
indicate that the Y state is maximally unfolded in terms of ~ Ferrocytc as such is native at pH 13, and the NMR lines
molecular expansion, although W59 is repositioned in a more are narrow and well-dispersed (Figure 2a). Upon addition
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Ficure 3: Results for the CO association reaction, €yt CO—
cyt-CO monitored by 550-nm heme absorbance. (a) Representative
kinetic traces showing the influence of NaCl on the CO association
rate at pH 13. (b) NaCl dependence of the association rate constant,
kass at pH 13 @). In the control experiment, the dependence of
kasson NaCl was measured for native ferrocyat pH 7 with 0.5

M GdnHCI (). (c) Arrhenius plots for the CO association reaction
at pH 13. (d) Dependence of the activation eneigy,for CO
association reactions on the concentration of NaCl at pHAD3 (
and pH 7 with 0.5 M GdnHCI 4).

either. The spectra presented show that the MG state being

T T T T | T T T T | T T T T | T T T | T T T T | T T H H H H H
s 5o s o 25 interrogated here carries reasonable traces of rigid tertiary

ppm structure involving both aliphatic and aromatic side chains.

pamiMG 13 . MG 13 - = Sections of phase-sensitive NOESY spectra presented at
L ggv - ®__ o= the bottom of Figure 2 (pH 13 a@nl M NaCl) substantiate
§ - - s ., = the claim. A good number of long-range NOE interactions
PE - T o=a . involving aliphatic side chains (bottom right of Figure 2)
z - and aliphatic and aromatic side chains (bottom left of Figure
2) indicate the presence of considerable tertiary structure.
pmiN7 = - "’-'_ " e N 7 —_— = - Charge Screening by Nalons Also Leads to Dynamic
1':_ A : - - 3 Constraints: A General Effecin terms of internal mobility,
* e ee ® - Bt 3 the MG state exhibits increased fluctuations of the side chains
o] Y. T e - relative to that in the native stat®%, 41), although the
TR e B . 5w T o overall motional freedom is restrained when compared with
80 75 170 65 ppm 42 40 38 pm the dynamics of the denatured state held in the absence of

Ficure 2: NMR spectra (400 MHz). (a) Native state of ferrocyt the stgblllzmg Countenons' To show how the charge-
at pH 13 with no salt. (b) Unfolded cyt-CO at pH 13 with no salt. Screening effect of counterions generally reduces the fluctua-

(c) Cyt-CO at pH 13 with 0.02 M NaCl. (d) Cyt-CO at pH 13 with  tions of groups of atoms, we conducted experiments involv-
0.5 M NaCl. (e) Cyt-CO at pH 13 wit1 M NaCl. Changes inthe  ing kinetics of the association of CO with ferroaytat pH
spectrum with increments of NaCl are seen in both aliphatic and 13in the presence of a variable concentration of NaCl. The

aromatic regions. Boxed regions ir-b highlight the progressive . . . - I
increase in signal dispersion. The boxed panels at the bottom showr""t'on"jlle of the experiment is the following. Destabilized

sections of phase-sensitive NOESY spectra showing interactionsférrocytc binds CO when the latter is used in a saturating
involving aliphatics and aliphatiearomatic side chains in native  concentration £1 mM) (42, 43). Because intramolecular
ferrocytc at pH 7 (N 7) and in the MG state of cyt-CO at pH 13 thermal collisions provide the energy for barrier crossing in
with 1 M NaCl (MG 13). All spectra were taken at 22. the association reaction, cyt CO — cyt-CO, the rate
coefficient for the reactionkisd is expected to decrease if
of CO to the same solution under identical conditions, the the amplitudes of thermal fluctuations are reduced as a result
protein unfolds as indicated by the loss of both chemical- of constraints on the collective modes of intramolecular
shift dispersion and line shape (Figure 2b). When NacCl is motion @30, 31). The association kinetics are slow and can
included in the unfolded protein solution, the spectrum be conveniently measured by monitoring the absorbance at
appears to regain partly both dispersion and sharpness 0650 nm, following the addition of a small volume of the
resonances all over the spectral width (parte ®f Figure protein solution to a CO-saturated aqueous alkali solution
2). This result is inconsistent with the generic observation containing the salt.
that the NMR spectra of the MG and unfolded states are The two representative traces for single-phase CO as-
similar (37—39). Line broadening of the resonances, associ- sociation kinetics shown in Figure 3a indicate that the
ated characteristically with the MG staté(j, is not seen association rate is much slower in the presericeM NacCl
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relative to that in the absence of the salt. Figure 3b shows 0.01 ey T
the variation of the association rate coefficigkts with a 0.00 | | | -
-0.01 =nw Ll Ll Lo11ie

molar concentration of NaCl. Also plotted is the NaCl-

. . . . 0-08 TTTIT T T TTTTT T T TTTITm T T TTTTIT
dependent variation Oksss for native ferrocytc in the ! ! !

presence of 0.5 M GdnHCI at pH 7. Clearly, the internal g 0.06 -
dynamics of alkaline ferrocyt is substantially constrained “ N
relative to that of the initial state in the absence of salt. It is g 004 |
important to note that the experiment described here monitors g 0.02 —

the salt-induced constraints in the internal motion of the
alkaline ferrocytc only and not the MG state, because it is

e
2
S

not until CO binds that the MG forms at pH 13. le7 de-6  de-5 e
From the temperature dependence of a series of association t®
reactions (Figure 3c), we determined the activation enthalpy [ bmees o | T

(H =~ E) for CO association at different concentrations of
NaCl in the 6-1 M range (Figure 3d). ExpectedIiZ, for

CO association to the alkali-denatured state otdgitreases B
with the salt concentration and approaches the value mea- ﬁﬁ F L] f
sured for the nativelike protein at pH 7. We attribute this to i

reduced motional freedom of the charge-shielded alkaline i, ,'f’
ferrocytc. In terms of internal dynamics, the charge-screened 0.0 0.2 0.4 0.6
state closely matches the native state. Thus, the reduced

10¢

-1
Rate constants, s

—
3
i

e [NaCl/M
”.‘Ob"'ty Is a consequence of reduced chargharge repul- Ficure 4: Laser photolysis experiments for the measurement of
slon. intrapolypeptide diffusion rates. (a) Typical microsecond relaxation

Intrapolypeptide Diffusion Rates Measured by Laser processes observed by heme optical absorption following photolysis
Photolysis of COWhen CO is photolyzed from cyt-CO, the  of CO from cyt-CO at pH 13 and 2Z. The trace shown is for 10
side chains of the histidine and methionine residues (H26, Q)“gs?'a?]?;gg% ';irf]‘gfzs gr?b()j?rfgir;fbeergntgz)(/et(\)A;%gtBFI]arXaa;teiocr:)Sngtfatgtge
.H33’ MGS' and M80) maI§e tr.ansu.ant contacts with .the he”.‘e on the NaCl concentrgttion: the two phases are due to transient
iron via the vacant coordination site of the ferrous iron until pinging of methionines, M65 and M8®}, and histidines, H26
CO rebinds from the solvent32, 44). Binding of an and H33 @).
intrapolypeptide ligand, say M, to the heme involves first
diffusive motions of the two contacting sites at a rat&qf residues that make contact by diffusion. The data in Figure
to produce a hemeligand contact loop, the two ends of 4b indicate that botiA; andA, respond little to the presence
which are provided by the side chains of H18, which persists of NaCl in the G-0.5 M range, apparently suggesting that
as an axial ligand, and M. The side chain of the contacting the distances of separation of the ligands from H18 are the
residue M can now form a bond with the heme iron or diffuse same in the unfolded and MG states. This might seem
away at a rate df_y. The intrapolypeptide (or unimolecular) inconsistent with the NaCl-induced molecular compaction
diffusion rate of the contacting sites in a random-coil indicated by the fluorescence results (parts b and ¢ of Figure
configuration depends upon the mean-squared distancel). It is possible that the polypeptide chain in the MG state
between themdb). Thus, the rate(s) of hemdigand contact is dynamically stiff with respect to the initial denatured state
formation measured by flash photolysis of CO can provide without salt. Chain stiffness is known to slow intrapolypep-
information about polypeptide compaction or expansion. tide diffusion rates45, 47) and could possibly compensate

Figure 4a presents a typical trace showing the observedfor an increase in the diffusion rate in the compact state.
changes in 421.5-nm absorbance in the 534&us time Stability of the MG State to Unfolding by GdnHCI.
window after CO photolysis in the presence of 10 mM NaCl. Encouraged by the observations of the compactness and
The CO rebinding that sets in aftet50 us is not of interest  dynamic control in the MG state, we used tryptophan
here. Hence, data were acquired only up ta.SGand were  fluorescence to monitor GdnHCI-induced unfolding of cyt-
analyzed by two-exponential fits. According to previous CO at pH 13 and 1 M NaCl. Figure 5 shows the highly
studies 46, 32), the fast and slow phased;(and A, cooperative transition. Because an all-or-none-type transition
respectively) are assigned to transient binding of methioninesoperates between the native and MG states of small proteins
(M80 and M65) and histidines (H26 and H33) to the heme (1, 48—50), a two-state analysis was carried out to extract

iron of the photoproduct. the thermodynamic parameters. The fit yields of Gibbs
Figure 4b shows the NaCl dependence of the two observedenergy of denaturation in the absence of the denaturant
rate constants. In a two-state approximatidgn= kyy + (AGR) = 5.2 (1) kcal molL. This is enormous stability,

kom and A, = kyy + kp, where the subscripts M and H comparable to the unfolding free energy of many small
refer to methionines and histidines, respectively. On the basisproteins 61). Equally interesting is the magnitude of the
of our previous observation that the ratlosa/km andk_p/ surface area associated with the unfolding transition. The
kin do not vary considerably in the- M range of GdnHCI fit yields the protein surface area associated with the
at pH 13 82), we assume that they are not strongly dependent denaturant unfolding transitiom¢) = 2.3 ({-0.6) kcal mot?
upon the concentration range of NaCl used here either. ThusM ™. This value, by comparison with 2.95:0.28) kcal
A1~ Cikew and i, ~ ckipy, Wherec; andc; are constants.  mol™* M~! for GdnHCI unfolding of ferrocytc in the

The NaCl dependences @f and A, should then provide  presence of CO at pH 7, indicates a large amount of solvent
qualitative estimates of the distance between two intrachain exposure of amino acid residues accompanying the unfolding



Alkali MG State of Ferrocyt Biochemistry, Vol. 45, No. 10, 2008417

AR RARRS AR RRRRN RARRR RS (1, 57), although the mechanism of stabilization depends
1 upon the specific action of the additive employed. Because
7] ions fundamentally influence protein electrostatics, the
_ mechanism of ion-induced stabilization of denatured proteins
T at both extremes of pH is expected to be the same. Judging
] by the K, values of ionizable groups of amino acids, the

1.0

0.8

0.6

0.4

Fluorescence

net charges of cyt at pH <2 and pH>12.5 are+24 and
—17, respectively. Under these conditions, the extrinsically

0.2

T

POTE Ll added counterions can exert an effect on the protein by either
o234 reducing the electrostatic repulsion, direct binding to form
[GdnHCI)/M ion pairs 63, 54, 58), or possibly both. When we look from

FiGURE 5. GdnHCl-induced equilibrium unfolding of cyt-cO at  thiS perspective, the acid MG state, extensively studied for
pH 13, 1 M NaCl, and 22C. The solid line is the standard two- & large number of proteins, including the paradigmatic

state fit to dataZ9). The fit yieldsAG = 5.2 (@1) kcal mot? “ferricyt ¢’ (12, 53—56), and the alkali MG state of “ferrocyt
andmy = 2.3 (£0.6) kcal mott M~ ¢’ are expected to share at least qualitatively similar structural
and dynamic properties. The molecular compactness and
Table 1: Properties of gJand L States of Horse Cyt secondary-structure content of the alkali state observed here
Us Ua are qualitatively comparable with those reported for the acid
fluorescence emissiodya 350 nm 356 nm MG state of ferricytc (12, 56, 59, 60; see Table 1). Certain
molecular expansion equivalent tosimulates other properties observed for the alkali MG form of ferrocyt
_ the Ustate  the U state ¢, however, do not concur with the generic prescription for
ﬁgg:'_%eVCCDD(MRE) ;VE;%CI)(O Nﬁggf the acid state. In the following, the customary labels “A”
1H NMR resonances undispersed relatively more and “B” states will be used for the acid and alkali MG states,

andbroad  dispersed and sharp  respectively.

Moderately Rigid Tertiary Structure in the B State of
Ferrocyt ¢ The disordered nature or apparent absence of
the tertiary structure is a hallmark of the MG state for all of
the proteins studiedl( 5). The B state of ferrocyt however
contains definite traces of tertiary interactions. Forayhe
DISCUSSION absence of the near-UV CD signal, as seen in the present

study also (Figure 1f), is tacitly assumed to be an indication

Alkali- and Acid-Denatured Forms of CytgH-denatured  of the loss of the tertiary structuré,(12), while it does not
states are structurally not comparable with urea- or GAnHCI- need to always be so. The near-UV CD signal of cyt
unfolded states5Q2). However, how different are the acid-  originates from the rotational strength of the W59 side chain
and base-denatured forms(dnd U states, respectively)?  because of the coupling of its electric transition dipole
Because these conformations represent starting points for thenoment with that of the heme group1j, and because the
transitions to the corresponding MG states, a comparison ofdipole interaction potential depends upon the geometric
their structural features is essential. Unfortunately, a detailedrelationship between the two participating groups, the
comparison is not feasible with the limited results available absence of the near-UV CD signal is a sure indication of a
for the Us state. Table 1 lists a few properties based on the perturbation in the relative orientation and the distance
available data for the Mstate of ferricytc (12, 53—56) and between the two chromophores. It does not necessarily mean
results from this paper (Figures 1 and 2). Both states area general loss of the tertiary structure leading to an increased
maximally expanded but are different in terms of environ- fluctuation and conformational averaging of the side chain.
mental polarity and water exposure of the fluorophore. The The NMR spectra (Figure 2) provide the most convincing
secondary structural content is similar. The NMR resonancesevidence for the presence of some defined tertiary interac-
for both Uy and U; states are exchanged-broadened becausetions. NaCl encourages the growth of a number of both
of motions in the 10681000 s* range, with the latter being  aromatic and aliphatic resonances associated with tertiary
relatively much slower (compare Figure 1 of &6 with interactions, and the observation of long-range NOE interac-
Figure 2 of this paper). This qualitative sketch suggests tions strengthens the fact. The cooperativity observed for the
relatively constrained dynamics for alkali-denatured cyt-CO, GdnHCl-induced unfolding transition for the B state (Figure
where the W59 indole and certain other side chains perhapss) also points to the presence of an ordered tertiary structure,
form apolar clusters. We also note that several control because the steepness of denaturant-induced unfolding curves
experiments, including NMR spectroscopy (data not shown), strongly depends upon the content of the rigid tertiary
have indicated that thedstate is monomeric and is stable structure 49, 62). Moderately rigid tertiary interactions, when
for at least 9 h. present, as in the case of B states of ferrocyand

Alkali MG (B State) of Ferrocyt.dResults presented show S-lactamase X7), can not only contribute to molecular
that a MG state of ferrocyt populates in the highly alkaline  compaction but also result in restricted environmental
salt-containing aqueous medium. Transformation of the averaging for the side chains as indicated by the fairly narrow
destabilized states of many proteins to MG-like forms by a NMR lines (Figure 2e).
wide variety of solution conditions, solvent additives, and  Constrained @erall Dynamics in the |g State of Ferrocyt
cosolvents have been documentéd(3—16, 50, 53). All ¢ Induced by NaClSpatial displacement of thermal fluctua-
of these forms exhibit generally similar overall properties tions and, hence, collisions between different groups of atoms

of the MG, suggestive of a significant hydrophobic core
rather than patches of exposed and buried hydrophobic
surfaces.
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each exhibiting collective motions are dramatically reduced  Stability of the B State of Ferrocyt. dhe B state is

in the Us state of ferrocytc. The inference is drawn from  expected to be sufficiently stable, because it is braced by a
the results of a set of specific experiments where we observenativelike structural order, modest dynamics, and a compact
the rate constant for the association of CO with the alkaline molecular organization. The measured stability to unfolding
ferrocytc (Kasd. This reaction is not diffusion- or encounter- by GdnHCl is 5.2 1) kcal mof? (Figure 5), substantially
controlled. It rather involves substantial energy barrier or higher than the reported free energy of unfolding of MGs in
steric requirements, and hence, many collisions between thewater (1, 51, 68—70). Several nonstructural auxiliary factors
CO and protein groups, particularly the heme ring, are can determine the energetic stability of MGs. For example,
required before the reaction ensues. The valuegfinder time-averaged internalization of any uncompensated charge
a given solution condition then depends upon the frequencycan reduce the stability, because charge burial in the low
of collisions involving the CO and heme side chains that dielectric protein interior is energetically not preferred. The
exhibit highly collective motionsg3). The rate constant for ~ charge on the heme group of cyt itself provides an

the CO association reactioksss decreases dramatically as illustrative example. The ferricyd A state has a mixed-spin
the base-denatured polypeptide is held in the presence offerric iron (12), meaning that a fraction of the A state
increments of salt (Figure 3b). Accordingly, the activation molecules carries @ve charge, whereas the charge on the
energy for the reactior,, also goes up (Figure 3d). In fact, persistent low-spin ferrous heme is 0 because of the pairing
in the presence of a sufficient NaCl concentration to fully of all six d-orbital electrons. Thus, the A state of ferricyt
populate the B state, values for bdthsandE, match those is less stable than the B state of ferrocytCharge density
observed for the native state (parts b and d of Figure 3). in relation to protein motions can also play a role. High-
Such hindered collective motions are not commonly associ- frequency atomic fluctuations at the site of a protein charge
ated with the |{ state. Because of dynamic disorder in the can decrease the charge density by distorting the Debye
tertiary structure, the A state is known to be highly mobile Huckelion sphere, leading to a relatively weaker-igmotein

(64) with low energetic barriers for conformational fluctua- interaction. The variable strength of the interaction of ions
tions in the millisecond time scales%). The absence of  With the MG states of different proteins can explain the
nonhelical hydrogen bonds because of a high degree ofobserved differences in stability. _ o
disorder in the side chain of a majority of residues has been In the context of stability, it is worthwhile considering
observed for the A state of ferricgt(55, 56). On the other  the relative cooperativity of GdnHCI unfo_ldmg transitions
hand, restricted mobility of aromatic side chains has also Of the A and B states. For GdnHCI unfolding of the A state
been reported for the A state of other proteidg @1). The of ferricyt c and several acetylated forms of the protein, Goto
conclusion that the collective motions involving the side and co-workers report & value of 1.85 kcal moft M™*
chains of the B state of ferrrocytare relatively restrained  (54)- Apparently, the cooperativity of the unfolding transition

is consistent with the indications of an organized tertiary S independent of the extent of acetylation. The corresponding
structure discussed above. value for the B state is 2.340.6) kcal mof* M~* (Figure

5), which is fairly comparable. These comparisons suggest
that the amount of solvent exposure of amino acid residues
accompanying the unfolding of A and B states is similar.
Thus, the two states appear equivalent in terms of the content
of buried hydrophobic surfaces.

How Ordered Is the B StateGs of different proteins

e structurally different. Furthermore, even for a given
protein, MGs stabilized by different conditions could be very
different. For example, at least three structurally distinct A
states each separated by significant energy barriers have been
shown for staphylococcal nucleagd (72). The two A states

The dynamics of even the polypeptide backbone is highly
controlled in the B state. This information is provided by
intrachain diffusion rates extracted from laser photolysis of
CO in the presence of different concentrations of NacCl
(Figure 4). Because the diffusion rate in the alkali-denatured
cyt-CO is minimally affected by salt, it is likely that any ar
increase in the diffusion rate expected for a relatively
compact B state is countered by growing stiffness of the
polypeptide. Chain stiffness is uncharacteristic to dynamic
properties of the MG state. Indeed, the polypeptide backbone

in the A state is more mobile with respect to both native for ferricyt ¢ have a similar secondary structu®8(53) but

and unfolded statesl). A small but recognizable increase different molecular compactnes. In general, MGs could
in the amplitude of local backbone fluctuations characterizes o qivided into three major classes: highly ordered, classical

the transition from the acid-denatured state to the MG state 5y gisordered. When the specific tertiary structure is taken
of a-lactalbumin 64). Values of the NMR-measured back- o5 the orderly mark7@), the classical MGs that exhibit a

bone N-H order parameter, which provides an indication eqyced tertiary structure and increased fluctuations of side
of the rigidity of the protein main chain, decrease signifi- -hains are between the highly ordered and disordered
cantly in the A state@6). Molecular dynamics simulations categories. In this perspective, the B state of@yould be
also show a substantial increase of the fluctuations in the yascribed as an ordered MG, because it exhibits fairly
main-chain dihedral angleg and ¢ (67). A molecular  qrqered tertiary interactions. Considering the secondary-
interpretation of the chain stiffness in the B state is unclear girycture content for the description of structural ordej(
at present. the B state can be categorized as a highly ordered MG,
To summarize, the B state of ferroaytis distinguished because it retains near-native secondary structure and nearly
by an appreciable level of ordered tertiary interactions, half of the folding stability of the native state. Further
restrained collective motions that cover larger length scales, experiments will be needed to show the possible existence
and a stiff backbone, and it shares with other MGs the of different forms of B states.
common property of being compact and having similar Is the B State a Short-Léd Postbarrier Intermediate in
secondary-structure content to the native state. the Folding of Ferrocyt cThe classical view proposes that
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the MG state represents a common early intermediate in the 12.

folding pathway of all proteinsl({ 74). Later advances in

the field indicate that in some cases they correspond to late ;5

folding intermediates1(0, 11). Horse cytc is an apparent
two-state folder with no detectable accumulation of inter-
mediates in both equilibrium and kinetic pathway28)(
Kinetic studies have indicated that, because of a downhill-
biased run in the postbarrier course of folding, the reaction
coordinate shows no minima appreciably low in ene@jg (

28).
hydrogen exchange in the presence of subdenaturing con-

However, the real-time NMR measurement of amide

centrations of GAnHCI7A5) and the native-state equilibrium

hydrogen-exchange experiments developed by Englander and

colleagues®6, 77) have demonstrated the existence of short-
lived nativelike intermediates,,lin the late or post-transition

stages of folding. They are transient because no appreciable 18.
energy barrier separates them from the globally folded native
state, and hence, they do not populate the kinetic pathway 1
unless fortuitous barriers because of bad intramolecular

contacts frustrate folding in the post-transition stagés. (
As judged by its overall dynamics and structural organization,

the B state studied in this paper may appear to match such
a late short-lived intermediate. The preponderance of ordered
tertiary interactions in the B state perhaps alleviates the
energetically difficult process of side-chain packing in the 21

late stages of folding. Ongoing kinetic studies will address
these issues.
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