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ABSTRACT. a-Sarcin is an exquisitely specific ribonuclease that binds and cleaves a single phosphodiester
bond in the large rRNA of the eukaryotic ribosome, inactivating it. To better understand this remarkable
activity, the contributions of the active site residues (His 50, Glu 96, and His 137) to the conformational
stability have been determined as a function of pH using variant proteins containing uncharged substitutes.
Wild-type a-sarcin and the variants are maximally stable near pH 5.5, coinciding with the pH of optimal
activity. A comparison of the stability vs pH profiles determined by thermal denaturation experiments to
those calculated on the basis ¢fqvalues shows that the charged forms of Glu 96 and His 137 compromise
the enzyme’s stability, lowering it. In contrast to barnase, there is little evidence for significant electrostatic
interactions in the denatured statesoebarcin or its active site variants between pH 3.5 and pH 8.5.
o-Sarcin contains a long-hairpin and surface loops which are highly positively charged and which play
key roles in membrane translocation and in ribosome binding. These positive charges decrease the stability
of a-sarcin, particularly below pH 5. Hydrogen exchange measurements have been performed at pH 5.5
and reveal that the catalytic residues are firmly anchored in highly stable elements of secondary structure.
Significant, though lower, levels of protection are observed for many amide protons in the positively
chargeds-hairpin and long loops.

Refining our comprehension of protein stability is essential charge-charge, chargedipole, hydrogen bonds, and de-
for understanding protein structure and function. Stability solvation effects in the native and denatured states:
studies are also important because unstructured and partially
unfolded conformations are prone to form aggregates that Charge-Charge Charge-Dipole Hydrogen bonds Desolvation
have been implicated in a large number of human diseases
(1, 2). Although hydrogen bonds and hydrophobic interac- Determine | T Reflect
tions make the major contributions to the stability of the
folded state of proteinsg], they are relatively insensitive to
pH. In contrast, the contribution of electrostatic interactions
to stability depends on the ionic strength of the solution and
the pH, and pH variations can trigger conformational changes
which are crucial to protein function. Textbook examples
of this important mechanism include the Bohr effect in O

L . . ) ) In recent years, it has become clear that, in addition to
binding by hemoglobin and viral membrane fusion proteins h h . ) h f hvd bond
). charge-charge interactions, the presence of hydrogen bonds

and the chargedipole and desolvation effects can induce
large shifts (several pH units) irkps and consequently can
make large (several kilocalories per mole) contributions to
dAG/opH (6—9). Moreover, the evidence for the existence
of significant electrostatic interactions in unfolded proteins
that affect the ensemble distribution of conformations and
" This work was supported by Grants BFU2005-01855 and BMC2003- the pH dependence of stability is increasidg-14). With

03227 from the Ministerio de Educaciy Ciencia (Spain). F.G.-M.  regard to protein folding, electrostatic interactions have been
was recipient of a fellowship from the Comunidad Autona de Madrid 9 " 9,

pKaN and pKaD
T Thermodynamically Linked

0 AG/d pH

The pH dependence of the conformational stabilix®/
dpH) of proteins is linked thermodynamically to th&jp
values of titratable groups in the native(J) and denatured
(pKL) states ). These [, values depend, in turn, on

(Spain). recently shown to have a remarkably strong effect on the
* Corresponding author. Phonet34915619400 (ext 1455). Fax:  folding kinetics of FynSH315).
+34915642431. E-mail: mbruix@iqfr.csic.es. While the native stateka values of proteins are generally

*Instituto de QUmica-Fsica Rocasolano, CSIC. ;
s Universidad Complutense. accessible to study by NMR spectroscopy, and methods are

I Present address: Centro Nacional de Investigaciones Gicao widely available to measure the conformational stability of
Melchor Feradez Almagro 3, 28029 Madrid, Spain. a protein as a function of pH, the measurementGPwalues

10.1021/bi061273v CCC: $33.50 © 2006 American Chemical Society
Published on Web 10/28/2006



13706 Biochemistry, Vol. 45, No. 46, 2006 Garca-Mayoral et al.

in denatured proteins is technically more difficult. The residues in the long loops which, as mentioned above, play
linkage of KN, pK®, anddAG/opH, however, means that  key roles in the cytotoxicity.

pKLs can be inferred by calculatifiAG/9pH curves with In summary, the main goals of the present study are to

sets of K,° and known KN values and comparing these detect and characterize electrostatic interactions in the
curves to those derived from thermal denaturation curves asdenatured state af-sarcin, to quantify the contributions of

a function of pH. One objective here is to use this approach the active site residues to the stability and its pH dependence,
to detect electrostatic interactions in the denatured state ofand to determine the stability at the residue level using NMR

the cytotoxic ribonuclease-sarcin. monitored hydrogen exchange. These results will provide a

Stabilizing interactions allow native proteins to optimally Petter comprehension af-sarcin’s stability and aid the
position charged groups at the catalytic site of enzymes. important gffprts of .theor.etlmans to develop models for
Previous researchers have argué—(18) that active site electrostatic interactions in the denatured state and also
charged groups are unlikely to favorably contribute to protein facilitate the design of new constructs with potential clinical

stability, due to the overriding importance of activity. Indeed, 2Pplications such as anticancer agents. These data will also
buried charged groups of the same sign in close proximity be compared with those from smaller, noncytotoxic microbial
and unfavorable chargelipole interactions are frequently =~ RNases, such as RNase T1, Sa, and barnase, which resemble

observed at active sites. These negative contributions to® Sarcin structurally and share the same basic function.
sta_bility are cpmpensated by favorable interactions elseWhe_reMATERIALS AND METHODS

which maintain the enzyme’s structural framework. Theoreti-

cal (19, 20) and experimental studie21—23) have generally pH-Dependent Stability Measured by Thermal Denatur-
found that charged groups at the active site destabilize ation. Folding/unfolding equilibria were followed by CD-
proteins, but a recent study of the RNase Sa has shown thamonitored thermal denaturation. Circular dichroism spectra
two charged active site groups are stabilizigd) (A distant were obtained on a Jasco 715 spectropolarimeter at 0.2 nm/s
relative of RNase Sag-sarcin, has a much more buried scanning speed; 0.1 and 1.0 cm optical path cells were used
active site. Thus, the second objective of this paper is to in the far- and near-UV, respectively. Mean residue weight
determine the contributions of charged groups His 50, Glu ellipticities were expressed in units of degr-dmol™.

96, and His 137 at the active site afsarcin to conforma-  Thermal denaturation profiles were obtained by measuring
tional stability, by studying theéAG/apH profiles of variants  the temperature dependence of the ellipticity at 220 nm in

in which these ionizable groups are conservatively replacedthe 25-85 °C range; the temperature was changed continu-
by Gin. ously at a rate of 0.8C/min and 0.1°C increments %6).

The protein was dissolved in doubly distilled water deionized
with a MilliQ system and containing 50 mM sodium
phosphate and 0.1 M sodium chloride. Once the protein was
dissolved, the solutions were centrifuged for 10 min at

a-Sarcin is an extremely potent cytotoxin that belongs to
the fungal ribotoxin family. This enzyme inactivates eukary-
otic ribosomes by cleaving a single phosphodiester bond in

28S RNA @5, 26). This enzyme shares a rather low but .
significant sequence identity with smaller microbial RNases éﬁggtﬁg riliéﬁ?eglfifr?rg\?;rpHs% allueezarr?np?éti?u\(/jviirde ilg\iﬁysa
ke barnase, RNase Sa, and RNase T1. The latter aremicroeylectrode right beforﬁ beigr]l introc?uced into t,hes gc-
noncytotoxic and much less specific. The main factors that ', Mg 9 : P
; - - . trophotometric cuvette. Far-UV CD spectra in the 20280

determinex-sarcin’s cytotoxicity are known to be linked to I

. - nm wavelength range were also taken at the beginning and
the structure and high stability of the enzyme, though the ) .

at the end of each thermal denaturation experiment to assess

relative importance of these factors is still unknowrSarcin ;
. ; . the conformational state of the samples analyzed at the lowest
is stable over a wide range of pH values (3&%5), and its .

and highest temperatures employed.

high-resolution NMR structure2, 28), dynamic behavior Experimental unfolding free energies were determined

(29), and individual X\ values of residues titrating in this ; A )
H range have been determined0( 31). Compared to assuming a two-state equilibrium between the native and the
P g ’ : P denatured states, as previously establist3l ffom DSC

Z?[erlii;ggniﬁtgt?)égesga;ﬁﬁfaerﬂgos ;’tfgjrc\;[yr:i r:sin?hgrrt-ant measurements. The Gibbblelmholtz equation was used to
y P 9 P P calculate the unfolding free energies with the value\@f,

roles related to cytotoxicity have been suggested in (i) 1 —1 ; .
modulating the ribonuclease activity (N-termirtahairpin) (()Ll-f;cizcglt F;EOT? Ol.< ) determined previously 37) for

(26, 32), (ii) ligand recognition (lysine-rich region of loop
3, N-terminalB-hairpin) 7, 28, 33, 34), and (iii) interaction T
with biological membranes (loop 2, N-termingthairpin) AG,;= AHm[l — T—] —
facilitating the cell entrance by endocytos?$,(28, 35). The m
unique orientation of the different loops of the molecule is AC|(T. —T)+TlIn T 1)
stabilized by complex networks of interactions different in e T,

nature 27), and it is important to determine their stabilities

to better understand the biological activities @fsarcin. whereTy, is the midpoint transition temperatudHn, is the
Hydrogen exchange monitored by NMR is a very useful change in the enthalpy at the temperatlisg and AC, is
technique for determining the conformational stability at the the change in the heat capacity during thermal unfolding.
per-residue level. Our third objective here is to use this Denaturation data were extrapolated td85the temperature
method to determine the conformational stability of the atwhich experimentali,N values have been measur@,(
charged active site residues His 50, Glu 96, and His 137, 31). Calculations were performed easarcin and four active
with peptide groups anchored in the cenffadheet, and of  site mutants, H50Q, E96Q, H137Q, and H50/137Q, assuming

m
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thatAC, is temperature independent and unaffected by theseal. values have slightly lowerkaP values for Asp (3.67)

mutations. and Glu (4.25) than those of Nozaki and Tanford (4.0 and
To obtain the values of, andAHy, the CD experimental 4.4, respectively) and a slightly higher value for His (6.54)

curves were recorded at different pH values within the range than that reported by Nozaki and Tanford (6.3). Onkxp

2.5-8.0 and fit to the equation: values of groups titrating in the pH range of the protein
stability (3.5-8.5) were considered (Asp, Glu, His, and
0(T) = (Dy + MpT) — C-terminus). Electrostatic calculations indicate that Lys, Tyr,
(Dg— Np) + (my — m)T and Arg have significantly higherias in the native and
(2) denatured state€1). Some aspartic acidpN values (Asp

1+ explAH(T = T)/RTT,| 41, Asp 77, Asp 91, Asp 102, Asp 105) could not be

measured in the range of the protein stability, and an upper
limit of 3.0 was assigned3(). Here a KN value of 2.6,
which best reproduces the experimeriAlG/opH results,
has been used for calculation purposes.

Calculations for the mutants were performed in a similar
fashion, and assuming thatkKp values do not change
appreciably, except for titratable groups close to the mutated
residues. This assumption is supported by the observation
that the mutant protein structures are highly similar to wild-
typea-sarcin 81). The KJ\s of the active site residues near

n the mutated site were measured experimentally by NMR for
(ay. + KD all the mutants, except for His 50 in H137Q, which has a
= ' high pKN (pKN > 8.0) (31). A value of 8.5 was assigned to
Koon=Ky— (3) this group for calculation purposes. A complete list of the
f N pKa values used, the percent accessible solvent surface area,
I_I(aH++ Kai) and the interactions of the ionizable groups used in these
= calculations are provided in Supporting Information, Tables

whereKg is the folding-unfolding equilibrium constant in 1and 2. _ .
the fully protonated proteiray is the proton ion activity Charge Differences between Natiand Denatured States,

which is assumed to be equal to the proton concentration2Qo-n, @s & Function of pHThe change in the net charge
and is calculated from the pH value as € andKa;® and between the native and denatured protein, which is equwalgnt
KqiN are the ionization constants of grouim the denatured to the _number of protons taken up durlng the unfolding acid
and native states, respectively, and can be expressed in termgansition, can be calculated as a function of pH frokg p

of the K, values as 10 The folding-unfolding equi- values in both states using the Hendersbiasselbach
librium constant in the low pH limitKo, has been set equal ~ &duation:
to 1 since the experimentally measured stability of wild-

type a-sarcin is near O at low pH. Due to this choice, the _
curves of the different variants will be in close agreement at AQp =
very low pH. The equation was evaluated in the pH range

where Dy and No are the extrapolationsotO K of the
temperature-dependent ellipticity variations in the denatured
and native states amd, andmy represent the slopes of these
linear dependences.

pH-Dependent Stability Calculated from p¥alues in the
Native and Denatured StatesThe dependence of the
unfolding free energie?\Gp-n as a function of pH was
calculated as described in r&f The folding—unfolding
equilibrium constant is determined using the equation:

N 107y(i)(prpKajD)

;1 + 10—V(i)(PH—PKaJD)

from 0 to 10.0 at 0.2 increments. The foldingnfolding N 10 7OEH-PKaY)

constantKp_y is related to the free energy of unfolding by Zl _ N (5)

the equation: =11 + 10 7OPH-PKD)
AGp_y = —RTIn Kp_y 4) where y(i) = —1 or 1 in the case of an acid or base,

respectively. The sameKp values for the native and

Calculations were done for the wild-type protein at°85 denatured states ofsarcin and the mutants as stated before
and compared with those obtained from thermal denaturationhave been used in these calculations. Because the protonation
experiments. i\ values in the native state were taken from state of tyrosine, lysine, and arginine residues has been
ref 30 (pKN measurements at 3&), while K.° values in assumed not to change in the range of pH analyzed, these
the denatured state are from Nozaki and Tanfa®8) (  residues do not contribute to the differential net charge in
corrected to 35°C. At this point, it should be mentioned the native and denatured statesos$arcin and mutants.
that the stability curves depend on the intrinsipvalues Stability Measurements from NMR-Monitored Hydrogen
chosen for the unfolded state. Here, thiéjb values of Exchange. Quantitative measurements of NH chemical
Nozaki and Tanford38) have been selected because (i) they exchange rates were done from correlation cross-peak
are commonly accepted as the consensus values, (ii) theyintensities observed in a set of HSQC experiments recorded
match the K:° values inferred for the denatured states of at different times on a solution of\]-a-sarcin (concentra-
many proteins&, 39, 40), and (iii) they are very similar to  tion 2 mM) in D,O at pH* 5.2 and 35C. pH* is the pH
other intrinsic K.° values measured by other autho#d-¢ meter reading in BD uncorrected for solvent isotope effects.
45) in different conditions, particularly for Asp, Glu, and The experimental conditions were selected to ensure that
His. However, to ascertain how small changes in tkePp exchange occurs through the EXIlI exchange mechanism
affectdAG/apH, calculations were repeated using the recently while maintaining the protein at the pH of maximum activity
reported K2 values of Thulkill et al. 45). The Thulkill et and stability. Due to its very high stability, the complete
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exchange oft-sarcin amide protons would occur after avery the imidazole side chain carries a positive charge. These
long period of time. For this reason, we followed the stability differences likely reflect the lower cost of burying
exchange long enough to be able to define the most stablethe polar side chain of GIn relative to the charged side chains
regions of the protein and to obtain information on the of Glu or His and the higher desolvation penalty (Born
stability of the active site and loop regions. Following a dead energy) for charged Glu and His versus neutral Gin.

time (=30 min), 142 HSQC spectra were recorded consecu- The variant carrying the double mutation, H50/137Q, is
tively over 308 h. Spectra were processed with the Xwin- significantly less stable than wild-typesarcin and the other
NMR package, and correlation cross-peaks were integratedvariants at pH 5.5 (6.5 0.5 kcal/mol), although the
with the UXNMR facility implemented in this program to  difference in stability is smaller below pH 4 and above pH
determine the intensities. A single exponential decay function 8. Previous NMR studies3() detected significant structural
was fit to the data to obtain the observed exchange kaie, changes in the H50/137Q variant, including the loss of a
A table containing the exchange rate constants of all hydrogen bond between His 137 and Gly 143, and the present
measurable NH amide groups is provided in Supporting results indicate that the two GIn residues at the active site
Information, Table 3. The intrinsic exchange rates for fully cannot reproduce all of the stabilizing interactions formed
denaturedy-sarcin k., were calculated using the parameters by His 50 and His 137.

reported in ref46 at 35°C, pH* 5.2. The conformational pH Stability Profiles Calculated from pKvalues.When
stability at each amide group was calculated from the ratio dAG/dpH is calculated using the experimentally determined
of the observed and intrinsic exchange rates: pKN values and Nozaki and Tanfordg values, the bell-
shaped profiles observed by thermal denaturation are in
AGyx = —RTIn(k,,dk.) = general successfully reproduced (Figure 2) and the pH values
—RTIn Kop = —RTIn(L/P) (6) of maximum stability are close for the native protein and

the different mutants studied (Figure 3, right). Interestingly,
these stability curves also show the higher stability of the
E96Q variant at pH values where the wild-type residue Glu
%6 is charged. The substantial drop in stability of the H50/
137Q double mutant observed by thermal denaturation
experiments is not detected bKpbased stability calcula-
tions.

RESULTS The reasonably good agreement betweenah&/dpH

The pH-dependent stability curves presented in this study profiles determined by thermal denaturation and calculated
have been experimentally measured by thermal denaturationfrom the [, values constitutes evidence that the Nozaki
and calculated using the electrostatic model described byTanford K.° values closely resemble the actulpvalues
Tanford 6), assuming Ka values of model compounds for in denaturedr-sarcin and thereby suggests that electrostatic
the denatured state of the proteins. interactions in the denatured state are weak or negligible.

pH Stability Profiles from Thermal Denaturation Experi- However, this agreement is poorer when an alternative set
ments. Figure 1 shows some examples of the thermal of pK.,P values are used (Supporting Information, Figure 1).
denaturation curves af-sarcin and the different active site  The difference indicates that the calculations are very
mutants near pH 7.0. These data show that relative to wild- sensitive to the set ofka? values used. Even very minor
typea-sarcin at pH 7.04G, 7.0+ 0.5 kcal/mol), the E96Q  changes in the L values (i.e., 0.1 pH unit) produce
variant is more stableAG, 7.7 + 0.6 kcal/mol), the H50Q  significant alterations in theAG/opH profiles.

whereKq,, is the local or global equilibrium constant aRd

is the protection factor. This treatment assumes that exchang
occurs via the EXIl mechanism; this assumption typically
holds for stable proteins below pH 7.

and H137Q variants have similar stabilities@, 6.6+ 0.5 Global Protein Charge as a Function of pAVhen the
and 6.2+ 0.5 kcal/mol, respectively), and the H50/137Q pH changes, the net charge and the charge distribution of
variant is significantly destabilized\G, 4.2+ 0.3 kcal/mol). the protein are altered. Figure 4 (bottom) shows the variation

Additional thermal denaturation experiments were carried in the net charge between the native and the denatured states
out at various pH values to obtain the data shown in Figure of wild-type a-sarcin and the different mutants studied along
2. Overall, a-sarcin and its variants show bell-shaped the pH range. The variation, which is related to the number
dependences of stability on pH. Though important residuesof protons taken up or released during the unfolding
for the catalytic activity are mutated, tBAG/opH profiles transition, is nearly zero at high and low pH values, where
are not severely altered since these changes at the active sitthe protein is completely nonprotonated and fully protonated,
do not disrupt the overall structure. respectively. Changes are sharper near pH-3:54 charge
Wild-type a-sarcin has a maximum stability of 9880.7 unit change, where the carboxylates titrate. The titration of
kcal/mol near pH 5.5, and the stability decreases markedly His residues produces a second region of rather sharp change
as the pH is raised or lowered. The H50Q variant shows aaround pH 7.0,~2.0-3.0 charge unit change, which is
similar profile, with a maximal stability of 9.3 0.7 kcal/ somewhat broader than the carboxylate-induced transition
mol near pH 5.5. The peak stability of the E96Q mutant (9.8 and shows significant variation among the different variants.
+ 0.7 kcal/mol) is also reached near pH 5.5, but compared The first minimum around pH 3.5 (Figure 4, bottom)
to wild-type o-sarcin, this variant has a higher stability above indicates that the degree of protonation is greater in the
pH 6, where the Glu carboxylate group is negatively charged denatured states compared to the native states. The opposite
(up triangles in Figure 3, left). Interestingly, the H137Q holds for the maximum around pH 7.0. All of the curves
variant, with a maximum stability near pH 5.5 (9420.7 cross the axid\Qp-n = 0 at pH values slightly below 5.0,
kcal/mol) similar to H50Q, is more stable than wild-type the pH value of maximum stability calculated on the basis
o-sarcin at acidic pH (down triangles in Figure 3, left), where of pK, values with Tanford’s model, so that the proteins are
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Ficure 1. Thermal denaturation curves and fitting line foisarcin (pH 6.92) and the mutants H50Q (pH 6.96), E96Q (pH 6.96), H137Q
(pH 6.96), and H50/137Q (pH 6.95®\rw is the mean residue weight ellipticity measured at 220 nm.

maximally stable at the pH value where the net charges of not match the p indicating the oversimplicity of the model

the native and unfolded conformations are similar. of Linderstram-Lang 47) which only considers charge
Calculations of the net charge of the native states of charge interactions and highlighting the important contribu-

proteins from KN values also allow the determination of tions of desolvation, hydrogen bonds, and chaidigole

the isoelectric point, Ip where the net charge is 0. Calculated interactions to the pH dependence of stability.

pl values for the proteins studied are near 10 (Figure 4, top), Residue-Leel Stability ofa-Sarcin from H/D Exchange

far away from the pH of maximal stability. Though the MeasurementsH/D exchange rates can be measured by

number of charged residues is different in the mutants, the NMR to determine the conformational stability at individual

pl values of nativer-sarcin, H50Q, H137Q, and H50/137Q backbone amide groups. We have classified the residues of

are very close since the His residues are preferentially neutrala-sarcin in different groups according to their exchange

at this pH, so that the mutation His to GIn does not induce velocities (Figure 5 and Supporting Information, Table 3).

a change in the net charge. Theeip slightly higher for the Because of the remarkably high stability afsarcin, the

mutant E96Q since the charged form of Glu 96 has been exchange of some amide protons is too slow to be measured

replaced by the polar uncharged GIn side chain. The key at the conditions used (pH* 5.2, 3&), and only an upper

observation here is that the pH of maximum stability does limit for their exchange rate could be estimated. Other surface
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Ficure 2: Experimental (black dots) and calculated (curve) pH-dependent stabilitysafcin and H50Q, E96Q, H137Q, and H50/137Q
variants at 35C. Estimated averag&G errors are 78% of the actual values (Supporting Information, Table 4).

protons exchange very quickly; a lower limit is given for relaxation 29). Amide protons on the solvent-exposed face
their exchange rates. The conditions used for the experimentof the helix exchange faster than those in more buried
allowed the measurement of exchange radigs,in the range locations. In the N-termingB-hairpin, the exchange rates
5.7 x 1078 < Kkgps < 4.0 x 1072, and for these protons the generally decrease, moving away from the tight turn at the
free energies of exchangAGux, were calculated (Figure  end of the hairpin toward the protein core. Whereas most
5) and found to range from 4 to 9 kcal/mol. Protons NHs inthe long loops exchange rapidly, there are also some
belonging to the slowest exchanging group exchange at rateavhich exchange slowly. For example, in loop 4 the backbone
below 5.7x 10°® min~%; for this reason, the corresponding of Val 130 is completely buried and its NH group belongs
free energies of exchange are lower limits and are representedo the slowest exchanging class.

with vertical arrows. The centrgl-sheet contains most of Remarkably, the results show that the three active site
the slow-exchanging amide groups, though some loop amidescharged residues, His 50, Glu 96, and His 137, are all firmly
also show low exchange rates (Figure 5). Curiously, residuesanchored in highly stable regions of the backbone (Figure
144 and 145 ing-strand 7 show little protection against 5). The regions of the backbone corresponding to these
exchange and are highly dynamic as detected by NMR residues were also found to be relatively rigid by the NMR
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Ficure 3. Superposition of experimental (left) and theoretically predicted (right) from NMR measHKrfd/alues and Tanford's model
pH-dependent stability curves afsarcin (crossed squares) and the active site mutants H50Q (red dots), E96Q (blue up triangles), H137Q
(green down triangles), and H50/137Q (cyan diamonds) &C35

dynamic study Z9). The N-terminalj-hairpin, which is The extent of interactions between an ionizable residue
thought to play an active role in membrane translocation and and the rest of the protein in its native or non-native forms
in the interaction with the ribosome, is also surprisingly determines its titration properties. Thus, th€,palue of a
stable, given its relative independence from the rest of the particular residue reflects a variety of electrostatic terms
structure. Its stability ranges from 8 kcal/mol near the base arising from different interactions such as chargbarge
to 5 kcal/mol at the hairpin region farthest away from the interactions between the residue and other ionized residues,
protein core. hydrogen bonds, chargelipole interactions between the
residue and the permanent and induced dipoles of the protein
DISCUSSION (peptide bonds, polar residues, bound water, helix macrodi-
a-Sarcin is the best characterized member of the fungal Poles), the effect of the surrounding solvent, and the
ribotoxins, a highly specific ribonuclease family. Ribotoxins desolvation penalty when a charge is removed from solution
promote apoptosis of human tumor cells after internalization @and placed inside the protein. Consequentli.'s of
via endocytosis. On the basis of this activity, ribotoxins, as ionizable residues in native proteins are usually distributed
many other ribonucleases, possess therapeutic promise agver a wide range of values, whil&gs for the denatured
anticancer agents8, 49). In the past decade, large efforts state frequently approach those of model compounds in
have been made to elucidate the different factors that promotewater. However, although there is not much knowledge about
ribonuclease cytotoxicity (for a review see &@). Apart the properties of denatured conformations, there is now
from the catalytic activity, it has been shown that the confirmed evidence that electrostatic interactions can persist
electrostatic properties, mainly the positive net charge, andupon denaturation, slightly shiftindg values, and that the
the protein stability are essential. Furthermore, for a very nature of the unfolded state can vary depending on the
exquisite enzyme such assarcin it is important that all of ~ denaturation process5%?). In general, strong chemical
these properties are present under the appropriate physidenaturants like urea or guanidine hydrochloride lead to less
ological conditions. In this respect, we have shown that compact and more disordered and expanded conformations
o-sarcin is positively charged below pH 9. This positive with residues isolated from molecular interactions than
charge probably drives the interaction with negatively thermal, acid, or pressure-induced denaturat®rbg). In
charged glycolipids and glycoproteins on the outer part of barnase, the acid and thermal denaturation at different ionic
the plasma membrane and promotes the protein internaliza-strengths was investigated, concluding that these denatured
tion as has been proposed for other cytotoxil.( states are sufficiently compact and retain a significant amount
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on the accuracy and precision of thipralues.
Notwithstanding these implicit assumptions and caveats,
we have found that this equation reproduces the experimental
pH-dependent thermal stability profiles reasonably well when
the experimentally determinedKg' values for the native
conformation and the P values of Nozaki and Tanford
for the denatured states @fsarcin and its mutants are used.
pH Dependence af-Sarcin’s Conformational Stability by
Thermal DenaturationThe results of the thermal denatur-
ation of wild-typea-sarcin at different pH values show that
the protein is highly stable, reaching a maximum of about
10 kcal/mol at pH 5.5, which is also the pH of maximal
activity. Although this stability drops off sharply as the pH
is raised or lowered, the protein remains stable over a
relatively wide pH range (from 3 to 8.5). Possessing a high

) 5H e stability over a wide pH range is probably important
b et PI — _ . physiologically, sincex-sarcin must diffuse first through an
lg «-Sarcin environment between fungi which is often acidic and then
3{e H50Q through the mildly alkaline cytoplasm of the target hypha.
14 E9Q Is a-Sarcin’s Stability Compromised by Aaty? In
2'_1' H137Q general, a fair portion of the conformational stability of a
¢ H50137Q

AQ,

-

pH

protein is thought to be “spent” to maintain active site groups
in orientations that are optimal for geometry. However, a
recent, stimulating paper by Pace and co-workers has shown
that, in the case of RNase Sa, one catalytic residue, Glu 54,
is stabilizing relative to GIn, whereas the substitution of the
second catalytic residue, His 85, by GIn has no significant
effect on the stability. In this paper, we have used site-
directed mutagenesis to study the contribution of the active
site residues, His 50, Glu 96, and His 137, to the confor-
mational stability ofe-sarcin as a function of pH. The results
show that both catalytic residues, Glu 96 and His 137,
destabilize the native state @fsarcin when they are charged,
though this destabilization is rather mild. Although RNase

Ficure 4: (Top) Variation of thex-sarcin total charge in the native . . -
(black squares) and denatured (black dots) states as a function 0@ anda-sarcin are distantly related, this difference could
pH. (Bottom) Variation of the charge difference between the native be related to the fact that the catalytic groups are more buried
and denatured states afsarcin (crossed squares) and the active in the case ofi-sarcin; the percent solvent-accessible surface
site mutants H5_0Q (red dots), E96Q (blue up tria_ngles), H137Q of His 50, Glu 96, and His 137 is only 18%, 1%, and 46%,
gg;ifignd;"\;nHtgf ggkés) and H50/137Q (cyan diamonds) as arespectively:@?, 31), compared to 10% and 45% for Glu 54
and His 85, respectively, in RNase &) The desolvation
cost of burying a charge in an environment where it cannot
interactions %4). Similar results were obtained for the form compensating interactions is quite large, costing several
ovomucoid third domaing5) and the barley chymotrypsin  kilocalories per mole of free energg,(58). The lack of
inhibitor 2 (56), where hydrogen bonds were also found to severe destabilizing contributions of the charged forms of
play an important role in the protein stability. In these cases, His 50, Glu 96, and His 137, reported here, provides further
an average decrease of 834 K, unit for carboxylates in evidence in favor of the existence of a highly optimized
the denatured conformations improved agreement with network of electrostatic interactions at the active site which
experiments. compensates for the desolvation cost. The existence of this
In this papergo-sarcin pH-dependent stability curves are network of interactions was previously proposed on the basis
calculated from the thermodynamic linkage equation de- of a study of the experimentally determined and theoretically
scribed by Tanford that employs th&4) and K.,° values calculated N values 81).
of a-sarcin and four active site mutants. This equation Besides the charged groups at the active sitsarcin
contains two implicit assumptions: namely, that (i) there is contains a large number of positively charged groups in the
a two-state equilibrium between the native and the denaturedN-terminal 5-hairpin and the long loops which have been
states and (i) the titration of each group is independent from reported to play key roles in the translocation of the protein
the others, and no cooperativity occurs. This equation givesacross membranes9), as well as in the initial binding to
only the dependence atG on pH and does not provide the ribosome and the rapid 2D diffusion across its surface
absolute values foAG. This means that the equation may to reach the cleavage sit€0—62). On the basis of the model
show aAG increase of 5 kcal/mol between pH 2 and pH 7, of Linderstram-Lang47) it is expected that the unfavorable
but whetherAG is 0 and 5 kcal/mol, respectively, at these charge-charge interactions produced by this high density
pH values, or 5 and 10 kcal/mol remains undefined. of positive chargeso(-sarcin contains 20 Lys, 4 Arg, 6 His,
Moreover, the success of the equation is highly dependentand only 11 Asp and 6 Glu) will destabilize the folded

of residual structure to contain intramolecular charglearge
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Ficure 5: (Top) Ribbon diagram afi-sarcin, with residues colored according to the exchange rates (ifhnainpH* 5.2, 35°C, of their

NH groups: redkex > 0.094; orange, 0.094 ke < 0.04; yellow, 0.04< kex < 0.01; green, 0.0k ke <0.001; sky blue, 0.00% ke <

5.7 x 1075 blue, kex < 5.7 x 1076. No satisfactory fits could be obtained for the amide groups of His 36, Phe 71, and His 150 (shaded
gray). Proline residues are shown in black and the two disulfide bonds linking €89$148 and Cys 7#6Cys 132 in orange. (Bottom)
o-Sarcin’s per residue stability at pH* 5.2 and 35 obtained from amidéH/?H exchange rates. Higher energy values than those shown
with gray columns are indicated by black arrows. Secondary structure is indigasidands as rectangles anchelix as circles. The first

four strands are integrated in the N-tefhairpin, followed by thex-helix and strand$3—/7. Inserted between the helix and each strand
are loops 5.

a-sarcin, particularly as the pH is lowered and the negatively values reported by different laboratories((.3 to +-0.5 pH
charged carboxylate groups are neutralized. Therefore, weunit) (45, 65), the presence of some electrostatic interactions
can propose that part of the-sarcin’s conformational in denaturedx-sarcin cannot be completely ruled out.

stability is sacrificed for the essential activities performed Thermal- and piBased Calculated Stabilities ofSarcin

by the positively charged surface groups. and H50Q, E96Q, H137Q, and H50/137Q Mutants as a

fAreSThgriTErI]ectrostatic tl)rlwteract(ijons in the Denéltured dSthate Function of pH.The thermodynamic equation linking stabil-
ofa-Sarcin?The reasonably good agreement observe ereity and K. s gives well-reproduced pH-dependent stability

for the experimentally determineg@AG/opH profiles and ' : . . P
those calcﬂlated on t?\/e basis of the na[iivepstll Spand profiles for the proteins studied, although a slight shift in
N b ) . the maximum (0.5 pH unit) is observed in all cases. The pH
the intrinsic K.°s reported by Nozaki and Tanford indicates i o .
that the K.° values in the denatured state @fsarcin are of maximum stability is 5.5, close to the pH of maximal
function in vitro measured against dinucleotid@§)(and

not strongly altered. This is an interesting and important ¢ ¢ he isoelectri int of the folded .
result considering that for other ribonucleases with an excessfa @way from the isoelectric point of the folded protein (p

of positive charges, such as barnak® br bovine pancreatic > 10). This is not surprising as a recent analysis which
RNase A 63, 64), lowered carboxylate groupka® values includes an important number of enzymes has shown that
need to be invoked for the denatured state (and, therefore there is no correlation between the isoelectric point and the
significant electrostatic interactions are present in the un- PH of optimal stability 66). Thus,o-sarcin joins the list of
folded state) to achieve)AG/apH profiles that are in ~ enzymes including the remotely related RNase&ayhich
reasonably good agreement with the experimentally deter-are most stable when they carry net charge. Additionally,
mined dJAG/apH profiles. This suggests that the unfolding the net charge of native-sarcin at the pH of maximum

of a-sarcin might be especially thorough. However, consid- stability is positive, a tendency observed in other proteins
ering that some variation has been observed in tk¢ p  with acidic optimal pH 6€6).
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The conservation of the characteristic profile of the L B LI L B
stability curves in nativei-sarcin and the mutants is a clear ]
proof that local conformational changes take place in the /\
vicinity of the mutated residues without disturbing the global
fold. This result supports the NMR evidence that most
ionizable residues maintairkgh values similar to those of
wild-type a-sarcin and that the factors that stabilize the native
conformation are maintained.

It is interesting that the pH stability profile and the in vitro
activity curves are in close agreeme80); It is well-known
that these curves can overlap totally (as in this case), partially, .
or be largely shifted one with respect to the other. In this N His 82 ..
regard,a-sarcin could be a good model to learn about the 1,5 salt bridge|Asp41-His82 T
stabilization forces that make possible this agreement. This — ——T T T —T —
information could be useful in basic and applied fields as, et s 4 s 8T8 90
for example, in the design of more efficient industrial pH
enzymes. Ficure 6: Contribution of the Asp 41His 82 salt bridge to the

Role of Salt Bridges im-Sarcin’s Stability.The linkage conformational stability ofx-sarcin according to Tanford's elec-
. 2 . trostatic model.

equation reported by Tanford allows the ionizable residues
of a-sarcin to be rapidly classified depending on their
favorable or unfavorable contribution to stability. The lower
the K, value of a residue in the native state compared to
the denatured state, the more the conjugate base stabilize
the folded structure with respect to the unfolded structure,

and vice versa. This contribution is enhanced in the range 52, Leu 95, Glu 96, Phe 97, Thr 99, Arg 12Tyr 126, Val

of pH values where amino acids titrate. 130, Cys 132-Ala 136, and Cys 148. Most of these residues

The most perturbedia values ina-sarcin are those of  pelong to the centrgB-sheet, form hydrogen bonds with
Asp 41, Asp 77, Asp 91, Asp 102, and Asp 105. All have carboxyl oxygens from consecutiestrands, and are deeply
lowered K. values (by 1.4 pH unit on average), and all puried in the hydrophobic core of the protein. Some of these
except for Asp 91 form salt bridges. Of these, the Asp41  residues belong to the two major hydrophobic clusters of
His 82 salt bridge is essentially buried whereas the others g-sarcin, the larger one made up by the disulfide bridge Cys
are near the protein surface. Many studies addressed to76—Cys 132. All of these residues must exchange essentially
evaluate the contribution of salt bridges to protein stability py global unfolding and define the most rigid and stable part
have shown that those highly exposed to the solvent generallyof the molecule (strandgs—/s and internal N-terminal
make little contribution to protein stability due to the higher g.sheet). Local fluctuations are the main mechanism of
value of the dielectric constant near the surfa&®) and the exchange for a large number of protons belonging to loops
entropic cost of fixing mobile side chains in the optimum 1 2 3 and 5, the C-terminal strafig and the most solvent-
conformation for the establishment of electrostatic interac- exposed part of the N-termingthairpin. Nonetheless, many
tions. However, the Coulombic interactions between surface amide groups in the loops and N-termipghairpin show
charges can be optimized to achieve important increases insignificantly slowed exchange rates. Considering that NMR
conformational stability €9, 70), and this appears to be an  relaxation studies have shown that these are the most
evolutionary strategy for the stabilization of thermophilic dynamic regions ofi-sarcin @9), their significant protection
proteins {1, 72). Applying such a strategy to improve the o hydrogen exchange suggests that these regions move and
conformational stability ofx-sarcin would be complicated  flex in a concerted way that generally maintains the local
because of the important physiological roles of the surface network of hydrogen bonds. The first part of thehelix
charges. (GIn 27, Asn 28) is also highly mobile and shows low

The K, difference (KN — pKZP) for His 82 is also protection against hydrogen exchange. In the N-terminal
important (1 pH unit), making the contribution of the Asp -hairpin, the decrease observedkis moving away from
41—His 82 sallt bridge ta-sarcin’s stability always favorable  the turn presents an interesting contrast to the corresponding
in the whole pH range, and particularly at those pH values increase observed in modeihairpins {4). This difference
(between 4 and 6.5) where the carboxylic group is depro- is surely due to the fact that, ia-sarcin, the ends of this
tonated and the imidazole ring is still protonated (Figure 6). $-hairpin are connected to the rest of the protein, whereas
The larger [, shift of Asp 41 compared to His 82 is due to the ends off-hairpin peptides are free to fray. The high
an additional hydrogen bond formed between Asp 41 and stability of this part of the protein is likely to be important
Trp 51 27), which highlights the role of hydrogen bonds in  as it is essential for the ribotoxin-specific recognition of the
shifting pK, values as emphasized by Robertson and co- ribosome.

AG,,,. (kcal/mol)

Relationships between H/D Exchange and Molecular
Structure.Hydrogen exchange measurements provide data
on the stability at individual amide groups. tasarcin, a
aroup of residues with high protected factors against
exchange could be identified: Cys 6, Tyr 25, His 50, Phe

workers @, 73). In this pH range, the contribution of the Indizidual Contributions of Actie Site Residues w-Sar-
salt bridge varies from 1.5 to 1.9 kcal/mol. The conservation cin’s Stability from Electrostatic Approaches. Factors Con-
of both residues in most members of thepergillusribotoxin tributing to the Stabilization ir-Sarcin MutantsThe role

family speaks to the importance of this salt bridge in the of catalytic residues in protein stability has been controversial
stability of a-sarcin. and has not been fully elucidated yet. Several authors
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Ficure 7: Comparison of individual contributions of the catalytic
residues (Glu 96, His 137) @f-sarcin and H50Q, E96Q, H137Q,
and H50/137Q variants to global stability according to Tanford’s
electrostatic model.
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charged form of His 50 confers additional stability to wild-
type a-sarcin, this mutant is slightly less stable at acidic pH
where the charged form of the imidazole group is more
populated. The electrostatic predictions explain, in general,
the experimental data for these mutants. The largest dis-
crepancies occur in the mutant H50/137Q. Th&-pased
electrostatic model is unable to reproduce the remarkable
stability loss observed in the range covering the pH of
maximum stability. In this case we propose that structural
reorganizations affecting the efficiency of the hydrophobic/
packing interactions at the active site induced by the double
substitution and the larger entropic cost of fixing the Gin
side chains compared to the cyclic aromatic side chains are
the more likely pH-independent factors decreasing the
stability of this mutant.

Comparison with Other Ribonucleas&he dependence
of the conformational stability on pH has also been studied
for barnase %4, 77), RNase T1, and RNase S&7j, much
smaller microbial ribonucleases distantly related.tsarcin.
They lack the long loops ofx-sarcin, show much less
specificity thana-sarcin but have much higher substrate
turnovers, and are noncytotoxic. Barnasé £p 9.2), like
o-sarcin, carries an excess of positively charged residues.
However, on the basis of the comparison of its experimen-
tally determineddAG/opH profile to that calculated using
pKN values, Nozaki-Tanford K2 values 88), and Tan-
ford’s equation, it was concluded that depressed carboxylate
pKZP values, and therefore significant electrostatic interac-
tions, exist in the denatured state0). This is interesting
since the denaturant-induced unfolding of barnase, which
lacks disulfide bonds, was reported to be very thorough. (

In contrast too-sarcin and barnase, RNase T1 £ 3.8,
two disulfide bonds) and RNase Sd & 3.5, one disulfide
bond) carry an excess of negatively charged residues. The
good agreement between their experimentally determined
0AG/opH profiles and those calculated from their known
pKN (6, 78, 79) and Nozaki-Tanford K,° values 88)

reported that active site residues were optimized for catalysissuggests that any electrostatic interactions that may exist in

but not for stability, and their contribution can be largely
destabilizing as proved experimentalB1(22) and theoreti-
cally (19, 20). This is consistent with the presence of some
flexibility at the active sites to properly carry out the
biological function {5, 76). However, there is an interesting
example of catalytic residues contributing favorably to
protein stability as wellZ4).

Previous studies on-sarcin have shown that a perfect
balance and equilibrium of electrostatic interactions in the
active site is necessary for the optimal activity of the
ribotoxin (31) and that the specific KN values of the
catalytic couple are crucial for the functioning of His 137

their denatured states are energetically modest or negligible
(80) (Laurents et al., unpublished observations). Interestingly,
the variant of RNase Sa called “5K”I(p= 10.2) that carries
five surface carboxylate to lysine substitutions has the same
dAG/opH and activity vs pH dependences as the wild-type
enzyme 67). However, on the basis of theKg' values of

5K (79) and Nozaki-Tanford 88) pK.P values, significant
electrostatic interactions appear to be present in the denatured
state of this positively charged RNase Sa variad) (
(Laurents et al., unpublished observations). Direct measure-
ments of K> values in unfolded RNase Sa and 5K to
corroborate these intriguing findings are technically chal-

as an acid and Glu 96 as a base in the transphosphorylatioenging but are currently underway. Direct and conclusive

step of the cyclizing mechanisnB@. The electrostatic

evidence for perturbedika® values has been reported for

calculations show that the charged forms of Glu 96 and His the small SH3 drk domaind().

137 (Figure 7) make destabilizing contributions of 1.1 and
0.7 kcal/mol, respectively, in wild-type-sarcin. A similar
pattern of behavior is observed farsarcin mutants holding

One question that needs some attention is to clarify if the
different profiles of dAG/opH can be related with the
properties of the different members of the ribonuclease

these side chain groups. As mentioned, the mutant E96Q isfamily. As we have shown herei-sarcin, like RNase T1,
the most stable above pH 5.5 because the unfavorableRNase Sa, and RNase Sa 5K, shows a defined maximum of

contribution of Glu 96 is lost, and that of the uncharged His

stability at acidic pH §7, 81). This stability decreases more

50 (KN 6.4) almost disappears. The mutant H137Q is more or less rapidly when moving away from this pH value.
stable below pH 5.5, because the unfavorable contribution However, other ribonucleases, such as RNase A, barnase,

of the charged imidazole group is lost. For H50Q, as the

and others&1), show a broad plateau of stability covering
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a wide range of pHs, normally from pH 5 to pH 9. It is
well-known that the pH influences not only the stability but

also the function of an enzyme and that enzymes operate

optimally at a particular pH. These differences could be
telling us that the first group of proteins has been designed
to work preferentially in more restricted pH conditions than

the

other ones. In this respect, the physiological pH is not

homogeneous and varies in different locations in the cell and

12.

[y

14.

3.

Garén-Mayoral et al.

Pradeep, L., and Udgaonkar, J. B. (2004) Effect of salt on the
urea-unfolded form of barstar probed by m value measurements,
Biochemistry 4311393-11402.

Cho, J. H., and Raleigh, D. P. (2006) Electrostatic interactions in
the denatured state and in the transition state for protein folding:
effects of denatured state interactions on the analysis of transition
state structure]. Mol. Biol. 359 1437-1446.

Li, Y., Horng, J. C., and Raleigh, D. P. (2006) pH dependent
thermodynamic and amide exchange studies of the C-terminal
domain of the ribosomal protein L9: implications for unfolded

the body 66). Sincea-sarcin is maximally stable and active
in mildly acidic conditions such as the interstitial fluid of
solid tumors 66), it may hold particular promise as an
anticancer therapeutic agent.

In conclusion, the results shed new light on the contribu-
tion of the charged catalytic and surface residues to the

conformational stability oft-sarcin. These results aid in the

continuing efforts of many groups to develop anticancer

therapeutics based on ribotoxins.
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