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ABSTRACT. The side-chain carboxyl of Asp 76 in ribonuclease T1 (RNase T1) is buried, charged, non-
ion-paired, and forms three good intramolecular hydrogen bonds (2.63, 2.69, and 2.89 A) and a 2.66 A
hydrogen bond to a buried, conserved water molecule. When Asp 76 was replaced by Asn, Ser, and Ala,
the conformational stability of the protein decreased by 3.1, 3.2, and 3.7 kcal/mol, respectively. The stability
was measured as a function of pH for wild-type RNase T1 and the D76N mutant and showed that the pH
dependence below pH 3 was almost entirely due to Asp 76. KhefAsp 76 is 0.5 in the native state

and 3.7 in the denatured state. Thus, the hydrogen bonding of the carboxyl group of Asp 76 contributes
more than half of the net stability of RNase T1 at pH 7. In addition, the charged carboxyl of Asp 76
stabilizes structure in the denatured states of RNase T1 that is not present in D76N, D76S, and D76A.

Most charged groups are exposed to solvent on the surfacalifference in Ks of the histidine side chains in the folded
of proteins {, 2); consequently, there is special interest in and unfolded states). The histidines have highelKs in
charged groups that are buried. Rashin and HoBlidéve the folded state than in the unfolded states so increasing H
shown that, on average, there are two buried ionizable groupsconcentration shifts the folding equilibrium toward the folded
per protein and 80% of these are ion paired. We focus herestate and the stability increases. Below pH 5, the stability of
on buried carboxyl groups. Buried carboxyls generally RNase T1 decreases sharphg). This reflects increasing
stabilize proteins by forming hydrogen-bonded ion pairs, and Coulombic repulsion among the positive charges, as well as
several examples have been studied: Asp 194 in chymo-the fact that some of the carboxyl groups have low€s m
trypsin @); Asp 10 and Asp 70 in T4 lysozym&(6); Glu the folded than in the unfolded protei@d—22). The goal
58 in RNase T17%); Asp 102 and Asp 148 in RNase HB)( of this work was to determine the contribution of the buried
Asp 17 in/ repressor9); Asp 83 and 93 in barnasd(, carboxyl of Asp 76 to the pH dependence of the stability of
11); Glu 36 in Arc Repressor@); Asp 83 in xylanasel(3), RNase T1. We show that Asp 76 makes a large contribution
and Asp 121 in ribonuclease Al4). In contrast, buried to the stability of RNase T1, and dominates the pH
carboxyls that form charge-neutral hydrogen bonds leave andependence of the stability below pH 5.
unpaired charge, and these groups have been studied less
(13, 15, 1. Asp 76 in RNase T1 provides an example of a EXPERIMENTAL PROCEDURES
carboxyl that is buried, charged, and not ion paired. .

For most proteins, including RNase T1, a bell-shaped Materials. RNase T1 and the mutants were prepared as

dependence of stability on pH is observed with the maximum Previously described2g).
stability near the isoelectric pHLY). An early explanation MethodsUrea and thermal denaturation curves were deter-
for this was that Coulombic repulsion among groups of like Mined and analyzed as previously describ28, 24. The
charge at high and low pH was greater in the folded than in buffers (30 mM) used were pH 8 (diglycine), pH 7 (Mops),
the unfolded protein leading to decreases in stability at pH PH 6.5-5.5 (Mes), pH 5.0 to 3.4 (formic acid), pH 2.7 to
extremes. Although Coulombic repulsion is a contributing 1.8 (glycine). At pH<1.8, no buffer was used. The pH given
factor, it also promotes differences irKg for ionizable ~ for each experiment was determined by measuring the pH
groups in the folded and unfolded states of the protein which Of samples near the midpoint of the transition region after
contribute to the pH dependence of the stability)( For the experiment with a Radiometer Model 83 pH meter
example, the stability of RNase T1 increases as the pH calibrated with two pH standards.
decreases from 9 to 5, and this is almost entirely due to the

RESULTS
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Table 1: Parameters Characterizing the Urea and Thermal Unfolding of RNase T1 and Three Asp 76 Mutants at pH 7

urea denaturatién thermal denaturaticn
m (urea)z A(AG) AHp Tm A(AG)
Protein (cal/mol M) (M) (kcal/mol) (kcal/mol) (°C) (kcal/mol)
RNase Sa 1140 6.43 96.6 50.8
D76N 1410 3.01 3.1 76.0 37.0 3.1
D76S 1360 2.99 3.3 77.6 37.2 3.1
D76A 1420 2.57 3.7 71.1 35.6 3.8

a2 The urea and thermal denaturation curves were determined in 30 mM Mops, pH 7. The urea denaturation curves were deterrfi®ed at 15
b The values of m and (ureg)are based on analyses of urea denaturation data using eq 1y/4ureA5(H,0)/m. A(AG) = AG(H,0)(wild-type)
— AG(H.0)(mutant). Average values based on three urea denaturation curves are given and the uncertaiti@sarsol M form, £0.03 M
for (urea),, and=£0.2 kcal/mol forA(AG). ¢ The values ofAH, and T, were used with the\C, values from Table 2 in eq 2 to calculate the
stability of the proteins at 15C, AG(15 °C). A(AG) = AG(15 °C) (wild-type) — AG(15 °C)(mutant). Average values for two curves are given and
the uncertainties are¢-7 kcal/mol for AHy, +0.3 °C for Tr,, and+0.3 kcal/mol forA(AG).

anism @5, 26. The ure_af denaturation curves V}’efe deter- Table 2: AC, for the Folding of RNase T1 and the Asp #6 Asn
mined at 15°C to stabilize the mutants and give longer Mutane

pretransition baselines to improve the accuracy of_ the results.” m (urea),  AG(H:0) ACY
The data were analyzed by the linear extrapolation method (°c)  (cal/mol M) (M) (kcal/mol)  (kcal/mol K)
— _ RNase Tt
AG = AG(H,0) — m(urea) @ 25 1170 5.20 6.09 1.52
. 20 1175 5.71 6.72 1.63
wherem is a measure of the dependenceAd®s on urea 15 1140 6.43 7.34 1.62
concentration andhG(H,0) is an estimate of the conforma- 10 1175 6.70 7.87 1.60
tional stability of the protein that assumes that the linear 5 1180 7.04 8.32 1.57
dependence oAG on urea concentration observed in the D76N¢
transition region extend®t0 M urea 27). Note that them 25 1435 1.80 2.58 1.53
- ; 20 1480 2.39 3.53 1.34
values for the mutants are substantially larger than for wild- 15 1410 301 425 143
type RNase T1. The reasons for this will be considered in  1g 1515 3.30 5.00 1.33
the Discussion. As a consequence, &(AG) values were 5 1530 3.63 5.55 1.34
derived by taking the difference between the&5(H;0) aThe urea denaturation curves were determined at the temperature

values, rather than by the more common procedure of takingshown in 30 mM MOPS, pH 7. The values of m, (UrgadndAG(H,0)
the difference between the (urgayalues and multiplying ~ were based on an analysis of these curves using eq 1. {grea)

; ; ; ; ; AG(H20)/m. The error is estimated to k40 cal/mol M form, +0.03
by the averagan value which in this case yields higher M for (urea),, and=+0.3 kcal/mol forAG(H,0). ® The values oAC,
A(AG) values 24).

. were calculated using th&G(H;0) values in this table, thAH,, and
The thermal denaturation of RNase T1 and all mutants Tm values in Table 1, and eq 2§). ¢ The average\C, for RNase T1

studied to date is reversible and closely approaches a two-is 1.594 0.04. The averagaAC, for D76N is 1.39+ 0.09.
state mechanisnb, 2. This is also true for the mutants
studied here. For example, differential scanning calorimetry
was used to study the thermal denaturation of the mutants
and the ratio of the van’t Hoff to calorimetric enthalpies was
near unity for all the mutants (data not shown).

Larger A(AG) values than those given in Table 1 are
obtained at higher temperatures. For example, &Gthe
A(AG) values are 3.6 kcal/mol for D76N, 3.6 kcal/mol for
D76S, and 4.0 kcal/mol for D76A. However, good agree-
ment with the results from urea denaturation is obtained when
A(AG) values are estimated at 16 (Table 1). To calculate  pScUSSION
the A(AG) values at 15C required the use of the Gibbs

greement withAC, values determined using differential
'scanning calorimetry209).

pH Dependence of the Stability of RNase T1 and D76N.
Urea denaturation curves were determined &C18t pH
values ranging 0:68.0 for RNase T1 and D76N. Figure 1A
shows the pH dependence AfG(H0). It is clear that
removing Asp 76 has a dramatic effect on the stability and
its pH dependence.

Helmholtz equation: RNase T1 Denatured Statéhe results in Table 1 show
that them values for the mutants are20% higher than the
AG(T) = AH,(1 = T/T,) — ACp[(Tm -N+ m value for RNase T1. This might reflect the presence of a
TIn(TT,)] (2) higher concentration of an intermediate present at equilibrium

for the wild-type proteinZ7). This is unlikely since there is

and this required a value for the heat capacity change for considerable evidence that the folding of RNase T1 closely
folding, AC,. For our studies of the pH dependence of approaches a two-state mechanis,(30. More likely, it
folding, the most important mutant was D76N. Consequently, reflects the fact that the mutants unfold to a greater extent
we determinedAC, for RNase T1 and the D76N mutant than the wild-type protein, an explanation promoted by
using the procedure of Pace and Laure8®).(The results Shortle for them™ mutants of staph nucleasglj. If so, it

are summarized in Table 2. TieC, value for RNase T1lis  suggests that Asp 76 stabilizes a pocket of structure in the
in good agreement with the value determined previousGy denatured state that is less stable in the mutants. We have
= 1.65=+ 0.20 @8), and slightly greater thaAC, for the previously shown that RNase T1 does not unfold as
D76N mutant. This method has been shown to give good completely as barnas8Z?), and there is evidence that barnase
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Ficure 1: (A) AG(H,0) at 15°C vs pH for RNase T1 (circles)
and D76N (squares). The solid lines were obtained by fitting the
data between pH 0.6 and 5 to eq 4. The fitted parameters obtained
for D76N were Ky = 2.8 + 0.4, Kip = 3.5+ 0.4, AG(H0)-

([H*] = ) = 5.1+ 0.1 kcal/mol. If these parameters for D76N
are fixed for the analysis of RNase T1, then the fitted parameters
obtained are gy = 0.4+ 0.1 and Kip = 3.7+ 0.2. (B)A(AG)

at 15°C vs pH. The solid line was obtained by fitting the data
between pH 0.6 and 5 to eq 5. The fitted parameters obtained were

pKin = 0.5+ 0.2, Kip = 3.7+ 0.2, andA(AG)([H* = =) = 0.0 _ _ _ _
+0.2. FIGURE 2: (A) Ribbon diagram of RNase T1 showing the side

chains of Asp 76 and Arg 77. The charge on the side chain of Arg

) 77 is the closest positive charge to the negative charge on the side
does not unfold completelyL(). Thus, urea-denatured RNase chain of Asp 76, and the distance is at least 6.4 A so they are not

T1 has some structure that is destabilized in the mutants. Ifion paired. (B) A view of the side chain of Asp 76 with the same
the charge on Asp 76 is required to stabilize the structure in orientation as in panel A to show the three intramolecular hydrogen
the denatured state, as the difference betweemthielues ~ bonds (2.63 A to Thr 91; 2.69 A to Tyr 11; and 2.89 A to Asn 9)

i i1 and the hydrogen bond to water 111 (2.63 A). The figure was
for D76N and RNase T1 suggests, then the difference will created with MOLSCRIPTH4) based on the 1.5 A crystal structure

disappear, at_low pH below the<mf Asp 76 in the unfolded (40). The HBPLUS program was used to calculate the hydrogen
state. This is what we observe. The values become  pongd distancesA().

identical below pH 4 showing that the negative charge on
Asp 76 is required to stabilize the structure in the unfolded in a urea- or GdnHCI-denatured WW domain is not present

state (data not shown). This may also explain Ay, is in the thermally denatured state36). Thus, our understand-
lower for D76N than RNase T1. Exposing nonpolar surface ing of the denatured states of proteins is slowly improving,
increasesAC,, but exposing polar surface decreages, but few general principles have emerg&d)(

(33). Thus, our observation thatC, is lower for D76N Contribution of Asp 76 to RNase T1 Stabilis shown

suggests that more polar surface is exposed to solvent whenn Figure 2, the side chain of Asp 76 is 99% buriégl énd
Asn replaces Asp. What sort of structure could be stabilized forms hydrogen bonds with a water molecule (2.63 A) that
by the charged carboxyl of Asp 76?7 One guess is that theis conserved in the microbial ribonuclease famiB8( 39
side chains of Asp 76 and Arg 77 form a salt bridge in the and three intramolecular hydrogen bonds: Asp 76 OD1 to
denatured state when the carboxyl bears a negative chargeQG1 Thr 91 (2.63 A), Asp 76 OD2 to OH Tyr 11 (2.69 A),
but not otherwise. This would also account for the loy p  and Asp 76 OD2 to ND2 Asn 9 (2.89 A) based on the 1.5
that we observe for Asp 76 in the denatured state, asA crystal structure40), and the HBPLUS progrand{). The
discussed below. Two turns that are populated in the distance to the two nearest positive charges is 6.4 A to Arg
denatured states of staph nuclease contain -Asp-Lys- and77 and 8.5 A to His 92, and the distance to the N of Ser 13
-Asp-Gly-Lys- sequences, so structured regions are notat the N-terminus of the-helix is 12.9 A. When the carboxyl
always hydrophobic34). A seven residue sequence that is group is removed completely (D76A), the stability decreases
partially structured in a denatured SH3 domain is destabilized by 3.7 kcal/mol. When Ala replaces Asp, a 27 davity

by GdnHCI @5), but a hydrophobic cluster that is present might be created4Q). The cost of cavity formation is 22
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cal/A3 (43), so this could amount to 0.6 kcal/mol favoring
wild-type RNase T1. On the other hand, the difference in

Giletto and Pace

measurements to pH 0.6, and it is clear that a group with a
pKin below 2.7 is needed to account for the observed pH

conformational entropy between the side chains would favor dependence. We fit the pH data between pH 0.6 and 5 for

the mutant by about 0.8 kcal/mal4). Thus, it is clear that
the loss in stability must reflect more than just the creation
of a cavity or a difference in side-chain conformational

entropy. The hydrogen bonding and van der Waals interac-

tions of this charged carboxyl group in the folded protein

D76N to eq 4 and founday = 2.8+ 0.4, Kip = 3.5+

0.4, andAG(H,O)([H'] = ») = 5.1+ 0.1 kcal/mol (Figure
1A). (Most likely, these Es do not correspond to a single
group, but are average values for more than one group.)
Assuming that the contribution is the same in RNase T1,

must be much more favorable than the same interactions withwe find that another group withigy = 0.4+ 0.1 and [Kip

water and/or protein in the unfolded protein. Potentially, the
D76A mutant could have four unsatisfied hydrogen bonds
that would be highly destabilizing relative to the unfolded
state.

For D76S and D76N, the stability decrease is smali&;1
kcal/mol. For D76S, this indicates that théDH group has
a more favorable interaction in the folded than in the
unfolded protein. Modeling shows that Ser 76 could form a
~2.8 A hydrogen bond with the-OH of Tyr 11, and our

= 3.7 £ 0.3 is required to fit the data (Figure 1A).

Several groups have used analyses of plotA@G) vs
pH to obtain an estimate of theKpy and [Kip values for
the ionizable group that differs between the wild-type and
mutant proteinsi4, 20, 21, 4547). The data in Figure 1A
were used to generate such a plot for RNase Tland D76N
(Figure 1B). It is obvious that a difference iKKfor a single
ionizable group cannot describe the data over the pH range
studied. As the pH decreases from 7 to 4, the net charge on

results suggest that it does. D76N is more complicated. TheRNase T1 increases from8 to 0, and below 4 it will then

Asn side chain is~10 A3 larger than an Asp side chain, so
some steric strain is possibléd). The carbonyl O of Asn

increase from 0 tot7. Thus, Asp76 will experience an
increasingly favorable Coulombic interaction with the rest

will still be able to hydrogen bond, but now they will be of the charges in RNase T1 as the pH decreases below 7,
neutral rather than charge-neutral hydrogen bonds. Since theyut this will not occur in D76N. This factor would cause
—NH; group of the Asn can only serve as a hydrogen bond the A(AG) value to increase as the pH decreases, and is
donor, the hydrogen bonds by one of the oxygens of Asp probably why the stability increases as the pH decreases from
will be lost. Despite the fact that there is no adjacent positive 8 to 5. (This assumes that the contribution of His ionization
charge, the site was obviously designed for a carboxyl groupwill be the same in RNase T1 and D76N.) However, as the

and the protein is much less stable when an amide group iSpH decreases below 5, th& glifference for Asp 76 in the

substituted.
pH Dependence of RNase T1 Stabilithe pH dependence

native and denatured states will dominate and caA\(265)
to decrease. If we fit the data below pH 5 to this equation

of the stability is shown in Figure 1. These data can be used(14),

to estimate the number of protong,bound or released on
unfolding using
A[AG(H,0)J/A(pH) = 2.30RTn 3)

In the pH range 69, RNase T1 and D76N release about
the same number of protons on unfoldingl), and this
results because the His residues have higKerip the folded
than in the unfolded proteirr). In the pH range below 5,
RNase T1 and D76N bind protons on unfolding, but RNase
T1 binds~1 more proton than D76N. This is clear from
Figure 1A where the pH dependence/AB(H,0) is much
greater for RNase T1 than D76N. (We previously estimated
that a maximum of-1.7 protons are bound by RNase T1
on unfolding (L9).) Since the pH dependence of the stability
above pH 5 was considered previousH), (here we focus
our attention on the pH dependence below pH 5.

Tanford (8 showed that the pH dependence of the
stability of a protein can be described by the following
equation:

AG(H,0) = AG(H,0)([H"] = 8) +
RTINS ([ + Kin/[HTVL + Kio/H'T) (4)

where AG(H;0)([H"] ) is AG(H,O) for the fully
protonated proteirK;p andK;y are the dissociation constants
of group i in the denatured and native conformations,

respectively, and [H] is the hydrogen ion activity. Previ-

A(AG) = A(AG)([HT] = ) +
RTIN([L+K W/[H T/ + K p/[HT]) (5)

we find pKin = 0.5+ 0.2, Kip = 3.7+ 0.1, andA(AG)-
([H*] = ) = 0.0 £ 0.2 (Figure 1B). On the basis of these
analyses, we estimate that thi€ pf Asp 76 is 0.5+ 0.1 in
native and 3.7 0.2 in denatured RNase T1.

pKs of Asp Carboxyls in Nate and Denatured Proteins.
In an unstructured peptide in the absence of other charged
groups, a Kinn = 4.1 + 0.1 is expected for the carboxyl
group of an Asp side chain, and a distinctly high&,p=
4.5+ 0.1 is expected for the carboxyl group of a Glu side
chain @8). [Recently, Kuhlman et al.2@) have shown that
these K values are sequence dependent in short peptides.]
Thus, the Kp = 3.7 that we observe for Asp 76 indicates
that some feature of the denatured state of RNase T1 is
lowering the K. A more nonpolar environment would be
expected to raise theKpas would Coulombic interactions
with negative charges. In contrast, Coulombic interactions
with positive charges would be expected to lower tie p
and we think this is the case in denatured RNase T1. The
other possibility is formation of a salt bridge with Arg 77 or
another positive charge, as discussed above. The pH depen-
dence of the stability of barnase suggest&s palues of
3.5 for Asp and 3.7 for Glu10), and similar studies of
chymotrypsin inhibitor 2 suggestep values of 3.6 for

ously, we were able to account for the pH dependence of Asp and 4.0 for GluZ0). The ionic strength dependence of

the stability from pH 5 to 2 without assigning any group a
pKin less than 2.719). In this study, we have extended the

these Kp values suggested that Coulombic interactions were
of primary importanceZ0). (Both of these proteins are basic,



Asp 76 in Ribonuclease T1 Stability

Biochemistry, Vol. 38, No. 40, 19993383

with more than twice as many positive charges per residuetions with the other charged group2(]. It is not clear

as RNase T1.) Computational studies have also suggestedvhat the structure in the denatured state might be or how it
that introducing electrostatic interactions among groups in is stabilized. These are important question that we hope to
denatured proteins is important in accounting for experi- answer.

mental studies of the pH dependence of protein stab#idy (

50). In summary, the low K for Asp 76 in denatured RNase ACKNOWLEDGMENT

T1 probably reflects net favorable Coulombic interactions
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with the positive charges on the protein and we expect gos Hyyghues-Despointes, and Marty Scholtz for helpful

most of the carboxyls in RNase T1 will hav& less than

discussions and Kevin Shaw for preparing Figure 2.

those expected based on the model compound values noted

above.

The Ky = 0.5 that we find for Asp 76 is among the lowest
observed for carboxyl groups in proteins. As noted above,
carboxyl groups in nonpolar environments are expected to
have elevated s and many have been observed. For
example, for carboxyls in nonpolar environments that were
not designed for carboxyl groups, we founid\p= 5.7 for
Asp 44 in N44D RNase T12Q3), and Dao-pin et al.51)
found Ky ~ 6.2 for Asp 133 in L133D T4 lysozyme. [See
Garcia-Moreno et al52) for other examples and a thorough
discussion.] In addition, carboxyl groups near negative
charges will have elevateKg. For example, Walter et al.
(46) found Ky = 5.9 for Glu 28 in RNase T1, which is at
the carboxyl terminus of the-helix with Asp 29 and Glu
31 nearby.

However, most carboxyls in native proteins hav€sp
significantly lower than the Ig, values noted above. For
19 Asp carboxyls, the averag&as 2.7, and for 12 Glu
carboxyls, the averagekpwas 4.0 §3). We will now focus
our attention specifically on the carboxyl groups of Asp side
chains. Gandini et al2j have analyzed Asp residues in 44
high-resolution, nonhomologous protein structures. They find
that 34% of the Asp carboxyls have no intramolecular
interactions, 34% form charge-neutral hydrogen bonds, and
32% form salt bridges (28% with chargeharge hydrogen
bonds and 4% without hydrogen bonds). Several Asp
carboxyls involved in salt bridges have been found to have
very low pKy values: Ky < 2 (Asp 83 in xylanase, the
protein must unfold to protonate this Asd)3); pKn ~ 0.7
(Asp 93 in barnase)1Q); pKn < 0.5 (Asp 10 and 70 in T4
lysozyme) B, 6). Asp carboxyls that form charge-neutral
hydrogen bonds in the absence of a salt bridge can also have
very low pKy values as our results with Asp 76 show.
(Recall, the nearest positive charge is 6.4 A away.) Another
example is Asp 101 in xylanase, which haska p 2 and
does not protonate until the protein unfold$)( In consider-
ing these low Ky values, it appears that good hydrogen
bonding may be more important than ion pairing or longer
range Coulombic interactions in stabilizing these buried
carboxylate groups.

Concluding Opinionslt is clear that the charged carboxyl
of Asp 76 makes a substantial contribution to the confor-
mational stability of RNase T1 when it is buried in the
interior of the protein with a iy = 0.5. This remarkably
low pK depends more on the formation of four excellent
hydrogen bonds than on a net favorable Coulombic interac-
tion with other charged groups. It is also clear that a buried
carboxyl that is not hydrogen bonded would haveka pr
6 (52). When the RNase T1 is denatured, the charged
carboxyl of Asp 76 stabilizes some structural element and
has a iKp = 3.7. It is clear that the ko value is lower
than expected because of net favorable Coulombic interac-
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