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RIBONUCLEASE TI (RNase TI) has 
proven to be an excellent model for inves- 
tigating the conformational stability of 
globular proteins. (See also TIBS 14, 450- 
454, for a recent review on barnase, a close 
relative of RNase T1.) The three- 
dimensional structure of RNase Tl has 
been determined at high resolution ~ and 
shows that the 104 amino acid residues 
fold to a compact globular conformation in 
which the hydrophobic core is sandwiched 
between a 4.5-turn a-helix, and an 
extended antiparalle113-sheet (Fig. 1). The 
folded conformation is stabilized in part by 
two disulfide bonds, by 87 intramolecular 
hydrogen bonds, and by hydrophobic 
interactions in which 85% of the nonpolar 
residues are removed from contact with 
water. Thus, RNase T1 provides a good 
model for studies of the folded confor- 
mation. When the disulfide bonds are 
broken, RNase Tl is unfolded under 
physiological conditions, also providing a 
good model for studies of the unfolded 
conformations 2. Recent studies of staphy- 
lococcal nuclease suggest that the 
unfolded conformations of a protein make 
more important contributions to the net 
conformational stability than previously 
thought 3. Here we summarize our studies 
of the conformational stability of RNase T~. 
They show that the conformational stab- 
ility of this small globular protein can be 
varied experimentally over a range of 
almost 20 kcal mol - ] (84 kJ mol- ~ ). 

The conformational stability of globular 
proteins Is romaW.ably low 

We define the conformational stability of 
a globular protein as the difference in free 
energy between the folded and unfolded 
conformations under physiological con- 
ditions, and denote this as AG(H20) (Fig. 
1). Estimates of the conformational stab- 
fifty of RNase T] and several other proteins 
that are under active experimental study at 
present are given in Table 1. The confor- 
mational stability of almost all naturally 
occurring globular proteins is between 5 
and 15 kcal mol -] (21-63 kJ mol-]). It 
appears to be advantageous to living 
organisms to have proteins for which the 
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The conformational stability of ribonuclease T1 has been measured as a 
function of the variables of most interest to biochemists: temperature, pH, 
salt concentration, disulfide-bond content and amino acid sequence. The 
results provide insight into the forces that stabilize globular proteins. 

folded, biologically active conformation is 
only marginally more stable than unfolded, 
inactive conformations. The reasons for 
this are still not clear, but it may have to do 
with the protein's turnover ]s or function ]6. 
Since a protein based on a four-helix bun- 
dle structure has been constructed with a 
conformational stability of 22.5 kcal moi-] 
(94.5 kJ tool-l) 1~, it seems likely that evol- 
ution could have generated more stable 
proteins if they were needed. 

Globular proteins can be unfolded by heating 
orcoollng 

At pH 7, RNase T1 is most stable near 
-5°C and the stability decreases both at 
higher and at lower temperatures (Fig. 2). 
Becktel and Schellman ~6 refer to plots of 
AGvs temperature as protein stability 
curves and have discussed them in detail. 
This interesting temperature dependence 
is described by a form of the Gibbs- 
Helmholtz equation (Eqn 1): 

AG(T) = AHm(1- T/TIn) 
- ACp[(Tm- T) + Tln(T/Tm)] (1) 

where AG(T) is AGat temperature T, Tm is 
the midpoint of the thermal unfolding 
curve, AHm is the enthalpy change for 
unfolding measured at Tin, and ACp is the 
difference in heat capacity between the 
unfolded and folded conformations. The 
temperature of maximum stability (Ts) 
occurs at the temperature where AS = 0, 
and is given by 

Ts = Tm exp ( - AHm/[ TmA Cp ] ). 

T~ is between -10°C and 35°C for the pro- 
teins that have been studied to date. T4 
lysozyme 13 (Ts = 12.5°C, and Tm = -3  and 
28°C), and staph nuclease ~s (Ts = 18°C, and 
Tm = -19 and 57°C) provide interesting 

examples where Ts occurs above 0°C so 
that both low and high temperature unfold- 
ing can be observed directly. 

When a protein unfolds, the buried non- 
polar side chains are brought into contact 
with water. In order to accommodate these 
side chains, they are surrounded by cages 
of water molecules so that the extent of 
hydrogen bonding is increased. The heat 
capacity of the unfolded protein is greater 
than that of the folded protein because now 
these cages must be melted in order to 
raise the temperature of the solution. Thus, 
the same effect that gives rise to hydro- 
phobic interactions also gives rise to the 
larger ACp that dominates the thermody- 
namics of protein folding. (See Baldwin 19, 
and Privalov and Gill 2° for interesting 
discussions.) 

Globular proteins are most stable near their 
Isoelectric points 

At 25°C, RNase T1 is most stable at pH 4.5, 
and this is near the pH where the net 
charge is zero (Fig. 3). At zero net charge, 
RNase Tl will have six positive charges (3 
His, 1 Lys, 1 Arg and 1 ~z-amino) and a total 
of six negative charges from the 13 car- 
boxyl groups. The charges on the surface of 
globular proteins are generally arranged so 
that there are more favorable than 
unfavorable electrostatic interactions 
among the charged groups; thus they 
should contribute favorably to the confor- 
mational stability 2]. When the protein 
unfolds, the charges will be further apart 
and the effective dielectric constant 
increased; consequently, electrostatic 
interactions will be substantially reduced, 
especially at moderate salt concentrations. 
Note that RNase Tl is only about 6 kcal 
mo1-1 (25.2 kJ tool -]) less stable at pH 10 
where the net charge on the molecule is 
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Figure 1 
AG for this reaction under physiological conditions is the conformational stability, i.e. AG(H20). The three-dimensional structure of RNase T1 
was determined in Saenger's laboratory 1 and is reproduced here with permission. 

about -12, and repulsive electrostatic 
interactions among the charges will pre- 
dominate. This suggests that electrostatic 
interactions among the charges on the sur- 
face of a globular protein make only a small 
contribution to the conformational stab- 
ility, probably much smaller than the con- 
tributions from hydrophobic interactions 
and hydrogen bonding. 

Another important contribution to the 
pH dependence of AG(H20) results from 
differences between the pKs of groups in 
the folded and unfolded conformations. 
The 6 kcal mo1-1 (25.2 kJ mo1-1) increase 
in AG(H20) between pH 10 and 5 results in 
part from the presence of groups that bind 
protons more tightly (higher pKs) in the 
folded than in the unfolded conformations, 
and thereby shift the conformational equi- 
librium toward the folded conformation. 
NMR titrations have shown that the pKs of 
the histidine residues in folded RNase T] 
are 7.9 (His92), 7.8 (His40), and 7.2 
(His27) 22, and a pK of about 6.4 would be 
expected for the histidine residues in the 
unfolded conformations. This alone would 
account for a change of over 3 kcal mol- 
(12.6 kJ mol -l) in AG(H20) with pH s. 
Higher pKs are expected when the net 
charge on the molecule is negative, and 
lower pKs are expected when the net 
charge is positive. Thus, the entire 
decrease in AG(H20) at low pH can be 
explained by the presence of three aspartic 
acid residues with pKs of 2.7 in the folded 

and 4.1 in the unfolded conformations. So, 
both pKdifferences and electrostatic inter- 
actions among the charged groups will 
tend to favor the maximum conformational 
stability occurring near the isoelectric pH, 
as is generally observed. 

Proteins are stabilized by compounds that 
bind specifically to the folded conformation 

The conformational stability of RNase T] 
can be almost doubled by adding 0.2 M 
Na2HPO4 (Table i). This remarkable 
increase in AG (H20) also occurs in the 
presence of other salts, and has been 
shown to result primarily from the prefer- 

ential binding to the folded protein of one 
divalent or two monovalent cations at a 
cation binding site and the binding of one 
HPO 2- ion at an anion binding site (the 
active site) 7. The structure of both of these 
sites is now known through X-ray dif- 
fraction studies z. The creation of specific 
cation and anion binding sites on the sur- 
face of a protein through genetic engineer- 
ing might be a generally useful way of 
increasing the conformational stability. An 
obvious advantage of using ion binding for 
stabilization is that it need not interfere 
with the functioning of the active site of an 
enzyme. The use of specific binding to 

Table I, Conformational stability [AG(H20)] of RNase T1 and six other proteins a 

Protein AG(H20) 

(kcal mo1-1) (kJ mo1-1) Ref. 

RNase Tz b 
pH 7.0, 25°C 5.6 23.52 4 
+0.2 M Na2HP04 10.0 42.00 7 
pH 7.0, -6°C 8.3 34.86 6 
pH 4.5, 25°C 8.9 37.38 5 
GIn25-~Lys 6.5 27.30 8 
Glu 5 ~ A l a  4.8 20.16 8 

BPTI c 14.3 60.06 9 
Bamase 9.4 39.48 20 
RNase A 9.0 37.80 5 
Nuclease 6.1 25.62 11 
DHFR 5.9 24.78 12 
T4 Lysozyme 12.8 53.76 13 

a Methods used to measure conformational stability are described in Ref. 14. 
b For wild-type RNase Tt, and for the two mutants, 30 mM MOPS buffer (pH 7~0, 25°C) was used. 
c Abbreviations: BPTI, bovine pancreastrypsin inhibitor; DHFR, dihydrofolate reductase; MOPS, 

3-(N-morpholino) pmpanesulfonic acid. 
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Figure 2 
AG as a function of temperature for the 
unfolding of RNase T~ at pH 7. The data 
points below 30°C are from urea unfold- 
ing curves, and those above 40°C are 
from thermal unfolding curves. The solid 
line was calculated with Eqn 1 using the 
thermodynamic parameters given here; 
Trn = 48.25°C, AHr~ = 95.2 kcal mol -~ 
(399.84 kJ mol-1), z~C~ = 1.72 kcal 
mo1-1 deg -1 (7.22 kJ mo1-1 deg-1). 
Adapted from Ref. 6, 

stabilize a protein is not a new idea. One 
hundred years ago in a remarkable 98 page 
paper, O'Sullivan and Tompson reported'-3: 
' . . .  we have shown that invertase when in 
the presence of cane sugar will stand with- 
out injury a temperature fully 25°C higher 
than in its absence. This is a striking fact, 
and, as far as we can see, there is only one 
explanation of it, namely, the invertase 
enters into combination with the sugar'. 

Disulfide bends stabilize proteins by raising 
the free energy of the unfolded state 

In Table 1, the three proteins that contain 
disulfide bonds unfold when the disulfide 
bonds are broken. When the temperature is 
lowered, however, RNase T] wi l l  refold and 
retains its enzyme activi ty even when the 
SH groups are masked with bulky blocking 
groups (Fig. 4 and Table If). This is surpris- 
ing because one disulfide bond is com- 
pletely buried and only about 12 ~ from the 
active site. It will be interesting to see how 
the carboxymethyl groups are accommo- 
dated in the folded protein without dis- 
rupting the active site. Note that breaking 
the 2 to 10 disulfide bond lowers the 
conformational stability by over 3 kcal 
mo1-1 (12.6 kJ mol-1), and breaking both 
disulfide bonds lowers the stability by from 
7 to 9 kcal moi -1 (29.4-37.8 kJ mol -~) 
depending on the blocking group. Since the 
melting temperature is below 25°C for both 
RCM- and RCAM-RNase Tl, the unfolded 
states existing under physiological con- 
ditions can be compared with the unfolded 
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equation predicts that the conformational 
stability of a protein will be raised by 3, 4 
and 5 kcal mol -~ (12.6, 16.8 and 21 kJ 
moi -1) by adding loops of 15, 45 and 135 
residues, respectively. Thornton 24 has 
shown that 49% of the disulfide bonds in 
globular proteins are separated by less 
than 24 residues and that 15 residues is the 
average separation. However, it has proven 
difficult to stabilize subtilisin BPN' by 
introducing disulfide bonds 25. Seven differ- 
ent disulfide bonds have been tried and 
none significantly enhances the stability to 
irreversible inactivation. In part, this indi- 
cates that it is difficult to add a disulfide 
bond that does not increase the free energy 
of the folded state due to strain or other 
factors. 

Proteins can be stabilized or destabilized by 
changes In amino acid sequence 

The new found ability to construct pro- 
teins to order has generated great interest 
in many areas of biochemistry 26. In the 
protein folding field, these new approaches 

Table II. Activity, melting temperature and ¢onformatlonal stablll~ of RNase T~ and derivatives 
(see Fig. 4) with one or both disulfide bonds broken a 

Protein Activity ° T~ c ~G(H20) ~ A(AG) 

(%) (°C) (kcal tool -1) (kJ mo1-1) (kcal mo1-1) (kJ mol -l) 

RNaseT1 100 59.3 10.2 42.84 - - 
(2-10)-RCM-T1 86 53.3 6.8 28.56 3.4 14.28 
R-T1 53 26.7 3.0 12.60 7.2 30.24 
RCAM-T~ 43 21.2 3.. 5 6.30 8.7 36.54 
RCM-T1 35 3.6.6 O. 9 3.78 9.3 39.06 

a O. 1M sodium formate, pH 5.0, 0.25 M NaCI. 
b RNA hydrolysis at 5°C. 
¢ Midpoint of thermal denaturation cu rye. 
d Conformational stability at 12.5°C. 
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Figure 3 
AG(H20) as a function of pH for the 
unfolding RNase Tl at 25°C. The approxi- 
mate net charge given is based on the 
titration curve. The solid curve was calcu- 
lated assuming that certain groups have 
different pKs in the folded and unfolded 
conformations as described in Ref. 5. 
Reproduced, with permission, from Ref. 
5. 
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states at higher temperatures and in the 
presence of urea and GdnHCI. These stud- 
ies are under way at present, and should 
improve our understanding of the unfolded 
states of proteins in the absence of de- 
naturing conditions. 

Disulfide bonds increase the confor- 
mationai stability mainly by constraining 
the unfolded conformations of the protein 
and thereby decreasing their confor- 
mational entropy. Based on our results and 
other experimental studies in the litera- 
ture, we have proposed a new equation for 
predicting the effect of a crosslink on the 
conformational entropy (ASco,f) of a 
protein: 

AS¢o,f = -2.1 - (3/2)Rlnn (2) 

where n is the number of residues in the 
loop forming the disulfide bond 2. This 

should allow us to gain a better under- 
standing of the forces that stabilize globu- 
lar proteins 27. On the basis of studies of 
barnase mutants created by site-directed 
mutagenesis, for example, Kellis et  al:  ° 
have suggested that the contribution of 
hydrophobic interactions to protein stab- 
ility ' . . .  exceeds by severalfold the values 
obtained from model experiements...' and 
studies with ~. repressor by Lim and 
Sauer 28 have given us a much better under- 
standing of the 'packing rules' for a hydro- 
phobic core. Results with a mutant of 
RNase T] that increases the confor- 
mational stability by about 0.9 kcal moi -] 
(3.78 kJ mol-l), and one that decreases the 
stability by about 0.8 kcal mo1-1 (3.36 kJ 
mol -I) are shown in Table I. Much larger 
changes in the conformational stability are 
possible. In the Gin16 ~ Leu mutant of 
repressor, Tm is increased by 14°C, and a 
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Schematic representation of RNase T~ and the derivatives with one or both disulfide bonds 
broken that are characterized in Table I I. 
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AG(H20) by 2.8 kcal mol-] (11.76 kJ and, despite considerable progress, this is 24 

mol-t) 29. To date, the largest increase in likely to remain the case for some time to 
conformational stability resulting from a come. This is surely an exciting time to be 25 
single change in amino acid sequence is studying proteins, and especially the reac- 96 
the Asn57 ~ lie mutant of yeast iso-1- tion that is the 'secret of life', protein 
cytochrome c where T m is increased by folding. 27 

17°C, and AG(H20) by =4.2 kcal mol -] 28 

(17.64 kJ tool-t) 3°. So far, nature and ran- Acknowledgements 
dom mutagenesis have proven much bet- l am grateful to NIH (GM 37039), the 29 

ter at finding stable mutants than Robert A.WelchFoundation(A1060),and 
30 

biochemists working from the three- the TexasAgricultural Experiment Station 
dimensional structures of folded proteins, for financial support. 
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