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ABSTRACT 

Guanidine hydrochloride (GdnHCl) and urea are the most commonly used denaturants 

for proteins. This work examined the effect of these two denaturants on the base-denatured 

CO-liganded ferrocytochrome c (UB state) at pH ~12.5. As [GdnHCl] is increased in the 

UB state, the intensity of fluorescence emission spectra initially decrease, and then increase, 

displaying a broad minimum around 0.2 M GdnHCl, which indicates molecular compaction 

of UB state by addition of guanidinium cations. Strategic experiments involving the 

measurement of the CO association rate to the ferrocytochrome c at pH ~12.5 in the presence 

of a variable concentration of GdnHCl and urea indicate that guanidinium cations at low 

concentrations (< 0.2 M) substantially restricted overall motion and stiffen the alkali-

denatured protein in the molten globule state (MG), presumably by a charge screening 

mechanism.  
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1.0 INTRODUCTION 

A compact and largely mobile molecular state containing native-like secondary 

structure and hydrodynamic radius, but without rigid tertiary structure is recognized as 

Molten Globule state (MG).
1-3

 Structural and kinetic studies have revealed that MG state is a 

major intermediate in protein folding.
3-9

 The MG state corresponds to late folding 

intermediates, 
2, 10-11

 which under normal folding conditions at neutral pH are difficult to 

study because of their transient lifetime.  

Evidently, this state has been documented for a large set of proteins.
1-3, 13-14

 Test-tube 

studies of ion-stabilized molten globules require one of the following two transitions, UA A, 

and UB B, where UA and UB are acid and base-denatured proteins, respectively, and A and 

B are the corresponding MG states. In most cases, the A state has been studied in the 

presence of anions; the complementary cation-stabilized B state has received meager 

attention. In fact, the B state has been described for only a very few proteins, including -

lactamase, 
15 

and barstar, 
16 

and ferricytochrome c (ferricyt c).
17 

 

Realizing the importance of the MG state for protein function in the living cell, 
1, 12

 

we have recently performed a series of experiments with alkali-denatured ferricyt c. In the 

first set of studies, we used the ferricyt c at pH 13, and achieved the UB B transition in the 

presence of both sodium and guanidinium cations. 
17 

In this thesis, we present the second set 

of experiments with the carbonmonoxy derivative of the reduced form of cytochrome c 

(ferrocyt c). Ferrocyt c hardly denatures even at the extreme of basic pH, and therefore the 

carbonmonoxy derivative is used. Very interestingly, the guanidinium cations at low 

concentrations (< 0.2 M) substantially restricted overall motion and stabilize the alkali-

denatured protein, presumably by a charge screening mechanism.  

 

2.0 MATERIALS AND METHODS 

        Horse heart cytochrome c (type VI) was from Sigma-Aldrich. Urea and GdnHCl were 

from Gibco BRL. Sodium Dithionite was purchased from Merck. Other chemicals were from 

Sigma or Aldrich. Experiments were done in strictly anaerobic atmosphere at 25 C, pH 

12.4 13.0 using NaOH with or without 1-2 mM CAPS (3-[Cyclohexylamino]-1-

propanesulfonic acid). Solutions contained 0.5-3 mM freshly prepared sodium dithionite, and 

experiments were completed within 2 hours of exposing the protein to high pH. 
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2.1 Equilibrium unfolding. Cyt c solutions, with or without 1 mM CO, were deaerated and 

reduced under nitrogen with 1 mM sodium dithionite, and incubated in tightly capped quartz 

cuvettes or rubber-capped glass tubes for ~30 minutes. Fluorescence emission spectra (ex: 

280 nm) were taken in a Perkin Elmer LS-55 fluorescence spectrophotometer. Optical 

absorption spectra were recorded in a UV Specord 205 (Analytikjena) spectrophotometer or 

Cary 100 (Varian) spectrophotometer. Data were analyzed using the standard two-state 

equation for equilibrium unfolding.
18 

 

 

 2.2 pH titration of ferrocytochrome c in the presence 1 mM CO . For pH unfolding 

studies, a ~10 M solution of cyt c, prepared in an aqueous medium containing 10 mM each 

of Tris, disodium hydrogen phosphate, and CAPS (3-[Cyclohexylamino]-1-propanesulfonic 

acid), was titrated to different pH values in the 7-13.25 range by the use of NaOH. The 

titration did not upset the uniformity of the protein concentration in the samples. Samples 

were deaerated by using nitrogen gas, and reduced by adding a small volume of freshly 

prepared dithionite to obtain a final concentration of 2-3 mM. The samples were then 

incubated for ~30 minutes under 1 atm CO gas pressure in tightly capped cuvettes or glass 

tubes. Fluorescence emission spectra (ex: 280 nm) were taken in a Perkin Elmer LS-55 

fluorescence spectrophotometer. Optical absorption spectra were recorded in a Cary 100 

instrument. The pH titration curves were analyzed using the following transformed 

Henderson-Hasselbalch equation, 

 

 

 

 

where, cu and cf  are normalized fluorescence signals for the unfolded and the refolded state, 

respectively, n is the number of OH  titrated, and cm is the pH-midpoint for the transition.  

 

2.3 Kinetic measurements of CO. The procedure for these measurements has been 

described earlier.
19-20 

 Briefly, cyt c (1 mM) dissolved in aqueous NaOH, pH 12.5( 0.1) is 

deaerated and reduced by adding sodium dithionite (2 mM). 25 l of this ferrocyt c solution 

is mixed rapidly with 2 ml of NaOH solution containing 2 mM dithionite and 2 mM CAPS, a 

given amount of GdnHCl or urea, and 1 mM CO. Association kinetics of CO were followed 
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at 550 nm (dead time ~5 s) at a peltier-controlled temperature of 25 C in a Cary 100 

spectrophotometer or in a UV Specord 205 (Analytikjena) spectrophotometer. 

 

3.0 RESULTS  

 

3.1 CO binding to the ferrocyt c at pH ~12.5 unfolds the protein. Even though ferrocyt c 

in aqueous alkaline solution possesses structural integrity very similar to that at neutral pH, it 

readily denatures when CO is allowed to bind at pH>12. Notably, CO binding to alkaline 

ferrocyt c was described by Theorell and Åkesson some sixty years ago.
21

 Fig. 1(a) shows 

fluorescence-monitored pH titration curves of ferrocyt 

c in the presence and absence of 1 mM CO. In the 

absence of CO, the protein remains folded even at 

pH>13. The pH-midpoint for unfolding in the 

presence of CO is 12.2. Fig. 1(b) shows the same 

titration monitored by optical density at 550 nm.  

Fig. 1. pH equilibrium profiles: (a) Alkaline pH-induced 

unfolding of ferrocytochrome c. When CO is allowed to bind to 

the protein, it is fully unfolded at pH>12.5 ( ), but in the absence 

monitored by heme absorption (□). 

The results are same, except that the pH-

midpoint of the CO-induced unfolding transition appears at ~11.75. The shift may appear to 

indicate the accumulation of an equilibrium intermediate of ferrocyt c stabilized by CO, 
22  

but it is not clear how the binding of an extrinsic gaseous ligand can do so.  

 

3.2 GdnHCl-induced stabilization and subsequent unfolding of the UB state: detection of 

equilibrium intermediate. Fluorescence emission intensity because of the lone tryptophan 

(W59) provides a reliable marker for the molecular compactness of ferricyt c. Native ferricyt 

c is fluorescence-silent (Fig. 2(a)) because of excitation energy transfer from W59 to the 

heme. Unfolding results in an increase in the heme-tryptophan distance because of molecular 

expansion and hence, a dramatic increase in the fluorescence (Fig. 2(a)). 

To estimate the stability of the MG state we titrated carbonmonoxycyt c at pH 12.5 

with GdnHCl and monitored the structural changes by fluorescence (Fig. 2). An interesting 

behavior is observed: as the concentration of GdnHCl is raised, the fluorescence initially 

decreases in a sharp cooperative manner (Fig. 2(b)), and then increases relatively 
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monotonously displaying a very weak unfolding transition (Fig. 2(c)). GdnHCl induced 

folding transitions for the both acid-denatured and base-denatured forms of ferricyt c have 

been reported earlier.
17, 23

  In the present case, the initial folding transition (Fig. 2(b)) is 

attributed to the UB B reaction brought about by the GdnH
+
 cations. Assuming that GdnHCl 

exerts its effect by direct protein-denaturant interaction,
24-26

 the number of GdnH
+
 ions 

associated with the UB MG transition can be estimated for a model where the MG state 

interacts preferentially with the GdnH
+
 ions and the binding constants for interaction of these 

cations with different binding sites offered by the MG state are comparable (see 14). The fit 

of the initial folding transition data to the expression 

 

 

where n is the difference of the number of GdnH
+
 ions bound to UB and MG states, ax is the 

activity of GdnHCl, Kbind is the binding constant, 

and K is the true equilibrium constant for the 

UB B transition in the absence of GdnHCl, 

yields n 1.7, Kb 118 , and K 6.8. At 25 C, the 

value of K corresponds to the free energy of 1.1 

kcal mol
-1

. 

Fig. 2. Stabilization/folding and unfolding of the B state in 

the presence of GdnHCl, pH 12.5, 25 C. (a) Fluorescence 

spectra for different states of carbonmonoxycyochrome c: 1, 

pH 7, native; 2, pH 12.5, no salt; 3, pH 12.5, 0.15 M 

GdnHCl; 4, pH 12.5, 4.0 M GdnHCl. (b) In the presence of 

low concentrations of GdnHCl, guanidinium ions drive the 

UB B transition. The observable equilibrium constant, 

Kapp, for the UB B is plotted against the activity of 

GdnHCl. The solid line is the fit to data according to eq 2 

(see text). (b) The GdnHCl-induced folding-unfolding 

transition. The continuous line represents the fit to the 

experimental data by the use of eq 3. The fit yields m= 

0.26( 0.01) kcal mol-1 M-1 and G =0.4( 0.02) kcal mol-1. 

Above 0.4 M GdnHCl, the stabilizing 

effect of the GdnH
+
 ions is overrun by its own 

unfolding action. The unfolding transition of the B 

state is apparently shallow (Fig. 2(c)), indicating small amount of solvent exposure of amino 

(1 ) (2)app bind x
nK K K a



5 
 

acid residues accompanying the unfolding. This suggests absence of a significant 

hydrophobic core- a generic property of the molten globule state. Perhaps patches of exposed 

and buried hydrophobic surfaces characterize the alkali MG state. The GdnHCl titration data 

were fit to,
 27

 

 

where m is the equilibrium surface exposure of residues during unfolding, n is the number of 

GdnH
+
 binding sites, Ku

bind and KB
bind are binding constants of GdnH

+
 to the unfolded and the 

B state, respectively, and G  is the free energy of unfolding in the absence of the denaturant. 

The fit yields m= 0.26( 0.01) kcal mol
-1

 M
-1

 and G =0.4( 0.02) kcal mol
-1

. When 

compared with values reported for the unfolding of the A state (1.61 kcal mol
-1

 M
-1

 and 2.04 

kcal mol
-1

, respectively; ref 23) and the B state (0.35 kcal mol
-1

 M
-1

 and 1.02 kcal mol
-1

, 

respectively; ref 17) of ferricyt c, the present results report a relatively less stable B state with 

largely exposed surface area. The GdnHCl-induced UB→B transition should be verifiable by 

CD as well. However, alkali solutions containing even small amount of GdnHCl show very 

large noise signal due to an elevation of the HT voltage; especially, peptide signals are 

increasingly obscured with GdnHCl content. This difficulty has also been noted in an earlier 

report of alkaline ferricyt c.28
 Nevertheless, the increase of 282-nm CD absorption with 

increasing concentration of GdnHCl up to 0.3 M is an indication of the UB→B transition 

(data not shown). 

 

3.3 GdnHCl dependent kinetics of association of CO to ferrocyt c indicates that the MG 

state is stiff and dynamically constrained. In terms of internal mobility, the MG state is 

generally defined by increased fluctuations of the aliphatic side chains, although the mobility 

of aromatic side chains is fairly restricted. The results presented above do not provide 

evidence for an overwhelming internal mobility of the protein system being studied. To 

determine qualitatively how dynamic the interior of the MG is, we conducted experiments 

involving kinetics of association of CO with ferrocyt c at pH 12.5 in the presence of variable 

concentration of GdnHCl and urea. The rationale of the experiment is the following. 

Destabilized ferrocyt c binds CO when the latter is used in saturating concentration ( 1 

mM).29
 Since intramolecular thermal collisions provide the energy for barrier crossing in the 

association reaction, ferrocyt c + CO  ferrocyt c -CO, the rate coefficient for the reaction 

(kass) is expected to decrease if the amplitudes of thermal fluctuations are reduced as a result 

1 [ ]
ln [ ] 3

1 [ ]
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of constraints on the collective modes of 

intramolecular motion.
30-31

 The association kinetics 

are slow, and can be conveniently measured by 

monitoring the absorbance at 550 nm following the 

addition of a small volume of the protein solution to 

a CO-saturated aqueous alkali solution containing 

the GdnHCl or urea. The representative trace for 

single-phase CO association kinetics is shown in    

                                                                   Fig. 3. 

Fig. 3. Kinetics of CO association to ferrocytochrome c at 25 C, pH~ 12.4 as monitored by change in 

absorbance at 550 nm. The solid line show least-squares fits of the data to a single exponential function ( obs ~ 7 

min., 0.06 M GdnHCl). 

 

Fig. 4(b) shows the rate coefficients for association of CO to ferrocyt c at pH ~ 12.5 under 

conditions of varying protein stability in the 0-3.5 M range of GdnHCl concentration. Given 

the midpoint of GdnHCl-induced unfolding transition of ferrocyt c, Cm≈2 M at 25°C (Fig. 

4(a)), these data provide an opportunity to analyze the dynamical behavior associated with 

the transitions from UB  B state and B U state.  

The variation in magnitudes of k
ass 

with denaturant is of considerable interest. As 

[GdnHCl] is increased in the UB state, k
ass 

initially decrease and then increase, displaying a 

broad minimum around 0.3 M GdnHCl.  In going from 0.0 to 0.3 M GdnHCl, the value of 

k
ass 

decreases 3.6(±0.3)-fold, and increases thereafter. A sharp increase from 0.3 to ~3.5 M 

GdnHCl is followed by apparently stronger dependence on the denaturant concentration. The 

decrease suggests that at low GdnHCl concentrations 

(< 0.3 M), Gdn
+
 tends to block association of CO to 

ferrocyt c (i.e., UB B transition). The increase in rate 

coefficients above 0.3 M GdnHCl can be interpreted to 

arise from MG state destabilization and structural 

unfolding (i.e., B U transition) that would facilitate 

CO association process.  

Figure 4. Equilibrium stability and rate-denaturant spaces. (a) 

GdnHCl-induced equilibrium unfolding of ferrocyt c ( ) at 

25( 1) C, pH~ 12.5. The continuous curve is fit to the data using 
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procedures described (32). Values of G(H2O) and mg, respectively, obtained are 3.53( 0.4) kcal mol-1 and 1.8 

kcal mol-1 M-1. (b) GdnHCl dependence of kass (, manually measured OD550 nm). The line through the data, 

based on empirical equation, has been drawn to guide eye only.   

Clearly, the internal dynamics of the MG state is substantially constrained relative to 

that of the UB and U states. We attribute this to reduced motional freedom in the MG state 

relative to that in the UB and U states. In terms of internal dynamics, the MG state closely 

matches the native state. 

 

 

3.4 Urea dependent kinetics of association of CO to alkaline ferrocyt c:  If the decrease in 

the value of kass with increasing concentration of GdnHCl, as exhibited by left limbs of the 

logkass-GdnHCl chevron (Fig. 4(b)), is indeed due to the charge screening effect of 

counterions which generally reduces the fluctuations of groups of atoms, we conducted 

experiments involving kinetics of the association of CO with ferrocyt c at pH 12.5 in the 

presence of a variable concentration of urea. Figure 5b shows the log kass-urea space at 25 °C, 

pH 12.5. Given the midpoint of urea-induced unfolding transition of ferrocyt c, Cm≈2.7 M at 

25°C (Fig. 5(a)), these data provide an opportunity to 

analyze the dynamical behavior associated with the 

transitions from UB  U state.  

Figure 5. Equilibrium stability and rate-denaturant spaces. (a) 

Urea-induced equilibrium unfolding of ferrocyt c (□) at 

25( 1) C, pH~ 12.5. The continuous curve is fit to the data 

using procedures described (32). Values of G(H2O) and mg, 

respectively, obtained are 3.28( 0.7) kcal mol-1 and 1.23 kcal 

mol-1 M-1. (b) Urea dependence of kass (, manually measured 

OD550 nm). The line through the data, based on empirical 

equation, has been drawn to guide eye only.   

The rate for CO association does not show 

any decrease in the rate versus-urea concentration 

plots (Fig. 5 (b)). The linear increase in rate coefficients from 0 to 4.0 M urea can be 

interpreted to arise from base-denatured protein destabilization and structural unfolding (i.e., 

UB U transition) that would facilitate CO association process. As noted earlier the charge 

screening effect of ionic GdnHCl add on to the stability of native proteins.
33-34

 Indeed, both 

entropic and electrostatic effects contribute toward the stability of native ferrocyt c.30
 Purely 

entropic stabilization can be isolated by using nonionic urea as reported earlier.
30 

The linear 
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increase in rate coefficients from 0 to 4.0 M urea (Fig. 5(b)) indicates that an entropic effect 

not contributes significantly to the alkaline MG state.   

 

4.0 DISCUSSION 

4.1 GdnHCl-induced stabilization of alkali denatured ferrocyt c. In our earlier studies, we 

achieved the UB B transition for ferricyt c in the presence of guanidinium cations.
17

 Here, 

we notice the UB B transition for ferrocyt c in the presence of low concentrations of 

GdnHCl (Fig. 2(b)). The complementary UA A transition for ferricyt c is also driven by 

GdnHCl.
23

 In both cases, the ions dissociated from GdnHCl influence the stability. The 

possible mechanism of interaction of GdnH
+
 with the protein +ve charges in each case need 

not be the same, however. In acid medium (pH<2), where the net charges of ferricyt c is +24, 

Cl  can shield the +ve protein charges by Debye-Huckel or ion-pair or both types of 

interactions. In the basic medium (pH>12.4), where the net protein charge is 17, GdnH
+
 ions 

are more likely to form ion-pairs with the anionic sites of the protein. Formation of Debye-

Huckel type spheres will perhaps be unfavorable due to large size of the GdnH
+
 ions. Crystal 

structures of proteins with low concentrations of GdnHCl do show direct interaction of 

GdnH
+
 ions with proteins.

30, 35-36
 This argument is advanced only in the context of GdnHCl 

stabilization of base-denatured ferricyt c and ferrocyt c.  

Stabilization of native or native-like states by subdenaturing concentrations of 

GdnHCl at neutral pH has also been shown for a few proteins.
30, 37-39

 Although ionic 

interactions between the ions of GdnHCl and the protein are implicated in all cases, the 

structural, dynamical, and thermodynamic consequences of protein-denaturant interactions 

are more involved than the simple charge screening argument.
24-25, 30

 The interactions of the 

denaturant molecules with different groups of the protein can establish non-specific networks 

of intramolecular interactions, as observed in crystal structures of proteins with low 

concentrations of denaturants.
36

 These cross-linking interactions may serve to decrease the 

motional freedom in different parts of the protein, but increase the barriers to motions in the 

more compact conformers of the protein. Existing X-ray data for proteins do show a 

significant decrease in the B-factor of side chain and backbone atoms in the presence of low 

concentrations of GdnHCl.
36 

 In this perspective, GdnH
+
-induced stabilization of the alkali 

denatured protein (UB B transition; Fig. 2(b)) would appear to originate largely from a 

reduction in fluctuations in the positions of individual or clusters of atoms around their 
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average. As noted earlier the charge screening effect of ionic GdnHCl add on to the stability 

of native proteins.
33-34

 The relative contribution of these two effects- electrostatic shielding 

and conformational entropy- to the free energy of stabilization of the B state is remains to be 

assessed. Indeed, both entropic and electrostatic effects contribute toward the stability of 

native ferrocyt c.30
 Purely entropic stabilization can be isolated by using nonionic urea as 

reported earlier.
30 

This work results demonstrates that an entropic effect do not contribute 

significantly to the stabilization of the B state. 

 

4.2 GdnHCl at low concentrations restricted overall motion of the B state 

 Spatial displacement of thermal fluctuations, and hence collisions between different 

groups of atoms each exhibiting collective motions is dramatically reduced in the B state. The 

inference is drawn from the results of a set of strategic experiments where we observe the rate 

constant for association of CO with alkali-denatured ferrocyt c (kass). This reaction is not 

diffusion or encounter controlled. It rather involves substantial energy barrier or steric 

requirements, and hence many collisions between the CO and protein groups, particularly the 

heme ring, are required before the reaction ensues. The value of kass under a given solution 

condition then depends on the frequency of collisions involving the CO and the heme side 

chains that exhibit highly collective motions.
40

 The rate constant for the CO association 

reaction, kass, decreases dramatically as the base-denatured polypeptide undergoes transition 

to the B state in the presence of GdnHCl (< 0.3 M) (Fig. 4(b)).  Because the local mobility of 

the heme ring is suppressed by the intrinsic size and the rigidity of the ring system,
 40

 and 

given that the neighboring residues of M80 have significantly higher thermal factors, 
41

 the 

collective motion of the Ω-loop is expected to be the leading determinant of the CO 

association process. Thus the denaturant modulation of k
ass (Fig. 4(b))

 reveals the way the 

collective motion of the loop or of a part of it responds to solvent content in the reaction 

medium. Since atomic fluctuations or high-frequency local motions involve only small spatial 

displacements, the thermal motion viewed here must be of collective character in which 

groups of atoms in a part or in the entire Ω-loop move in a correlated manner or as a unit. The 

observation that it responds to increments of denaturant concentration implies that it is a local 

motion, and hence is a low-frequency (τ, millisecond or longer) large-amplitude mode 

(several Å, ref 42). The conclusion is that the collective motions involving the side chains of 

the B state are relatively restrained.  
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Indeed, the polypeptide backbone in the A state is more mobile with respect to both 

native and unfolded states.
1
 Small but recognizable increase in the amplitude of local 

backbone fluctuations characterize the transition from the acid denatured state to the molten 

globule state of -lactalbumin.
43

 Values of NMR measured backbone N H order parameter, 

which provides an indication of the rigidity of the protein main chain, decreases significantly 

in the A state.
44 

Molecular dynamics simulations also show a substantial increase of the 

fluctuations in the main-chain dihedral angles  and 
45 

A molecular interpretation of the 

chain stiffness in the B state is unclear at present. 
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