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Abstract

Urea-induced denaturations of RNase T1 and reduced and carboxyamidated RN&ECKEIM) as a function of
temperature were analyzed using the linear extrapolation method, and denatoratdues,ACp, AH, AS andAG
guantities were determined. Because ba@p and m values are believed to reflect the protein surface area newly
exposed on denaturation, the prediction is that the ratim v&lues for RNase T1 and RTCAM should equal t@&p

ratio for the two proteins. This is not the case, for it is found thatrthealue of RTCAM is 1.5 times that of RNase
T1, while the denaturationCp's for the two proteins are identical. The paradox of why the two parameteasdACp,

are not equivalent in their behavior is of importance in the interpretations of their respective molecular-level meanings.
It is found that the measured denaturatia@p's are consistent witlACp's calculated on the basis of empirical
relationships between the change in surface area on denatur®A@#, and that the measuredvalue of RNase T1
agrees withm calculated from empirical data relatimgto AASA However, the measured of RTCAM is so much out

of line with its calculatedn as to call into question the validity of always equatimgvith surface area newly exposed
on denaturation.

Keywords: denaturation heat capacity change; disulfide bonds; loop entropglues; protein stability; RNase T1;
solvent-accessible surface area

It is generally thought that the sensitivity of proteins toward aand AASAis high (correlation coefficienR = 0.98), whereasm
particular denaturarithemvalue is proportional to the amount of  values have been found to be more roughly proportionalA&A
newly accessible surface area exposed upon denaturation. The bagesrrelation coefficienR = 0.90 (Myers et al., 199b

of this claim are largely derived from the theoretical work of  To investigate these correlations further, we evaluat€g and

Schellman, as well as from correlations observed betweemthe myvalues for two forms of the same protein: wild-type ribonuclease

value, an experimentally determined parameter, and the change Tl (RNase T1 and ribonuclease T1 with its two disulfide bonds

accessible surface aréAASA, calculated using a model of the reduced and carboxyamidateBTCAM). The primary difference
denatured statéSchellman, 1978; Myers et al., 199%imilarly, in the solvent-induced denaturation of these two proteins is that the
there has been success in the literature in establishing that hedisulfide bonds are intact in RNase T1 but not in RTCAM. Iden-
capacity of denaturatiom\Cp, can be parameterized in terms of tical ACpvalues for RNase T.59+ 0.10 kcaymol) and RTCAM

the protein surface area newly exposed on denaturéhiturphy (1.56+ 0.15 kcafmol) obtained from Gibbs—Helmholtz analysis,

& Freire, 1992; Spolar et al., 1992The correlation betweefaCp as well as similanH values of denaturation for the two proteins,
indicate that both proteins expose equivalent amounts and charac-
ter of surface area upon denaturation. By contrast, the urea-

Reprint requests to: D.W. Bolen, Department of Human Biological Chem-denaturatlorm value for RTCAM(1.95 kcafmol-M) is found to
istry and Genetics, University of Texas Medical Branch, 5.154 MRB, be 50% larger than the value for RNase T11.24 kcafmol-M),
Galveston, Texas 77555-1052; e-mail: wholen@hbcg.utmb.edu. a result that is commonly attributed to a large change in surface
Abbreviations:AASA newly accessible surface area exposed to solventarea exposed on denaturation. Our purpose in this paper is to find
on denaturationACp, denaturation heat capacity changét.o, Gibbs 4 rational solution to the paradox in which thermodynamic param-

energy of denaturation in the limit of zero denaturant concentration; LEM, . . .
linear extrapolation methodh, defined agxlAG/d[denaturant RNase T1, etersACpandAH suggest marginal differences in exposed surface

ribonuclease T1; RTCAM, reduced and carboxyamidated RNase T1; TMAoareas of denatured RNase T1 and RTCAM, while the langalue
trimethylamine-N-oxide; UV-CD, ultraviolet circular dichroism. differences suggest largeASAdifferences.
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Results

22
Although ACp has been firmly correlated withASA the corre- |
lation of mto AASAIs not nearly as strongviyers et al., 1995 To 00

evaluate the relationship betwe&@p andmvalues, we determine
hereACpandmfor two proteins: RNase T(with its two disulfide
bonds intact and reduced and carboxyamidated RNase T1
(RTCAM). We evaluated then values from urea-induced dena-

-
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m, cal mol “Tmol™?

turation experiments by monitoring the intrinsic fluorescence upon 1.6
excitation either at 295 nm or at 278 nfRig. 1). Excitation at L
295 nm with emission at 319 nm monitors changes in the envi- 14

ronment of the single Trp side-chain residue in the course of un- L
folding, whereas 278 nm excites the Trp along with nine Tyr residues E E E g i i i
and emission monitored at 319 nm arises both from excitation of

Trp and from energy transfer from Tyr residues to the single Trp L o
residue. Thus, the second excitation protocol links Tyr probes dis- 0 10 - 20 30 40
tributed throughout the protein as part of the denaturation detected
by Trp fluorescence emission. The fluorescence-detected denatur-
atlc_m _data_we'_'e analyzed assummg_ tWO'Stan_a behavior, and. tnﬁg. 2. Themvalues for RNase T1 and RTCAM as a function of temper-
solid lines in Figure 1 represent the fits to the linear extrapolationgure. Them values were derived from application of the LEM to the
method. This procedure gives and AGRp as fitting parameters, urea-induced denaturation data presented in Figure 1 and at other temper-

wherem= dAG/d[D] andAGy.p is the denaturation Gibbs energy atures. RTCAM denaturation curves at 10 andQ5vere artificially sta-
ilized with 0.5 M MgCh. However, the RTCAM data at 10 and 45 are

change at the limit of zero denaturant concentration. We find tha ; ; :
. L L shown as points of reference and were not used in calculating the average

them values derived from monitoring excitation at the two wave- m yajye for RTCAM. Them values for RNase Tifilled symbolg and

lengths are in agreement with values published previously with  RTCAM (open symbols are the result of monitoring the denaturation

the Q25 forms of RNase T1 and RTCAWNPace et al., 1998As curves at an emission wavelength of 319 nm with excitation at 278 nm

shown in Figure 2, then values determined for denaturation of (circles and 295 nm(diamonds.

RTCAM are considerably larger than those for RNase T1. The

averagem value for RTCAM(1.95+ 0.10 kcafmol M~1) is 1.5

times the average evaluated for RNase Tl.24+ 0.05 kca)mol
ML) paremandACp, both parameters must be obtained using the same

Through the parameterization methods of otha@p has been ~ Solvent-denaturing conditions. Becauserepresents a change in
found to correlate well withAASA exposed upon denaturation Gibbs free energy with respect to solvéntea concentration, we
(Murphy & Freire, 1992; Spolar et al., 1992t is important to determined\Cpfrom solvent-induced denaturati¢iolding exper-
note that the denatured state could vary, depending on whethénents. To obtained\Cp, we determined Gibbs energy values

solvent- or temperature-induced denaturation is used. Thus, to cortAGr-p) from the linear extrapolation methdEM) at different
temperatures and used a modified form of the Gibbs—Helmholtz

equation given below to fit the dat&reene & Pace, 1974

-
N
T

Temperature, C

10 10 AGRp(T) = AHW(1 — T/Tw) = ACP[(To, = T) + T In (T/Tw)],
L 1 oY)
08 -10.8 . . .
In Equation 1,T,, is a reference temperature corresponding to the

midpoint of denaturatiomAH,, is the enthalpy change for unfold-

ing measured &k, ACpis the difference in heat capacity between
the denatured and the native states, 464 is the Gibbs energy
change in the limit of zero denaturant concentrati@reene &
Pace, 1971

i —02 In contrast with RNase T1, which is a stable protein, RTCAM is
thermodynamically unstable at room temperature. Hence, RNase
. L L T1 unfolding was studied using urea denaturation, while RTCAM

1 2 4 6 8 was studied using urea denaturation at low temperatures where the
TMAO, M Urea, M protein is more thermodynamically stable, and using osmolyte-
induced folding over the full temperature range. Figure 3 shows

Fig. 1. Urea-induced equilibrium denaturations of RNase T1 and RTCAM . .
as a function of temperature. Curves shown from left to right are RTCAME&Xamples of TMAO-induced folding curves for RTCAM measured
at 5 and OC, and RNase T1 at 23, 19, and @& All transitions were  at different temperatures using intrinsic fluorescence to monitor

monitored by intrinsic fluorescence at 319 emission with excitation atdenaturation. Again, the fluorescence was monitored upon excita-
278 nm(open squargsand 295 nm(x) in 30 MM MOPS, pH 7.0, 0.1 M tjon at 278 and 295 nm, and these two excitation protocols were

NaCl, 2mM EDTA. The solid lines represent the results of nonlinear Ieast—found to give identicam andAG, p values(Table 1. At 5°C we

squares best fits of the data using the linear extrapolation meEéq. ; ) :
values for RTCAM denaturation were scaled relative to the upper limit ofMéasured both urea-induced denaturation and TMAO-induced fold-

fluorescence measured in the presence of TMAO. ing for validation of the osmolyte-induced folding method to get
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Fig. 3. Reversible TMAO-induced folding of RTCAM monitored at

319 nm emission with excitation at 278 m) and 295 nn{X) at different Temperature. C°

temperatures. Transitions from left to right are at 5, 8, 12, 16, 20, 25, 30, P '

and 35. The solid curves represent the results of nonlinear Ieast-square‘s_;ig. 4. Gibbs energy change@Gg.o) of RNase T1(dashed curveand

best fits of the data using the LEKSantoro & Bolen, 1988 RTCAM (solid curve are presented as a function of temperature at pH 7.0,
30 mM MOPS, 0.1 M NacCl, taking into account tAd¢d ionization of the
buffer to give pH 7.0. The data points are from TMAO-induced folding
experimentsoO, excitation at 278 nmj, excitation at 295 nnt;J, sarcosine-
induced folding; urea-induced unfolding<), excitation at 278 nmy,

AGR.p.- AGR.p values derived from both urea-unfolding and TMAO- excitation at 295 nm. The solid and slashed curves represent the nonlinear
folding experiments are identic&Table 1 indicating that\Gg.p is least-squares best fit of the data to the Gibbs—Helmholtz equation.
independent of whether unfolding or folding experiments are used.
To establish thaaGR_p values determined for RTCAM are a prop-
erty of the protein and independent of the solvent we obtained
AGR.p using three different osmolytes—TMAQO, sarcosine, andAGy,p values derived from the analyses are presented in Figure 4
sucrose—at two temperatures,”2hd 25°C. Table 1 shows that together with the result of the fitting ®Gy.p vs. T. AGR.p values
AGR.p values determined using three osmolytes at fixed temperaef urea-induced denaturation for RNase T1 covers a temperature
ture are essentially indistinguishable from one another. range from 11 up to 48, and a least-squares fit of theGR p

The data for RTCAM obtained from all sets of experiments onys. T data yieldsACp for RNase T1 that is identical taCp for
TMAO-, sarcosine-, and sucrose-induced folding and urea-induce®TCAM (Table 2.
unfolding in the range from 0—-3% were analyzed according to

the two-state mechanism of protein foldjftignaturation and the AH(T) = AH(T,) + (T — T,)ACp. @

The AH for denaturation can be calculatéiquation 2 assum-
ing that denaturation heat capaciyCp does not depend upon

Table 1. Free energy change for RTCAM determined from temperature over the temperature range of interest. Using thermo-
urea-induced denaturation and TMAO-, sarcosine-, dynamic parameters listed in Table 2, we evaluated the functional
and sucrose-induced folding experiments dependencies afH vs. temperature for both proteins. As shown in
T Figures 5A and 5B, thaH vs. temperature plots are similar for
(°C) Solute AG° (278 nm AG° (295 nm
o° Urea 1.31+ 0.08 1.32+ 0.09
2° 1.20+ 0. 1.61+ 0. . .
5 Siz 0 8(5): 883 0 $9+ 8 8? Table 2. Thermodynamic parameters for denaturation of RNase
50 TMAO 0.92 + 0.04 0.86+ 0.03 T1 and RTCAM obtained by fl_ttlng afG vs. T according
8° TMAO 0.55+ 0.03 0.54+ 0.03 to the Gibbs—Helmholtz equatlén
1z TMAO 0.059 + 0.012 0.039+ 0.01 AC T AH AH
16 TMAO —0.49+ 0.02 0.51+ 0.02 P oM mo )
o0 TMAO 118+ 006 122+ 005 (kcal mol™* K™1) (°C) (kcal mol™?) (kcal mol™t)
25 TMAO —2.20+0.15 2.24+0.13 RTCAM 1.59+ 0.10 12.4+ 0.2 39.9+ 0.5 1156+ 1.0
ol TMAO ~319+032 73382031 pNaseTi  156:0.15 540+ 05 1027+ 1.0 112.4+ 10
35 TMAO —4.32+ 0.48 —4.56+ 0.40 ' ' D T D
20 Sarcosine —1.29+ 0.04 —1.23+ 0.05
25 Sarcosine —2.14+ 0.09 —2.14+ 0.10 *AHer) represents the denaturation enthalpy change calculated from
200 Sucrose ~1.31+ 0.05 ~1.28+ 0.04 solvent-induced transitions of RNase T1 and RTCAM usingA@p pro-
25 Sucrose —226+ 0.15 —230+ 0.12 vided. ACp's, the denaturation enthalpy changed,,, and corresponding

Tms (melting temperaturgsare obtained as parameters from fitting the
RNase T1 and RTCAM data in Figure 4 to the Gibbs—Helmholtz equation.
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1998h. The fact that these two proteins differ in their Stokes radii
100 04 shows that disulfide bonds limit the conformations accessible to the
- 7 denatured ensemble of RNase T1. To evaluate the effect of disul-
l 80 § fide bonds on the entropy change of denaturati®®), we calcu-

- 03 = lated AS as a function of temperature using Equation 3 and
E 60 3'* parameters listed in Table 2. The results are given in Figure 5B.
s 02 &
§ 40 S AS(T) = AH(Ty)/Tm + ACPIN(T/Ty). 3)
< .

20 0.1 = The entropy change on denaturation for RNase T1 is significantly
less than the entropy change accompanying denaturation of RTCAM.

- The difference evaluated between the tlbS values(TAAS =
5 8 TAS,,.cc »— TASkrcam) is 11.7 kcafmol at 25°C and becomes
E Al more significant at higher temperatures.
§ Because the denaturatiaxH values for the two proteins are
w O0r very similar, the large Gibbs energy stability differences between
b N I RNase T1 and RTCAM are entropic and largely originate from the
;— Ar gain in conformational entropy that occurs on the release of the
3 8 disulfide restraints in denatured RTCAM. The magnituderats
« S~ ~a expected from releasing disulfide restraints for several proteins has
3 121 B Tt~ a__ - been estimated by several research groups using Equatieees

—— | " L L references in Pace et al., 1988
0 20 40 60
AS= —a— (3/2)RInn. (4)

Temperature, C°

Fig. 5. A: Temperature dependence of thi (solid line9 andAS(dashed ~ Here,nrepresents the number of residues in the loop formed by the
lines) of denaturation of RNase T(thin lines and RTCAM (bold lines. disulfide bond, ané is a constant determined by whatever spher-
B: Temperature dependencies fokG (—) (whereAAG = AGrnase 1~ jcal volume element is assumed to be sufficient to get the two ends
AGgream), AAH (---) (WhereAAH = AHgyase 11— AHRrcan), andTAAS ¢ 5 chain together in forming a disulfide bonded loop. The values
(——- (WhereTAAS = TASknase T2~ TASkrcawm-
of the constané that these groups have used to calculate the loop
entropy effect range from 2.1 to 7.9, giving a corresponding range
of conformational entropyTAAS) contributions toAAG at 25°C
. . . of —7.3 to —10.7 kcafmol (Pace et al., 19881t can be seen in
both proteins withAH for RNilse T1 being 3.2 kcaol lower Figure 3 that the experimentally determiné25°C) TAAS is
than theAH for RTCAM at 60°C (see Table P —11.7 kcaymol, a quantity that includes both the conformational
The data demonstrate that the denaturatibhandACpvalues o nqny a5 well as any other entropic contributions that occur as
are very close for RNase T1 and RTCAM, despite the dlfference%art of the experimental measurement. These results show that the
between the proteins with respect to disulfide bonds. We evaluateg)op entropy effect is the major contributor to the entropy and
the dimensions of the denatured ensembles for both proteins béibbs energy differences in the denaturations of RNase T1 and
size exclusion chromatograpliffig. 6), and as one might expect, RTCAM.
RTCAM has a significantly more expanded denatured ensemble
than does RNase T1, with a Stokes radius of 27.1 A for RTCAM
and 22.0 A for RNase T(calculated from Fig. 1; Baskakov & Bolen, Discussion

There is ample evidence that the two experimental parameters,
ACp and m, are proportional to surface area newly exposed on
protein denaturation. For a group of 45 proteins for which data
exist, Myers et al. found tha&tCpis much more strongly correlated
0.03 - with AASA(correlation coefficient= 0.99 thanmvs. AASA(cor-
- A relation coefficient= 0.90), although it is clear from the data that
i both parameters track withASA a quantity calculated from the
\ structure of the native protein and an extended model of the de-
\ natured statéMyers et al., 1995 On comparing the urea dena-
0.01 - - turation of disulfide intact and disulfide free forms of the protein
[ RNase T1, itis surprising to find that tleCp's for denaturation of
0.00 | / \\r“— bqth proteins arg ide_ntical, while tha values for urea denatur-
: 80 85 90 95 100 ation of the proteins differ from one another by 50%! If we assume
' ’ ’ ’ ’ that releasing the disulfide restraints should result in increasing the
Elution Volume, ml surface area exposed on denaturation of RTCAM over that of the

Fig. 6. Size-exclusion chromatography of RNase 1) and RTCAM disulfide intact denatured state, the increasemiivalue can be

(——-) in the presencef® M urea, 0.1 M NaCl at pH 7.0, 30 mM MOPs, readily understood, but the lack of changeAGp makes little
25°C. sense. On the other hand, if the disulfide intact denatured state is
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highly solvent exposed, and the disulfide-free denatured state coradditional strength to the interpretation that the degrees of solvent

tributes little to increasing the surface area, it is easy to understanexposure are quite similar in the denatured states of RNase T1 and

how bothACp's would be identical but difficult to rationalize why RTCAM. [Using the experimentaiCp andAH values determined

themvalue is increased so significantlyrif is only a measure of here, the parameterized equations of Murphy and Freire and Spolar

surface area change on denaturation. These results provide an imt al. can be used to calculate the polar and apolar surface areas

portant paradox to the current view of the interrelationships ofexposed on denaturation of RNase T1 and RTCAWurphy &

ACp, m, and AASA a paradox that presents the opportunity to Freire, 1992; Spolar et al., 1992; Hilser et al., 199Based on

more clearly define the relationships of these experimental paranthese calculations, it is found that within2%, the same amount

eters to molecular properties. and character of surface area are exposed in denaturation of RNase
To understand the root causes of the paradox, it is important td1 as are exposed in denaturation of RTCAM.

consider that then value can reflect molecular properties addi-  In contrast to the denaturation model for RNase T1 and RTCAM

tional to the change in surface area on denaturation. DeKoster argliggested by the thermodynamics, the large differencesval-

Robertson have pointed out that, depending on solution conditionsjes for denaturation of RNase T1 and RTCAM suggest that the

m values for the same protein can vary by a factor 0p2Koster  degree of solvation of denatured RTCAM is significantly greater

& Robertson, 199¥ In addition, Soulage§1998 and Carra and than that of denatured RNase T1. Thus, the root of the paradox

Privalov (1996 have discussed how the presence of intermediateappears to hinge on the degree to which the disulfide bonds de-

states will lower than value of solvent-induced denaturation. The crease surface area exposure. Myers et al. have postulated that the

implication is that the smallem value observed for RNase T1 disulfide bondsin RNase T1 decrease the comparative surface area

denaturation relative to that of RTCAM denaturation may reflectexposed in the extended protein by 1,248(Rlyers et al., 1995

the occurrence of equilibrium intermediates in RNase T1 solventUsing this surface area decrease along with the correlatiohSpf

induced denaturation. A number of reports, however, present andm with AASA we can attempt to determine which measured

strong case that solvent-induced denaturation of RNase T-1 exhilparameterACp or m, is the one responsible for the paradox.

its two-state denaturatiofThomson et al., 1989; Kiefhaber et al.,

1990; Plaza del Pino, 1992; Yu et al., 199% addition, Miicke _

and Schmid have devised a novel kinetic test demonstrating that ACp 119(+110 +0.2(x0.0079 (AASA. ®

RTCAM solvent-induced denaturation is two state in character . . )

(Mucke & Schmid, 1994 Because the experimental data accu- The equation obtained by M}_/ers_et a_I. fort_he f|tAﬂ§p_t0AASA

mulated so far demonstrate that the two-state model describes tﬁ@m a _databasg_of 45 protelns_ls given in Equation 52W'th a

denaturation transitions of both RNase T1 and RTCAM, it seem&OTelation czoefflment of 0.98. UsingASAvalues of 7,255A% )

highly unlikely that the largé1.5-fold) difference between the and 8,503A _) for RNase T1 and RTCAM from Tables 1 and 2 of

values for RTCAM and RNase T1 originates from the presence ofyers et al. gives calculaterCps of 1.33+0.12) and 1._5&10.12)

an intermediate in RNase T1 denaturation and yet not be detectca/mol deg for RNase T1 and RTCAM, respectiveljlyers

able. Neither can the differences iimvalue be attributed to dif- al., 1993. Comparison of our experimentally determin&@p's

ferent surface areas exposed in the native states of RNase T1 aW(SIh the calculated\Cp's give 1.56(£0.19 and 1.33+0.12) for
RTCAM. RNase T1 and 1.59-0.10 and 1.58+0.12 kcal/moldeg for

We have previously shown that the “native” folded form of RTCAM. It is clear that our experimental values agree, within

RTCAM has the same fluorescence emission, far UV-CD, and neaf' o ‘,N'th th? strong correlation &fCp with AASA Thus, while
UV-CD spectral signatures as RNase T1, and it is observed to ha\}gere is nothing unusua_l about th? mea_sured values(_iqn‘ for
20% of the activity of RNase T1, despite accommodating fourRNaS'f:' T1 and R_TCAM In comparison with the e_stabllshed rela-
carboxyamido groupsBaskakov & Bolen, 1998a These results tionship of ACp with AASA there is a problem with agreement
strongly indicate that the native states of RNase T1 and RTCAI\/PGHWeen the observem value for RTCAM and the relationship
are very similar in terms of their structures. betweenm andAASA . . . . .

The similar structural characteristics of native RNase T1 and Mye_zrs et al.(1993 cite Equatlor_l 6 as the rela_ltlonshlp o_btalned
RTCAM provide a view of their urea-induced denaturations that jsiTom fitting m to AASAvalues derived from their 45 protein data
quite consistent with their observed thermodynamic quantitiels, base, a fitting giving a correlation coefﬁment _Of 0.90. Applylng
ACp, AG, andAS The fact that there is relatively little difference the AASAvalues given above to Equation 6 gives the respective
between the denaturation enthalpy changes for RNase T1 an@lculateﬁdl anfjlobservedvalues of 1.1& 0'1_4 and 1.24 0.05
RTCAM (Table 2; Fig. 3 over a broad range of temperatures kcal mol =M urealfoerase T1 along with 1.36 0.14 and
indicates that the intramolecular interactions that are disrupted ofll'%ir 0.10 keal mof*M™* urea for RTCAM. The da_ta show that
denaturation of either RNase T1 and RTCAM are very similar incalculated and qbs_erverd values for urea denaturation of RNase
the two proteins. That is, the nearly identical denaturatidth T1 agree well within error, bgt the observetvalue for RTCAM
changes for the two proteins strongly suggest that RNase T1 an@''s far sh.ort of agreement with calculated from then VS'A,AS,A
RTCAM break the same number and kinds of intramolecular in_relatlonshlp of Myers et al. The observed for RT_CAM IS In
teractions and then make the same number and kinds of inteEXC€SS of the calculated value B2.5 standard deviation units, a
actions between the denatured protein fabric and solvent. 'geviation so extreme that some consider it justifiable to cast out

consequence of the denaturatidfl values being essentially the such a data poihnt f,o,r SthatiSﬁTal refasc(ﬁ'aylor, 1982. It is imr-1
same for both proteins is that the degree of solvent exposure i_EO”am to note that itis thevalue of RTCAM, not RNase T1, that

MJS the outlier, and that RTCAM'sn value is much higher than the

virtually identical for the denatured states of RNase T1 and RTCAM. ) -
fitted line relatingm to AASA

BecauseACp is known to be very strongly correlated with the
change in surface area exposed on denaturation, the fact that the
denaturatioACps for RNase T1 and RTCAM are identical gives m = 368(+132 + 0.11(+0.01) (AASA. (6)
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The paradox whereby theCp's for denaturation of RNase T1 Gelfiltration chromatography was carried out using a Phenom-
and RTCAM are identical, while theim values differ from one enex Biosep SEC-S3000 HPLC column 3Q07.80 mm, equili-
another by 50%, follows from the common assumption that both brated in buffef30 mM MOPS 8 M urea, 0.1 M NaCl, 2 mM
and ACp reflect the newly exposed surface area on denaturationEDTA, pH 7.0 at 25°C. Prior to their injection, RNase T1 and
The paradox brings into focus the question of whett@p and/or RTCAM samples were preincubated in the same buffer for 12 h
mare directly proportional to surface area and do not deviate fronat 25°C.
that proportionality. The results show th&H of denaturation for
both proteins are essentially identical, and that disulfide bond cor-
rectedACp's calculated from surface areas exposed on denatur\Cknowledgments
ation and the experimentally measure@ps are, within error, e are indebted to Dr. N. Pace for providing ribonuclease T1. This work
identical for the two proteins. These data provide strong evidenceas supported by U.S. Public Health Research Grant GM49760.
thatACp s directly proportional to newly exposed denatured pro-
tein surface area and that disulfide bond restraints can be appro-
priately accounted for. The same conclusion cannot be drawn foreferences
themvalue effects exhibited by RNase T1 and _RTCAM' Although Baskakov |, Bolen DW. 1998a. Forcing thermodynamically unfolded proteins to
themyvalue for RNase T1 calculated on the basis of newly exposed fold. J Biol Chem 27%831—4834.
denaturation surface area agrees with our experimemtallues, Baskakov |, Bolen DW. 1998b. Monitoring the sizes of denatured ensembles of

; ; ; 0, staphylococcal nuclease proteins: Implications regardingalues, inter-
the experimentally determinedvalue for RTCAM is 50% greater mediates, and thermodynamiiochemistry 371801018017,

thanm calculated on the basis _Of _Surface area is Simply tOQ Iarg%askakov 1, Bolen DW. 1998c. TMAO counteracts urea effects on rabbit muscle
to account for. These results indicate tmatvalues can deviate LDH function: A test of the counteraction hypothesiophys J 742666—
significantly from direct proportionality with surface area and that 2673

rra JH, Privalov PL. 1996. Thermodynamics of denaturation of staphylococ-
m-value-based assessments of denatured surface areas of Clos(élaycal nuclease mutants: An intermediate state in protein foldfAGEB J

related proteins can lead to incorrect conclusions. A more direct 10:67-74.
demonstration om-values not being proportional to surface area DeKoster GT, Robertson AD. 1997. Calorimetrically-derived parameters for

was recently shown using staphvlococcal nucle®i) and the protein interactions vyith urea and guanidine-HCI are not consistent with
y 9 phy oY) denaturanm values.Biophys Chem 659-68.

m+ SN mUtant_prOtein A69TBaskakov & BOlen'_ 1_998)bThem Greene RF, Pace CN. 1974. Urea and guanidine hydrochloride denaturation of
value for A69T is larger than that for wt SN, but it is observed that  ribonuclease, lysozyme;-chymotrypsin, ang-lactoglobulin.J Biol Chem
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