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ABSTRACT. The urea, guanidine hydrochloride, salt, and temperature dependence of the rate of dissociation
of CO from a nonequilibrium state of CO-bound native ferrocytochrerhas been studied at pH 7. The

heme iron of ferrocytochromein the presence of denaturing concentrations of guanidine hydrochloride
(GdnHCI) and urea prepared in 0.1 M phosphate, pH 7, binds CO. When the unfolded protein solution is
diluted 101-fold into CO-free folding buffer, the protein chain refolds completely, leaving the CO molecule
bonded to the heme iron. Subsequently, slow thermal dissociation of the CO molecule yields to the heme
coordination of the native M80 ligand. Thus, the reaction monitors the rate of thermal conversion of the
CO-liganded native ferrocytochronego the M80-liganded native protein. The rate of this reactiQgs

shows a characteristic dependence on the presence of nondenaturing concentrations of the denaturants in
the reaction medium. The rate decreases-thy9—3-fold as the concentration of GdnHCI in the refolding
medium increases from nearly 0 to2.1 M. Similarly, the rate decreases by 1.8-fold as the urea
concentration is raised from 0.l to5 M. At still higher concentrations of the denaturants the denaturing
effect sets in, the protein is destabilized, and hence the CO dissociation rate increases sharply. The activation
energy of the reactiork,, increases when the denaturant concentration in the reaction medium is raised:
from 24.1 to 28.3 kcal mol for a 0.05-2.1 M rise in GdnHCI and from 25.2 to 26.9 kcal mbffor a
0.1-26.9 M increase in urea. Corresponding to these increases in denaturant concentrations are also
increases in the activation entrofjusdR, whereR is the gas constant of the reaction. The denaturant
dependence of these kinetic and thermodynamic parameters of the CO dissociation reaction suggests that
binding interactions with GdnHCI and urea can increase the structural and energetic stability of
ferrocytochromee up to the limit of the subdenaturing concentrations of the additives. NaCl as&ihla

which stabilize proteins through their salting-in effect, also decrease the rate with a corresponding increase
in activation entropy of CO dissociation from CO-bound native ferrocytochmmreanding support to the

view that low concentrations of GdnHCI and urea stabilize proteins. These results have direct relevance
to the understanding and interpretation of the free enedgyaturant relationship and protein folding
chevrons.

Despite their everyday use in protein folding studies the shown a reduced average isotropic MSD (mean square
exact mechanism of action of GdnHCI and urea on proteins deviations), suggesting a reduction in mobility of native
is not understood. Available information, including the results proteins 8, 4). Constraints on intramolecular dynamics are
of isothermal calorimetryl) and X-ray crystallography in  expected to reduce the amplitudes of thermal fluctuations.
the presence of these two denaturar?s-4), indicates  While the former has been determined directly from X-ray
binding or interaction of GdnHCI and urea to folded and (iffraction (3, 4), and indirectly from isothermal calorimetric
unfolded states of proteins. It is held that the number of gata (), biochemical data providing evidence for reduced

denaturant binding sites is more in the unfolded state thanthermal fluctuations in the presence of low concentrations
in the native statel) and unfolding results from exposure of denaturants do not exist.

of extra binding sites concomitant with additional interaction

between the protein and the denaturant as the concentratior|1 In SIUd'eStW'tt_h ferrc;cgtc;)cggmzresentﬁd n téus pap;]er
of the latter is increasedy, ow concentrations o n and urea have been shown

But how the structural and energetic properties of proteins to reduce the spatial displacements of thermal fluctuations.

change with varying concentrations of the denaturants is nott is four_u_j th"’_lt the protein stability increa_ses as the solvent
clear. Analyses of X-ray data for certain protein crystals composition is altered from strongly native to moderately
soaked in low concentrations of GdnHCI and urea have Native conditions by the addition of GdnHCI and urea. When

the concentrations of the denaturants are increased further,
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unfolded in the presence of GdnHCI or is destabilized L7

strongly by addition of higher concentrations of urea. The L 020 pr—r Ty ]
native state of ferrocytochroneprepared by allowing the - 015 - N ER
CO-bound unfolded protein to refold carries the CO molecule g 09 uco o 3]
still bonded to the heme iron. The trapped CO, however, s I e ER
escapes as thermal motions facilitate the dissociation of the S 06 0.05 | NCOS _|
Fet—CO bond. In the present study the properties of this ‘E [ P S i
dissociation reaction in the-8.7 M range of GdnHCI and 5 - 0 550 600
0—6.9 M range of urea have been analyzed to show that 03 - ]
subdenaturing concentrations of both denaturants stabilize 1
the protein. 00 L o %‘é&._

375 450 525 600

MATERIALS AND METHODS

Wavelength, nm

Horse heart cytochrome(type VI from Sigma) was used  FIGURE 1. Soret-visible optical absorption spectra of U, UCO,
without further purification. Urea and GdnHCI were obtained ’;‘&g{e‘;‘ng I;lér?(l)lc?/ttg;%n%l u'\f]fz?gélé"?npgogghﬁt%:ﬁjgea%d
from G'bCO.BRL‘ So.dlum dlthlor.“te was purchased frpm reduced by adding sodium dithionite to a final concentration of
Merck. Sodium chloride and sodium sulfate were obtained 1 g,M. UCO is obtained by adding 1 atm of CO to U. The NCO
from Sigma. Protein concentration was determined by the state is refolded CO-bound ferrocytochrom@nd was obtained
use of molar extinction coefficients. All experiments were by diluting the UCO solution into the refolding buffer (100 mM
done in 0.1 M sodium phosphate buffer in an inert atmo- phosphate, pH 7) to a final denaturant concentration of 1.1 M

h Ext taken t L . denHCI. N is native ferrocytochrome where M80 is the iron
sphere. Exireme care was taken 10 minimize air éxposure o ligand. The N spectrum was generated by dissolving the native

solutions at all stages of the experiments. During |0Wj protein directly in the buffer containing 1.1 M GdnHCI. The inset
temperature measurements vapor fogging and condensatioishows the spectral region and the spectra used to monitor the CO

on the outer surfaces of cuvettes and flow cells were dissociation process in the reaction NCON + CO.
prevented by blowing a constant stream of nitrogen.

Preparation of CO-Liganded Nat& Ferrocytochrome ¢ . .
and Measurement and Analysis of CO Dissociation Kinetics. Ferrocytqchrome c m_the Abs_ence of C@inetics of
Cytochromec (1.8 mM), initially dissolved in 6.35 M Gdn!—lCI-mduced unfolding of native ferrocytochromerere
GdnHCl or 10 M urea, 0.1 M phosphate, pH 7, was deaeratedrnonltored at 10°C by both Soret heme absorbancg and
and reduced by adding sodium dithionite to a final concen- tryptophan fluorescence probes. In stopped-flow experiments,
tration of 1.8 uM. Ferrocytochromec thus obtained is ~ Nativé cytochromec (0.09 and 0.4 mM for Soret heme
completely unfolded when the protein solution contains 6.35 absorbange and fluorescence measurements, respectively),
M GdnHCI but is only denatured in the presence of 10 M prepared in 0.1 M phosphate, pH 7.dah M GdnHCI, was

urea. The heme iron of ferrocytochromevas then liganded reduced by the addition of5 mM sodium dithionite in an

with CO by bubbling the gas gently into the solution for N€rt atmosphere. Two buffers, one containingd M
~30 s Bgcause Ofg bindigng o% C(%/ preferentially to the GdnHCI and another with no denaturant, both at neutral pH,

unfolded state of the protein, the mass action principle were reduced by the a(jdition 0t0.5-1 mM dithionite
applies, and hence the urea-denatured ferrocytochrome shortly beforel the experiment. These two buff_ers and the
unfolds completely. The CO-bound unfolded ferrocyto- reduced protein solution, all filled in gastight syringes, were

chromec (UCO) was then diluted 101-fold by transferring Ioac!ed in the stoppec_]-flow syri_nges cqoled to ‘_’E)and
20 uL of the protein solution into a cuvette containing 2 eqwhbr_ated for 15 min. Ur!fql_dlng to dn‘_fe_rent final con-
mL of the degassed and dithionite-reduced CO-free refolding cen_trat|ons Qf GdnHCI was initiated by mixing 25 of Fhe
buffer (0.1 M phosphate, pH 7, 2, containing the desired native protein solution with 27bL of the two buffers mixed

solvent additive). This procedure allows complete refolding variab7lyé Ths gn‘;’\‘/ll pogcentragonsbof the ugffcl)lded protein
of ferrocytochromec with the CO molecule still bonded to Were 7.5 an 3‘ n oret.a sorbance and fluorescence-
the heme iron of the native protein (NCO). monitored kinetics, respectively. These measurements were

The kinetics of dissociation of CO from NCO was done using a SFM4 stopped-flow instrument (Biologic). A

recorded by time-resolved spectra in the visible region {500 -0'8 mm square ﬂO\-N cell was.used. The dead time of _the
600 by time d d f the absorb h instrument, determined by using the procedure prescribed
nm) or by time ependence ot the absorbance ¢ gngeoy the instrument manufacturer, wad.5-2 ms.

at 549 nm. The dead time of measurement (i.e., the time

elapsed between refolding the CO-liganded unfolded protein RESULTS

and recording the first time point of kinetics of CO

dissociation) was-15 s. The CO dissociation kinetics were The U, UCO, NCO, and N Forms of Ferrocytochrome ¢

slow, and the generation of a single kinetic trace required Figure 1 shows the changes in the heme absorption spectrum

data collection for several hours; the lower the temperature, jn the reaction sequence & UCO — NCO. Ferrocyto-

the longer the time required. Measurements were done usingchromec, unfolded in 6.35 M GdnHCI (U), was allowed to

a UV-3101 PC (Shimadzu) UWis—NIR spectrophotometer  react with 1 atm of CO to obtain UCO. When the UCO

interfaced to a TCC controller for temperature regulation. solution is diluted into the refolding buffer such that the final
Rates of CO dissociation were extracted from single- concentration of the denaturant in the refolding miliet+is 1

exponential fits of the kinetic data. Use of a double- M, the NCO spectrum is obtained. The N spectrum was

exponential function did not improve the fit. generated by dissolving the protein directly in 0.1 M

Stopped-Flow Measurement of Unfolding Kinetics of
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Ficure 2: Time-resolved visible absorption spectrum showing E .
thermal dissociation of CO according to the reaction NGO + 34 E
CO, following refolding of UCO to NCO in the presence of 0.05 «'3 “r 1
M GdnHCI, pH 7, 28°C. 8o C ]
-~ 35 o ]
phosphate buffer containing 1.1 M GdnHCI. This N spectrum F ]
is of course not distinguishable from the N spectrum obtained 3.6 -
after complete dissociation of CO molecules from the NCO C b ]
sample. Band positions and associated extinction coefficients bbb lnbinlon o b
0 1 2 3 4 5 6 7 8

of the spectrum of individual species are distinct. The
spectrum of NCO is, however, more similar to the spectrum [Ureal/M
of UCO than to that of N. This similarity in the appearance Ficure 3: (a) GdnHCl-dependent changes in the rate of CO
of spectra of UCO and NCO only indicates that the CO dissociation kgiss at 22°C and at 10°C (inset). In the inset the
molecule is still liganded to the ferrous heme of the refolded Kiss~GdnHCl gradient is shown to connect the slope of the stopped-
. . flow unfolding rate of the proteink,, as a function of GdnHCI
protein. In terms of secondary and tgrtlary structural contents aasured at 10C. k, values were measured by changes in
and overall molecular conformation, as assessed fromtryptophan fluorescence) and 430 nm Soret heme absorbance
fluorescence and CD spectra, and NMR chemical shift (v). The arrow points to theC, of equilibrium unfolding of
dispersions, the NCO state is very similar to native ferro- ferrocytochromec at 10°C, 0.1 M phosphate, pH 7. (b) Urea

. dependence d{;ssat 22°C, 0.1 M phosphate, pH 7. The decrease
cytochrome ¢ (data not shown). The heme absorption in kgisshas been interpreted to originate from the protein stabilizing

spectrum reports faithfully that native ferrocytochrome  effect of the denaturants. In higher concentrations of denaturants
obtained by refolding the UCO molecule contains CO in the kyesvalues increase because of the protein destabilizing/unfolding
place of M80 as the axial heme ligand. effect. The lines through the data in both panels have been drawn
The inset to Figure 1 enlarges the 50800 nm region of Py inspection only.
the spectra of NCO and N. The NCO spectrum, recorded
within 15 s of diluting the UCO solution from 6.35 to 1.1 dissociation are slow, the rates were extracted more conve-
M GdnHCI (pH 7, 22°C), shows featureless broad bands niently by recording the absorbance change at 549 nm alone
which develop within a few hours into distinetand3 bands as a function of time.
(549.5 and 520 nm, respectively), indicating the occurrence The refolding protocol employed involves 101-fold dilu-
of slow NCO — N + CO conversion due to thermally tion of the UCO solution with CO-free folding buffer so that
activated dissociation of CO. The conversion is essentially the concentration of CO in the refolding medium is sub-
the F&*—CO — Fe&™—M80 replacement and does not stantially reduced. Therefore, the CO binding rate to N
involve any major conformational adjustment. formed by dissociation of CO from NCO is negligible.
Thermal Dissociation of CO from NC@igure 2 presents  Together with the fact that the Pe-M80 bond in the native
the primary data showing the spectral evolution associatedconformation of ferrocytochrome is extra stable), the
with the NCO— N process after allowing UCO to refold to  rate obtained from the spectra in Figure 2 can be equated to
~0.05 M GdnHCI at 28°C, pH 7. Immediately after the the CO dissociation ratekyss The dissociation process
refolding reaction (UCG— NCO) has occurred, the visible described here, unlike photodissociation, is thermally driven
absorption spectrum of NCO appears similar to that of UCO, and, hence, is slow. The valuelqfsvaries with the intensity
indicating that CO remains bonded to the ferrous heme. Theof the monitoring beam of the spectrophotometer and can
absorbance at the heme— * bands, 520 nmj4) and 549.5 be attributed to a small degree of photodissociation of NCO.
nm (o), increases exponentially with time due to dissociation To avoid any significant variation in the extent of photo-
of CO (NCO— N + CO) yielding to the formation of the  dissociation from one kinetic run to another, all experimental
Fet*—M80 bond. The time dependence of changes in data were taken under identical setting of parameters for
absorbance oft andf bands is best described by a single- absorbance measurements.
exponential function. Use of a double-exponential function = Denaturant Dependence ofjk Figure 3a shows the
did not improve the fit. Because the kinetics of CO GdnHCI concentration dependence of the logarithrikyef
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the rate of CO dissociation, measured at@2 As the final 32 T
concentration of GAnNHCI in the refolding medium is raised, . ]
kaiss initially decreases and then increases, displaying an 33 7
inflection centered around 2.1 M GdnHCI. In going from A ]
0.05 b 2 M GdnHCI the value okgss decreases 1.9-fold. g E
This “chevron-like” feature of the lo§igiss— GdnHCI space g r ]
was seen consistently in several experiments both &C22 = 35 E E
and at 10°C (Figure 3 and the insetlyissdecreases by-2— a6k 3
3-fold as the denaturant concentration in the folding medium s .
is raised from 0 te~2.1 M and increases sharply thereafter. 37 T A N I
The decrease suggests that GdnHCI tends to block the 0 1 2 3
dissociation of CO from NCO to form N, and the increase [NaCl], [Na,SO /M

in kgisscan be interpretgd to ari;e from protein de;tabilization FIGURE 4: Effect of NaCl @) and NaSO; (@) on the rate of the

and structural unfolding in higher concentrations of the reaction, NCO— N + CO, at 22°C, pH 7. The reaction medium

denaturant facilitating the dissociation of CO. The GdnHCI contained no denaturant. The lines through data have been drawn

dependence of the stopped-flow unfolding rate of ferro- to guide the eye only and do not represent a functional dependence
o . . > of kgiss ON salt concentrations.

cytochromeg, k,, at 10°C (Figure 3, inset) illustrates the

protein destabilization effect. The slope defined by the linear 3.2 pre e
dependence of lods, on GdnHCI appears similar to the F
positive slope of the GdnHCI dependence of lqgs 330

Figure 3b shows the lobiss—urea space at 22C. Kiiss 3.4

decreases by1.8-fold as the urea concentration increases g ]
from 0.1 to~5 M, suggesting that urea prolongs the lifetime . 35 E 3
of NCO by stabilizing the protein. At still higher concentra- = s 1
tions of the denaturant the unfolding effect of the denaturant 36 E
sets in, and henchkyss increases sharply. Thus, the feature a7E .
of dependence of the CO dissociation rate on denaturant F E
concentration is similar for GdnHCI and urea. GdnHCl is a gl b linbinbin b b
stronger protein denaturant than urea. Accordingly, the 0 1.2 3 4 5 6 7 8

minima in the logkqss—denaturant spaces are observed at [Urea}/M

~2.1 M GdnHCI and~5 M urea, respectively (Figure 3). Ficure 5: Dependence of the rate of the NCON + CO reaction
. . on urea concentration in the absenty and in the presencd
Effects of NaCl and N&Q; on the Rate of CO Dissocia-  of 1 M NaCl, 22°C, pH 7. The lines through the data have been

tion. If the decrease in the value dfjss with increasing drawn by inspection only.
concentration of GAnHCI and urea, as exhibited by left limbs
of the log kgiss—denaturant chevrons (Figure 3), is indeed N + CO reaction, coexistence of the two in the reaction
due to increase in protein stability in the presence of the medium is expected to produce a cumulative effect on the
denaturants, then known protein stabilizers are also expectedate of CO dissociation. Figure 5 shows the logarithm of
to retard the rate of CO dissociation. To check for this kyssas a function of urea in the absence and the presence of
expectation, the rate of the NC& N + CO reaction was 1 M NacCl. In the presence of the salt the profile is shifted
measured as a function NaCl and,S@&,. In these experi-  vertically down to lowelkgiss A slight horizontal shift toward
ments the UCO solution (6.35 M GdnHCI, 0.1 M phosphate, higher concentration of urea is also apparent. The negative
pH 7, 22°C) was diluted 101-fold into the refolding buffer  gradients within the stabilizing range of urea concentration
containing no denaturant but different concentrations of a (i.e., the slopes of the left limbs) are very similar for the
salt additive. Thus, the final concentration of GAnHCI in the two curves. Both vertical and horizontal shifts indicate the
refolding medium was-0.05 M. cumulative effect of urea and NacCl on stabilization of NCO.
Figure 4 shows the logarithm &fissas a function of molar ~ The added stability of NCO in the presendeloM NaCl
concentrations of NaCl and h&Q,. Retardation in the CO  results in deceleration of both the dissociation of CO from
dissociation rate is clearly seen for both NaCl and9@. NCO (vertical shift) and the unfolding of NCO by urea
The value ofkgiss decreases 1.6-fold when the concentration (horizontal shift).
of NaCl in the medium is raised to 2.5 M, and in the® Dependence of Actation Enthalpy and Entropy of CO
M range of NaSO, concentration the rate decreases 1.8- Dissociation on the Concentration of GdnHCI, Urea, NaCl,
fold. The exact functional dependence kfss on the  and NaSQ. A decrease in the rate of dissociation of CO in
concentration of the salt additives has not been evaluatedithe presence of a stabilizing solvent additive would mean
and the solid lines in the figure show apparent trends only. that the energy barrier separating the bound state of CO
These observations strengthen the implication that the (NCO) from the unbound one (M CO) is relatively higher.
observed decrease in the rate of the NE®I + CO reaction |f the decrease in the magnitude of the rate coefficient is
in the presence of GdnHCI and urea is due to NCO the result of stabilization of NCO by the stabilizing additives
stabilization by the denaturants. used (GdnHCI, urea, NaCl, and }80y), the decrease in
Additive Effect of NaCl and UreaSince both NaCl and  entropy in the presence of these agents must be compensated
urea (<5 M) individually decrease the rate of the NC® by an increase in activation enthalpy of the CO dissociation
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4 TR ;' FELTTTTTTT Table 1: Activation Energiess,), Frequency FactorsA], and
E 1k ] Entropy ChangesS;is/R) for CO Dissociation from
S5 E = Ferrocytochrome in 0.1 M Phosphate, pH27
6E F 3 stabilizing additive E.(=Hgs), logA,
F ] additive concn, M kcal moft st SuisdR
TE 2 E GdnHCI  0.05 24.1 146 +3.6
rya F 3 2.10 28.3 173  +9.9
F Y urea 0.10 25.2 154 +5.4
s 9L C = 4.15 1 M NaCl) 26.9 163  +7.7
& bl b LB L b b 1 d 4.15 -1 M NaCl) 29.1 17.9 +11.2
£ 4f_'l""l""l""l'_:f_'l""l""l""l'_t NacCl 2.0 26.4 161 +7.1
T 1t d NapSO4 1.33 27.5 16.8 +8.8
Sk 4k = aErrors in values o, and logA are <1 kcal mot! and 1.1 st
s 1E E respectively, and the corresponding errorSpdR is ~2. The error
6 1F E values were determined from three or more independent measurements.
7 E JE E Note thatS;isdR, the entropy change, is expressed here as a dimension-
c 1F 3 less quantity. In the text entropy values are given in the urit ¢égs
SF aF ] 6 and 7).’ Values ofE,, log A, andSyis/R shown under this condition
E F represent upper bounds (see text for details).
-9 =
5 S RIS EATEETIN ETRTRITIN R

32 33 34 the activation energy for CO dissociation increases. For
(1/T)x1000, K™ measurements d&f;ssin the presence of 0.1 M urea the UCO

’ species (i.e., the CO-liganded unfolded ferrocytochraine
Ficure 6: Arrhenius plots for the CO dissociation reaction, 0.1 M was prepared in the presence of 10 M urea. Some Crysta's

phosphate, pH 7, with (a) 0.05 M>f and 2.1 M ®) GdnHClI, (b) : :
0.1 M [) and 4.15 M urea withoutm) and with @) 1 M NaCl, of urea were seen due to the cooling effect of nitrogen gas

(c) no additives £) and 2 M NaCl @), and (d) no additivesy) that was used for reducir!g the solution of _unfolded. cyto-
and 1.33 M NaSQ, (). Activation energies, frequency factors, chromec prior to the addition of CO gas. This undesirable
and activation entropies are listed in Table 1. situation may have introduced relatively large errors for this

set of measurements. The values reported for 0.1 M urea

reaction. This is understood from the relation (Table 1) represent upper bounds. For all other measurements

_ _ _ _ of Kgiss involving urea, including those shown in Figures 3b
HaisdRT=In(/kgisd + SisdR (1) and 5, the initial UCO state was prepared in 6.35 M GdnHCI.
obtained by casting the transition state equation DISCUSSION
—vexd— Gyiss 2) In this study a nativelike conformation of ferrocytochrome
Kaiss= v RT ¢, in which the Fé"—M80 bonding is replaced by Fe—

CO, has been prepared. Since native ferrocytochmodues
in terms 0of Guiss = Haiss — TSiss Where the vibrational  not bind CO, the CO-liganded engineered conformation,
frequency,y = kT/h ~ 10 s7* (k andh are Boltzmann's  NCO, is unstable and is converted to native ferrocytochrome
and Planck’s constants), a@iss Haiss andSissare changes ¢, N, by slow thermal dissociation of CO. Effects of low
in free energy, enthalpy, and entropy, respectively, betweenconcentrations of the protein denaturants, GdnHCl and urea,
the initial CO-bound state and the transition state. The and the protein stabilizing ionic additives, NaCl and.-Na
enthalpy and entropy changes associated with the COSQ, on the rate of dissociation of CO at 2€ have been
dissociation reaction can be determined conveniently by examined. The CO dissociation is decelerated by lower

using the Arrhenius equation concentrations of the protein denaturants but is accelerated
_ at higher concentrations. Temperature dependence of the CO
Kgiss = A eXp(—E4/RT) ®3) dissociation ratekqss both in the presence and in the absence

of the solvent additives indicates that in the presence of lower
concentrations of the denaturants, where CO dissociation is
decelerated, the activation energy is relatively higher. The

whereA is the frequency factor (3) andE, is the activation
energy (kcal molt). Comparison of egs 1 and 3 gives

E =H. discussion in the following endeavors to relate these results
a diss to the protein stabilizing effect of lower concentrations of
In(A/v) = §;dR 4) GdnHCI and urea.

The Identity of NCO and the Nature of the CO Dissocia-

Figure 6 shows the Arrhenius plots for the CO dissociation tion Reaction It is pertinent to assert at the onset of the
reaction in the presence of 0.05 and 2.1 M GdnHCI (Figure discussion that the NCO conformation is just the native
6a), 0.1 M urea without salt and 4.15 M urea in the presence conformation of ferrocytochrome, except that the Pé—
and the absence @ M NaCl (Figure 6b), 0.05 M GdnHCI ~ M80 bonding has been replaced by?FeCO, a natural
in the presence and the absené€d NaCl (Figure 6c), consequence of allowing the UCO molecules to refold. The
and 0.05 M GdnHCl in the presence and the absence of 1.33NCO conformation is not in equilibrium with any other
M Na,SO, (Figure 6d). The activation energies, frequency conformation. It is unstable and breaks down to the native
factors, and entropy changes are listed in Table 1. The datastate, N, because the affinity of M80 for the heme in the
show clearly that in the presence of the stabilizing additives native state of ferrocytochromeis very high. NCO is not
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a folding intermediate. It is rather the native conformation of 0.05 M GdnHCI to 9.9 units in the presence of 2.1 M
of ferrocytochromec trapped by binding of CO7). GdnHCI, an~2.8-fold rise. Clearly, in the presence of
The dissociation of CO dealt with here is a unimolecular increasing subdenaturing concentrations of GdnHClI relatively
thermally activated reaction, where the NCO molecules large-scale conformational constraint must be negotiated to
accumulate energy necessary for the dissociation reactionmake to the transition state. Similar observation is made in
by fluctuation. Collisions between different groups of atoms the case of urea, implying that the extent of disorder in the
or structural elements afforded by internal dynamics of the transition state with reference to the “ground state” increases
protein act as an intramolecular source of energy. Since NCOIn the presence of increasing subdenaturing concentrations
is an artificially prepared nonequilibrium state, the observed of the denaturant. This picture is fully consistent with the
rate of disappearance of NCO, limited by the dissociation reorganization energies required for the CO dissociation

of CO, is actually the rate of activation of NCO: reaction, as shown by higher values of activation enthalpy,
Hgiss COrresponding to increases in the concentration of the
d[N]/dt = kyies = Ckq (5) denaturants (Figure 6, Table 1). These interpretations of rate

coefficients for CO dissociation strongly suggest a protein-

wherec is a parameter related to thermal fluctuations nd ~ Stabilizing role of subdenaturing concentrations of GdnHCI
is the rate of activation of NCO. and urea. The thermodynamic parameters derived from the

Stabilization of NCO by GAnHCI and Urea. Dependence '€ data in the presence of NaCl and, 81 also show
of kiisson GAnHCI and UreaThe linear decrease in the rate  INcréase in activation enthalpy and entropy (Table 1). The
coefficient of the NCO— N -+ CO reaction at lower Parallelism mtht_a changgs in activation parameters observed
concentrations of GdnHCI and urea (Figures 3 and 5 for these protein-stabilizing ionic addltlvgs and the two
provides the primary indication that the denaturants stabilize denaturants lends support to the conclusion of denaturant
the protein conformations. Similar observations are made for Stabilization of ferrocytochrome However, global stabiliza-
the dependence of Idgissas a function of NaCl and N&O, tion of ferrocytochrome: by low cc_)ncentratlor_\s of the two _
(Figure 4). These ionic additives are known to stabilize denaturants.|s not proved by .thIS observatpn alone. It is
proteins when used within the range of their salting-in rather more likely that local motions or the partlt_:ular thermal
concentrationsg; 9), suggesting that the deceleration of the fluctuations needed for CO loss are decreased in the presence
dissociation of CO in subdenaturing concentrations of the Of the denaturants.
denaturants is due to protein stabilization. As the concentra- Interaction of GdnHCI and Urea with Protein®oth
tions of GAnHCI and urea are increased in the medium, the stabilizing and destabilizing effects of denaturants must arise
denaturing action sets in, and the destabilizing effect from their influence on protein conformations. Unfortunately,
dominates. The rate then is limited by the motional modes a clear understanding of their mode of action is lacking.
associated with protein unfolding (Figures 3 and 5). Indeed, While denaturants can interact directly with proteitis-4,
the positive slope of the loliss—GdnHCI chevron appears 12, 13), they also exert a pronounced effect on the structure
to merge with the positive slope of the unfolding limb of of water and, hence, on the surface hydration of protdins (
the folding chevron of ferrocytochronteat 10°C (insetto  14). The assessment of the relative importance of these
Figure 3a). As GdnHCl is a stronger denaturant than urea, effects in protein unfolding has been difficult. To make
the respective minimum in the ldgiss—denaturant chevrons  progress in the discussion of protein stabilization in the
appears at-2.1 and~5.0 M (Figure 3). presence of subdenaturing concentrations of the denaturants,
Both NCO and N molecules are stabilized, most likely to we consider the nature of direct proteidenaturant interac-
the same extent, since the conformations of the two tions. Polyfunctional interactions between protein groups and
molecules are much alike and both can interact with GdnHCI and urea have been known for a long tirhglf).
denaturants to the same extent. In general, the kinetics of aAn earlier crystallographic study of Hibbard and Tulinsky
reaction depend on the properties of the reactants andusinga-chymotrypsin crystals soaked in 3.0 M urea and 2.0
products and also on the properties of the activated state.M GdnHCI has indicated interactions of Gdhkbns and
However, since the NCE- N + CO reaction is irreversible,  urea with protein Z). Recently reported crystal structures
for N does not bind CO readily, only the relative properties of proteins with urea3, 4) and GdnHCI 4), both present
of the reactant and the activated state are relevant. Thewithin the protein-stabilizing range of concentrations reported
analysis is achieved by thermodynamic formulation of the in this study, provide direct evidence that the denaturants
conventional transition state theoryQj. interact with proteins by multiple hydrogen-bonding interac-
Thermodynamic Interpretation of the Rate of CO Dis- tions. The illustrated binding of denaturants, particularly for
sociation In this formulation, appropriate for unimolecular RNase A ), involves both the protein side-chain and
reactions, the frequency factd, and the activation energy, backbone atoms, and the interaction modes are not only
E., of the reaction are related to the entropy and the enthalpyvariable-length hydrogen bonding but also van der Waals
of activation (refs10 and 11, for example), respectively. interactions. No particular type of amino acid appears to be
Equations +4 show the pertinent relations, where b&th  a preferential target for denaturant binding. Makhatadze and
andE, are taken to be temperature independent. Privalov (1) have estimated the number of binding sites for
The activation entropy of the CO dissociation reaction in GdnHCI and urea in the native and unfolded states of
the presence of a denaturant is positive, suggesting that thecytochromec. Using their numbers for native state binding
structure of NCO in the transition state, NCO*, is less sites, it can be roughly estimated that in the range of
ordered relative to that in its ground state (Table 1). The subdenaturing concentrations of these denaturants (i.e.,
activation entropy increases from 3.6 units in the presencecorresponding to the left limb of the lokyiss—denaturant
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chevrons shown in Figures 3 and 5), under the experimentalconformersnyco. The Boltzmann relation

conditions employed in this study, the number of GdnHCI

and urea molecules bound to cytochromeill increase up S=kglnn (6)
to 12 and 26, respectively.

Structural, Dynamic, and Thermodynamic ConsequencesWhereSis the entropy anah, the number of states, can be
of Protein-Denaturant InteractionsThe interactions of the ~ Used to express the ratio of the frequency factors in the
denaturant molecules with different groups of the protein Presence of 2.1 and 0.05 M GdnHCI.
through noncovalent bonding can establish nonspecific
networks of intramolecular interactions. Such network pat- Az _ Mnco(z2.1) _ Shco.1) ™ Sheo(.05) 7)
terns have actually been observed in crystal structures of Aoos) Mnco.os) ks
proteins with low concentrations of denaturandy. (The
denaturant-mediated cross-linking interactions, however non-From the values oA listed in Table 1 the ratié\z 1y Aq.0s)
specific they are, might serve to stabilize resident parts of ~ 500, so thatSicor.1) — Sucow.0s) = 6.2k. This is an
the protein structure. The side chains of abundant surfaceappreciable loss of entropy. In the absence and the presence
lysines of horse cytochrome are attractive groups to be of urea (-1 M NaCl) the entropy difference is5.8g, and
bonded into such interactions. Structural ordering of some for the reaction in the absence and the presence of 1.33 M
of the surface side chains seen in the crystal structure ofNa,SO,, it is ~5.1ks. These estimates, also obtained from
hen lysozyme soaked in ure8) (provides a basis for this  thermodynamic interpretation of the rate data (egst;l
conjecture. Table 1), clearly show the protein stiffening effect of the

An immediate consequence of denaturant-mediated cross-denaturants.
linking of different parts of the protein molecule is a decrease  Protein Stiffening and Entropic StabilizatioReduction
in the motional freedom. If two to three amino acid residues in local entropy as a result of stiffening of one or more chain
are engaged in the binding of one denaturant molecule, segments facilitated by denaturant-mediated cross-linking
assuming a minimum of two hydrogen bonds per molecule leads to an increase in protein stability (seel@f Oxidation
of the denaturantl( 3, 4), the internal motion at the sites of state-dependent structures of cytochromethemselves
some 25 residues of cytochroroavill be constrained when  provide a good example of entropic stabilization of protein
2 M GdnHCl is present. Similarly, in the presence~af M structures. Ferrocytochron® the oxidation state used in
urea, roughly 50 residues would experience constrainedthis study, is more stable than ferricytochromél?), and
dynamics. Existing X-ray data on lysozyme, ribonuclease the protein interior of the former, compared to the latter, is
A, and dihydrofolate reductase do show a significant decreasemore tightly packed. The relative compactness is also
in the B-factor of side-chain and backbone atoms in the indicated by X-ray scattering data8). For Saccharomyces
presence of low concentrations of GdnHCI and urea com- cerevisiae iso-1-cytochromec the stabilization of the oxi-
pared to the native conformations in the absence of denatur-dized protein upon reduction has been shown to be entirely
ants @, 4). The substantial reduction in motional amplitudes entropic @9).
in the presence of subdenaturing concentrations of GANnHCI  Segregation of Entropic and Electrostatic Contributions
and urea conceivably reduces the magnitude of subglobalSubdenaturing concentrations of both GdnHCI and urea
unfolding motions. Cross-linking of different groups in- stabilize cytochrome; the former is ionic and the latter is
creases barriers to motions in the more compact conformersnot. What difference does it make? In solution, GdnHCI
of the protein. In this scenario, denaturant stabilization of exists as a GdnHcation and Cl anion. Protein stabilization
the protein, akin to low-temperature stabilization, originates by cation and anion binding is known (r&f for example).
from a reduction in fluctuations in the positions of individual We have suggested that Gdhkdns commit intramolecular
or clusters of atoms around their average. We call this effect cross-links by forming hydrogen bonds and van der Waals
denaturant-induced protein stiffening. interactions with different nonspecific parts of the protein

Restricted dynamics in the presence of low concentrationsand, thus, stabilize the protein through entropic effect. But
of denaturants must alter the thermodynamic properties ofthen GdnH ions can also interact electrostatically with a
the protein molecule, most obviously, the conformational specific cation binding site to stabilize a protein, as suggested
entropy of the system. In the presence of a subdenaturingby Mayr and SchmidZ0). This is electrostatic stabilization
concentration of the denaturant, the average conformationthat is distinct from entropic stabilization. Similarly, ClI
of the cytochrome molecule, relative to that in an aqueous anions dissociated from GdnHCI can also stabilize proteins
solution, undergoes a “disorder-to-order” structural transition. by electrostatic effects, through Debykickel charge
This entropy-expensive process could support local folding screening, for example. The stabilization of the acid molten
reactions that are expected to contribute to the structuralglobule state of cytochrome by low concentrations of
stability of the protein. GdnHCI, due to binding of Clto the cationic sites1, 22),

The magnitude of the entropy loss of ferrocytochrotne  provides a classic example. Such interactions could exist at
in the presence of subdenaturing concentrations of a denaturneutral pH also. It is possible that the"Glnions of GdnHCI
ant, with reference to the entropy of the native protein in find target sites on cytochronebecause of predominance
the aqueous solution, can be estimated easily. Consider theof cationic lysyl side chains on the protein surface. The
Arrhenius frequency factoré, and activation entropieSyiss resulting electrostatic interactions, be they ion-pair type or
for the CO dissociation reaction in the presence of 0.05 and charge-screening type, can stabilize cytochramné&hus,

2.1 M GdnHCI and 1.33 M N&QO, (Table 1). The rate of ~ GdnHCI stabilization originates from (1) protein stiffening
dissociation of CO from NCO by the reaction NCON + or entropic effect due to the cross-linking action of GdnH
CO, kgiss is inversely proportional to the number of NCO cations and (2) electrostatic effect due to the interaction of
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Cl~, and also possibly of Gdntl with charged groups of  destabilizing to the protein. Binding of GdnHCI and urea to
the protein. While the entropic effect operates invariably, proteins is unfavorable thermodynamically, as suggested by
the contribution of the electrostatic effect would depend on their equilibrium binding constants of 0.6 and 0.061M
the formation of ionic interaction(s). In the case of GAnHCI respectively {). It would seem possible that their binding
stabilization of cytochrome both effects are in action. The  affinities are promoted by their initial action of making the
dependence okgiss the rate of dissociation of CO in the binding surfaces rigid. The tighter binding, and the resultant
reaction NCO— N + CO, on NaCl and N£&O, (Figure 4) destabilizing effect, eventually overruns their own protein-
shows electrostatic stabilization due to the presence of anionsstabilizing effect.
What matters is the availability of anions irrespective of the ~ Other Examples of GdnHCI Stabilization of Proteins
source. Stabilizing interactions between GdnHCI and at least two
Urea is nonionic, and protein stabilization in its presence proteins have been reported previously. Pace e28).Have
is entirely entropic. The extent of stabilization of cytochrome reported stabilization of RNase T1, at both acidic and neutral
¢ by urea as such appears to be less compared to that byH, by ~2 kcal mol®. This effect has also been reported
GdnHCI (Table 1). Addition b1 M NaCl to the urea solution by Mayr and SchmidZ0), who have shown in addition that
augments the stabilizing effect (see also Figure 5), and thelow concentrations of GdnHCI increase thermal stability and
activation energy of CO dissociation increases# kcal decrease the rate of unfolding of RNase T1. Low concentra-
mol~! (Table 1). Use of eq 7 yields a value of Bg7or the tions of GdnHCI (0.5-1.4 M) have also been found to
difference in the entropy of the protein in the presence and stabilize an equilibrium folding intermediate of protein
the absencefdl M NaCl. disulfide isomerase by 2.3 kcal méI(29). But the existence
To summarize this section, both GdnHCI and urea stabilize of the effect remains to be reported for a sizable set of
proteins through protein stiffening or entropic effect, but in proteins. Because the stabilization energy involved is small,
the case of GdnHCI electrostatic effect also can contribute ~2 kcal mol? or less, the effect may escape detection in
to the stability depending on the extent of ionic interactions equilibrium unfolding experiments.
between the denaturant ions and the charged sites on the Implications in Analysis and Interpretation of Protein
protein. Folding Data The observed denaturant stabilization of the
Denaturants Reduce the Amplitudes of Thermal Fluctua- protein under nativelike conditions, or in the pretransition
tions How do restricted internal dynamics resulting from region, invalidates, at least for this protein, the general
denaturant binding to the protein influence the rate of the procedure of estimating the free energy of unfolding in water,
reaction? In the present study increasing denaturant concenAG®, within the formalism of the linear free energy model
trations within the subdenaturing limit decreases the rate of (30, 31). In the present case, less stability of the protein in
the NCO— N + CO reaction (Figures 3 and 5). This is an lower concentrations of the denaturant relative to that in,
intramolecular reaction where thermal fluctuations break the say, 2.1 M GdnHCI, would imply an increase in the
Fet—CO bond. If internal dynamics of cytochroneeare equilibrium m value in the linear free energy relationG
constrained because of denaturant binding, the amplitudes= AG® — m[GdnHCI], as strongly nativelike conditions are
of thermal fluctuations responsible for the loss of CO will approached. As a consequence, A@&—denaturant plot in
also be reduced. Both entropy and fluctuations have the same<2 M GdnHCI will deviate upward from linearity, and hence,
origin, and the entropy of the system is a measure of atomica linear extrapolation of thAG—denaturant gradient back-
fluctuations. Thus, a reduction in the vibrational entropy in ward to the ordinate would suggest an underestimated value
the presence of denaturants correlates with decreased spatiaf AG°. Thus, for ferrocytochromethe linearly extrapolated
displacements of thermal fluctuations required of the CO- value of 18.8 kcal mot* for AG°® (17) may not reflect the
bound heme and the surrounding atoms. Consequently, theactual stability of the protein. Such nonlinearity, predicted
rate of dissociation of CO decreases (Figures 3 and 5). Thefrom isothermal calorimetric study of protein interactions
reduction in amplitudes of thermal fluctuations is, of course, with GdnHCI and ureal(), has been experimentally observed
detected as a decrease in the crystallograBHactor 23, for barnase 32).
24). Consistent with this fact is the observed decrease in The observed effect of GdnHCI| and urea on protein
B-factor of conformations of proteins, including lysozyme, stability under subdenaturing conditions will obviously affect
dihydrofolate reductase, and RNase A, soaked in low the dependence of folding and unfolding rates on the
concentrations of denaturant solutioids 4). The B-factor, denaturant in a rather involved manner. The rollover in the
of course, increases in denaturant concentrations beyond thgrotein folding rate-denaturant space, seen for some pro-
subdenaturing limit, as has been shown for RNas@5p (  teins, is interpreted classically as an indication of transient
Denaturant-Promoted Structural Rigidity and Protein accumulation of kinetic intermediate(83). However, even
Unfolding The rigidity of the protein caused by binding of two-state proteins with no apparent accumulation of kinetic
denaturants within the limit of subdenaturing concentrations intermediates can show deviation from lineari84). Ac-
may actually promote tight interactions. Binding site flex- cording to the suggestion made in this study, under moderate
ibility allows for broadened specificity2@). This may come  to strongly nativelike conditions the extent of structural and
at the price of reduced affinity due to the loss of conforma- energetic stability of kinetic intermediates, when present,
tional entropy on binding. Conversely, a rigid binding site would be convoluted by the stabilizing effect of denaturants.
should result in narrow specificity and tight binding for well- Finally, while the present results are convincing to
matched surfaces26, 27). If this is true, the rigidity demonstrate the GdnHCI- or urea-induced stabilization of
developed initially as a result of binding of low concentra- ferrocytochromec at subdenaturing concentrations of the
tions of denaturants should lead to progressively tighter denaturants, there appears an inconsistency with results
binding, as their concentrations become increasingly more obtained from hydrogen-exchange studies. GdnHCI-induced
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gradual denaturation of ferrocytochrombas been observed
previously in hydrogerrdeuterium exchange probed by real-
time NMR (35) and equilibrium NMR 86) methods. More

comprehensive understanding of the present results and the 15

nature of proteir-denaturant interactions will be required
to resolve this apparent conflict.

SUMMARY AND CONCLUSION

Low concentrations of GANHCI and urea stabilize proteins.

The stability increases as the denaturant concentration is

raised to the limit of its subdenaturing effect. With further
increase in the concentration the classical protein unfolding

effect of the denaturant beats its own protein stabilizing 21.

effect. The initial stabilization is entropic due to constraints
on thermal fluctuations in one or more parts of the protein
brought about by noncovalent interactions of the denaturant 23
molecules with the protein.
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