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ABSTRACT. The cytotoxic ribonuclease-sarcin is the best characterized member of the ribotoxin family.
Ribotoxins share a common structural core, catalytic residues, and active site topology with members of
the broader family of nontoxic microbial extracellular RNases. They are, however, much more specific in
their biological action. To shed light on the highly specdisarcin activity, we have evaluated the structural

and electrostatic interactions of its charged groups, by combining the structuraKaotgracterization

by NMR of several variants with theoretical calculations based on the TankKirkwood and Poisson
Boltzmann models. The NMR data reveal that the global conformation of wildeypercin is preserved

in the H50Q, E96Q, H137Q, and H50/137Q variants, and that His137 is involved in an H-bond that is
crucial in maintaining the active site structure and in reinforcing the stability of the enzyme. The loss of
this H-bond in the H137Q and H50/137Q variants modifies the local structure of the active siteKThe p
values of active site groups H50, E96, and H137 in the four variants have been determined by two-
dimensional NMR. The catalytic dyad of E96 and H137 is not sensitive to charge replacements, since
their pKa values vary less tha#t0.3 pH unit with respect to those of the wild type. On the contrary, the
pKa of His50 undergoes drastic changes when compared to its value in the intact protein. These amount
to an increase of 0.5 pH unit or a decrease of 1.1 pH units depending on whether a positive or negative
charge is substituted at the active site. The main determinants oKtheapues of most of the charged
groups ina-sarcin have been established by considering the NMR results in conjunction with those derived
from theoretical i, calculations. With regard to the active site residues, the H&Ggxchiefly influenced

by electrostatic interactions with E96 and H137, whereas the effect of the low dielectric constant and the
interaction with R121 appear to be the main determinants of the alté&gdgbue of E96 and H137.
Charge-charge interactions and an increased level of burial perturb Kaevplues of the active site
residues ofa-sarcin, which can account for its reduced ribonucleolytic activity and its high specificity.

The structure, stability, and function of many proteins are bonding of a charged group with uncharged partners in the
governed by the protonation equilibria of ionizable groups folded protein can also perturb itKpand reinforce the
(1-5). Most of these groups exhibit alteredgvalues whose  stability of the native state. Thus, for instance, in ovomucoid
shifts are the result of a variety of possible interactions, such third domain, an altered carboxylateKyp results from
as chargecharge interactions, chargelipole interactions, hydrogen bonding and not from electrostatic interactions with
hydrogen bonding, desolvation effects, and others. It is well- nearby lysine residues) as was originally predictecB).
known that the formation of salt bridges can greatly alter Three hydrogen bonds between uncharged groups and buried
the K, values of the participating groups and make charged Asp76 in RNase TB)(and Asp33 in RNase Sa
substantial contributions to protein stabilit§)( Hydrogen (10) severely decrease theikKpvalues. Hydrogen bonding

: between two buried histidine4 1) and two glutamates near
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TYR43 g They are located in the centjadsheet, and their side chains

' point toward the concave face of the protein structure. The
most representative characteristics of ¢hsarcin active site
can be summarized as follows: (i) high density of charged
residues, (ii) unusual Ky, values of His50, Glu96, and
His137, (iii) unusual M tautomeric forms adopted by His50
and His137, a common feature of microbial RNases, (iv)
the presence of a structurally important hydrogen bond
between the catalytic His137 and a backbone oxygen in loop
5, and (v) low surface accessibility of all titratable atoms
(see Table 1).

Despite recent progress in the field, the origin &f,p
FIGURE 1: Superposition of the active site residuesxearcin in perturbations, both in general and in the casexefarcin,

20 NMR structures. Catalytic side chains are depicted in red; side remains an open question and more effort is needed for a

chains for which an additional role has been suggested during thecomplete understanding of it. Here we have used two
catalytic reaction are in green, and the rest of the side chains and. d dent hes to id .t' the int i turbi
the backbone atoms are in gray. This figure was generated with independent approaches to identify the interactions perturbing

MolMol (61, 62). the (K, values ina-sarcin. First, we have used computational
methods based on the Tanferdirkwood model and nu-
Since the K, values of ionizable residues reflect the merical integration of the PoisseiBoltzmann formalism
complex relationship between structure and energetics within(31—33). Although it cannot be said that these methods yield,
a protein, the experimental determination of their values and jn general, accurateKa values for buried groups, they are
the structural features that influence them are key in useful for identifying interactions that potentially pertut,p
understanding the physicochemical basis of the proteinvalues as well as for predicting th&pvalues of groups
stability and function. Considerable efforts to determine and that cannot be measured experimentally. Second, we have
predict protein [, values are being made by experimentalists systematically measured thi&values of titratable residues
and theoreticians. NMR spectroscopy is currently the most in a series of variants (E96Q, H50Q, H137Q, and H50/137Q)
powerful technique for obtaining individuakp values for  designed to remove potential interactions that might alter
most of the ionizable groups in biomolecules, and it has beenthe [K, values of active site residues. This approach leads
successfully applied to identify catalytid4, 15), ligand  to precise K. values, with the caveat that their accuracy

binding (12), and structurally relevantlg) residues in a  may be affected by subtle changes in the structure associated
number of proteins. Additionally, as NMR signals are with the mutations.

sensitive to the changes in the environment of the monitored
nuclei, the observed titration curves reflect both proton MATERIALS AND METHODS
release or binding and conformational changes that may ) )
occur when the pH is changedi®. Many charged groups NMR SamplesSamples were prepared by dissolving the
involved in catalysis exhibit altered<q values whose shifts ~ Wild-type (WT) protein and foun.-sarcin variants (H50Q,
result from a variety of possible interactior (8, 19). In E96Q, H137Q, and H50/137Q) in a 90%®110% DO
a recent work, the relationship between protein structure andMixture or DO, producing ca. 1 mM solutions containing
carboxylate group ionization was investigated for 115 as- 0.2 M NaCl as previously describe@4). GIn was chosen
partic acids and 96 glutamic acid¥pvalues in 24 proteins @S the substitute residue in all mutants to facilitate the analysis
of known structure 20). Interestingly, carboxylate groups @nd comparison, and because it is similar in size to the
located in active sites or ligand binding sites exhibit, in nearly replaced side chains. This is important because the active
all cases, elevateda values, suggesting that this decreased Site residues of the wild-type-sarcin are tightly packed and
ac|d|ty p|ays a genera| functional role in proteins_ buried QG) In addition to the conservative substitution of
a-Sarcin is an extracellular cytotoxin produced by the Glu with GIn, replacement of His with Gln has also been
mold Aspergi”us giganteu&l) whose Structure’ dynamicsl shown to be conservative because of the similar size tOgethel‘
and electrostatics have been extensively charactergzd ( With the ability of GIn to mimic some of the hydrogen bonds
26). This small ribosome-inactivating protein inhibits protein Of the imidazole ring 4). All spectra were acquired on a
biosynthesis by cleaving a single phosphodiester bond in aBruker AV-600 spectrometer at 3&. ‘H—H TOCSY 35)
strictly conserved RNA sequence of the largest ribosome and NOESY 86) spectra with mixing times of 60 and 50
subunit @7, 28) located in the “sarcin/ricin” loop29, 30). ms, respectively, were recorded by using standard pulse
a-Sarcin is a highly charged protein, with a high isoelectric Seéquences. The spectra of the mutant variants were assigned
point. The high content of positively charged residues is at pH 6.0, following the standard NOE-based methodology
likely required for recognizing and binding of its highly ~@as well as the reported assignment of the wild-type protein
negatively charged target. In a previous work, thg yalues (37).
of all aspartic acid, glutamic acid, and histidine residues of = The effect of pH titration on the chemical shifts was
o-sarcin were determined by NMR, revealing that many determined by analyzing a series of TOCSY and NOESY
residues, including several at the active site, exhibit highly spectra recorded at pH values ranging from 3.0 to 8.5.
perturbed K, values 24). The active site ofu-sarcin is Chemical shifts were corrected for the effect of the TSP
composed of residues His50, Glu96, His137, Argl21, and titration (38). Spectra were processed with the Bruker
Tyrd8 (Figure 1), although only the first three are directly package and analyzed using version 3.3 of the program
involved in proton transfer steps in the catalytic mechanism. ANSIG (39).

ARG 121
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Table 1: Surface Accessibilities and Distances between Side Chain Atoms of Residuestedhan Active Sité

His50 Glu96 Argl121 His137
No Ne Oe¢; Oe, Ne No Ne
ASA (%) 51 5 5 3 9 0 10
distance
His50
NoO - - 6+1 5+1 6.3+ 0.4 10.7+£ 0.4 9.2+ 0.4
Ne - - 3.5+ 0.6 4.8+ 0.7 4.4+ 0.6 9.6+ 0.4 7.8+ 0.4
Glu96
Qe 6+1 3.5+ 0.6 - - 464+ 0.9 8+ 1 6+1
Oe; 5+1 4.8+ 0.7 - - 3.9+0.7 7.7+ 0.6 6.3+ 0.6
Arg121
Ne 6.3+ 0.4 4.4+ 0.6 4.6+ 0.9 3.9+ 0.7 - 7.0+ 0.6 4.9+ 0.6

aMean values with their standard deviations over 20 NMR structures (PDB entry 1DE3).

Calculation of the Experimental pkvalues pK, values variants using both TK and UHBD approximations with
were determined by measuring the changes in tHe similar protocols as described above. For the purposes of
resonances as a function of pH. Experimental pH titration the electrostatic calculation, the charge deletion mutations
curves were fitted to different models derived from the were taken into account by simply setting the charge of the
Henderson-Hasselbach equation, assuming a rapid equilib- mutated residue to zero in the input file of the TK and UHBD
rium between protonated and unprotonated fora®. (The programs. TK calculations for these mutants were carried
pK, values were calculated as the weighted average of theout on the basis of the four lowest-energy NMR structures
analysis of various titration curves of different protons as of wild-type a-sarcin of the 20 proposed. Also, the starting
previously describedd). The typical reproducibility of the  pK, values used as input of the TK calculation were
pKa values is comparable to the standard error of fits of that optimized on the basis of the comparison of experimental
equation to experimental data. All reported errors reflect the and predicted I§, values for wild-typea-sarcin.
precision of the data fitting and do not include the uncertainty
in the pH determination of the sample, which is estimated RESULTS
to be+0.1 unit. Assignment ofH NMR Spectra of E96Q, H50Q, H137Q,

Theoretical pk Calculations pK, calculations for wild- and H50/137Qux-Sarcin MutantsTo determine if the tertiary
type a-sarcin were performed on a family of 20 NMR  structure of the wild-type enzym@6) is preserved in these
structures (Protein Data Bank entry 1DE3) on the basis of mutants, beyond small local conformational changes near
two different theoretical approaches. The first method follows the mutated site, a structural characterization was performed
the Tanford-Kirkwood (TK) model @1, 42), corrected for by NMR. A comparison of the backbone NH arcH
solvent accessibility and with the mean field approximation chemical shift deviations of E96Q, H50Q, and H137Q
of Tanford and Roxby43), and was implemented using the variants with respect to the chemical shifts of the wild-type
computer program written by Ibarra-Molero et &2). The protein is shown in Figure 2. Overall, chemical shift
dielectric constants were 80 and 4 for the solvent and the differences A0 = Omut — Owr) are small. Profiles corre-
protein, respectively. We further used a continuum electro- sponding to H50Q and E96Q mutants show that their
static approach that relies on the finite difference solution chemical shifts are within 0.05 ppm of their values in wild-
of the PoissonBoltzmann equation (FDPB) as implemented type a-sarcin. More significant variations are found in
in the University of Houston Brownian Dynamics software residues near the mutated one. Thus, for these variants, the
package (UHBD) 81, 44) with the optimized protocol of  results indicate that the global fold is preserved with minor
Wade and co-workers38), which allows for different rearrangements at the mutated sites. A rather different
histidine tautomer forms and contains a protocol for ad- situation is observed for the H137Q mutant. The magnitude
dressing multiple titration problem by cluster analysis. In of the chemical shift changes and the large number of protons
agreement with the experimental results, His36, His50, and affected by this mutation suggest there are larger changes
His137 were considered NHautomers, whereas all others in the environment of the mutated residue than in the other
were fixed as NH (45) in the UHBD calculations. Two  two cases. Important differences in thetldhemical shifts
different values, 15 and 78.5, for the dielectric constant in are located not only in the vicinity of GIn137 but also in all
the protein interior were used for either the mostly buried residues belonging to loop 5 (13943), strand3s (120—
or the mostly solvent-exposed ionizable sitg3)( The 124), and residues in the N-terminahairpin (2-26). The
dielectric constant for the solvent was set to 78.5. All the largest deviations are found in the protons of residues next
calculations were done by matching the experimental condi-to Gly143: 142 H, 0.34 ppm; 142 HN, 0.24 ppm; 1430H
tions (35°C and an ionic strength of 200 mM). The intrinsic  —0.22 ppm; 143 HN;~0.17 ppm; and 144 HN;-0.34 ppm.
pKa values used in the calculation arise from measured modelFor H50/137Q, the observed changes approximately cor-
compound K, values of Nozaki and Tanfordtf): 3.8 for respond to the sum of effects of the individual mutations
the C-terminus, 4.0 for Asp, 4.4 for Glu, 6.3 for His, 7.5 for (data not shown). The large number of protons affected by
the N-terminus, 9.6 for Tyr, 10.4 for Lys, and 12.0 for Arg. the two substitutions throughout the protein sequence means
The reported K, value is the mean over the individuaKp that the possibility that significant structural rearrangements
values calculated in the 20 NMR structures. have occurred in this mutant cannot be ruled out.

Theoretical K, values were also obtained for the titratable ~ Qualitative information about the side chain conformation
groups in the E96Q, H50Q, H137Q, and H50/13x®arcin of the mutated residues can also be obtained from NMR data.
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Ficure 2: Chemical shift differences of dd(left) and HN (right) protons of E96Q, H50Q, and H137Q mutants with respect to those in
wild-type a-sarcin.

Table 2: Experimental o, Values of the Histidines and Glutamic Acid 96 of the Wild Type and E96Q, H50Q, H137Q, and H50/137Q
o-Sarcin Mutants

protein H35 H36 H50 H82 H92 E96 H104 H137 H150
o-sarcirt 6.3+0.2 6.8+ 0.2 7.7£0.2 7.3£0.1 6.9+ 0.1 5.2+0.1 6.5+ 0.2 5.8+0.1 7.6+£0.1
E96Q 6.3 0.2 7.3£0.2 6.4+ 0.2 nd 7.2+0.1 - leg 59+0.1 7.9+£0.1
H50Q 6.2+ 0.2 nd - 7.4+0.1 7.3£0.1 5.0£0.1 nd 6.1+0.1 7.3£0.1
H137Q 6.3+ 0.2 nd >8 74+0.1 7.1+£0.1 57+0.1 6.6+ 0.2 - 7.7+0.1
H50/137Q 6.3t 0.2 7.3£0.2 - 7.0+£0.1 7.4+0.1 5.4+0.1 7.3£0.2 - 7.6+0.1

aValues from ref24. ® Not determined because of signal overlap.

The chemical shifts of the Nfrotons of GIn at positions  histidine residues and glutamic acid 96, obtained after fitting
50, 96, and 137 in the different mutants are 7.48 and 6.69 of all curves, are summarized in Table 2. In general, these
ppm for GIn96 in E96Q, 6.68 and 6.54 ppm for GIn50 in mutations do not produce large changes in tKg yalues
H50Q, 7.32 and 6.50 ppm for GIn137 in H137Q, and 6.50 of histidines not located at the active site. Thus, His35, His82,
and 6.40 ppm for GIn50 and 7.29 and 6.53 ppm for GIn137 and His150 maintain the sam&jpvalue in all the variants,
in H50/137Q. GIn96 and GIn137 side chains have chemical and the K, value of His104 is shifted only in the double
shifts in the range of the random coil values (7.52 and 6.85 mutant H50/137Q (0.8 pH unit). Finally, th&Kpvalues of
ppm) @7). On the other hand, the GIn58protons have His36 and His92 are slightly increased in all variants {0.2
chemical shifts shifted upfield with respect to the random 0.5 pH unit); this effect is more pronounced for His92. H50/
coil values, probably due to the ring current effects of the 137Q is the variant with the largesKpshifts: 0.5 pH unit
neighboring Tyr48. In addition, none of these hydrogen for H36, 0.3 pH unit for H82, 0.5 pH unit for H92, 0.8 pH
atoms show protection against solvent exchange, indicatingunit for H104.
that they do not participate in hydrogen bond§)( However, remarkable differences in both the shape of the
Titration Curves and pK Values of H50Q, E96Q, H137Q, curves and thelg, values with respect to those of the wild-
and H50/137Qa-Sarcin Mutants.The K, values of all type protein were observed for the active site groups (Figure
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Ficure 3: Chemical shift titration curves of different protons in
H50Q, E96Q, H137Q, and H50/13@3sarcin mutants. Data points

Garca-Mayoral et al.

Glu96. As expected, in the E96Q mutant, the His50 data fit
a single titration group model very well. The singl&p
observed (6.4) that can be attributed unambiguously to His50
decreases by more than 1 unit compared to the one in the
wild-type protein (7.7). On the other hand, titration of His50
in the H137Q mutant shows, in addition to the titration
corresponding to Glu96 K = 5.7), two incomplete
inflections at low and high pH. The one at the basic end
(pKa > 8) can be attributed to its ownKp.

As in wild-type a-sarcin, the titration of Glu96 in H50Q,
H137Q, and H50/137Q mutants could be followed by the
chemical shift of its HN, td, and Hy protons. In the H50Q
and H50/137Q variants, the experimental data could be fitted
to a single titration model. On the contrary, in the H137Q
mutant, an additional incomplete inflection in the titration
was detected at acidic pH, as can be seen in thditrhtion
(Figure 3). The K, value of Glu96 is 0.2 pH unit lower in
the H50Q mutant and 0.5 and 0.2 pH unit higher in the
mutants containing GIn at position 137 than in the wild-
type protein.

The titration curves of His137 were determined from its
0, ande; protons, and those of the E96Q and H50Q mutants
are quite similar to that of the wild-type protein both free
and complexed with'&MP (24). All of them fit a model
with a single titrating group well. Thely, value of His137
remains unchanged compared to that of the wild-type protein,
indicating that the substitution of His50 or Glu96 does not
substantially affect the electrostatic environment of His137.

The fact that the titration curves of H137Q mutant differ
in shape with respect to those of the wild type and the other
variants reinforces the idea that there is a structural alteration
at the active site caused by the His/GIn substitution. In this
new local conformation, the titrations of His50 and Glu96
are affected by a new acid group. According to the three-
dimensional (3D) structure, the residue that could most likely
affect their titration is Asp41. This is the only acidic residue
located withih 7 A of theactive site in the wild-type structure,
and its X, value is unusually low €3.0).

pKa Values of WTa-Sarcin Calculated on the Basis of
Theoretical MethodsTo have a reference set oKpvalues
for evaluating and comparing the corresponding ones in the
mutants, we first undertook the calculation of the theoretical
pKa values of all titratable groups of Wi-sarcin. Table 3
shows the results of thekp calculations obtained from the
UHBD and TK formalisms. All Arg residues show minor
deviations from their nominalkf, values, with the remark-
able exception of Arg121 which has an unusual low solvent
accessibility (6%) and interacts electrostatically with other
active site residues: His50, Glu96, and His137.

The calculated Ig, values of lysine residues are in general
close to the value for model compounds, in agreement with
their high level of solvent exposure and the absence of
structural restrictions. Deviations from the intrinsi€ are
in all cases positive, indicating small stabilizations of the

correspond to the experimental data, and the solid lines are thecharged forms. Lys114 and Lys129 exhibit the highé&t p

least-squares best fits to the data.

3). The titration of His50 was followed by observing the
chemical shift of its K, and H; protons. In the native
protein, two transitions are clearly apparent in the Hiss9 H
curves, which can be attributed to th&;pof its own

values among all lysine residues (almost 1 pH unit above

the intrinsic Ky). Interestingly, the highig, of Lys114 may

be related to the RNA recognition role of this side chain.
All tyrosine residues ina-sarcin are buried in the

hydrophobic core of the protein. The NMR structure shows

that some of these Tyr side chains are involved in hydrogen

imidazole group and to the carboxylate group of its neighbor bonds within the protein core (i.e., Tyrl06) and that their
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Table 3: X, Values of Charged Side Chains @fSarcirt Calculated by Two Different Theoretical Methods

residue UHBD TanforetKirkwood expP ASA (%) H-bond/electrostatic interaction H-bond restrictfon
Arg22 12.1+ 0.1 (12.6-12.2) 12.2+0.1 (12.+12.2) nd 49
Arg66 12.3+ 0.1 (12.6-12.5) 12.3+0.2 (12.1-12.8) nd 43
Arg78 12.6+0.1(12.3-12.7) 12.6+0.1(12.3-12.7) nd 28 D75, H92
Argl219¢  14.04 0.1 (13.4-14.9) 13.1+0.1(12.8-13.3) nd 6 Y48, H50, E96, H137 G118, A120
Lys11 10.8+ 0.1 (10.711.1) 10.9+ 0.1 (10.7~11.2) nd 35 Y18
Lys14 10.4+ 0.1 (10.4-10.5)  10.6+ 0.1 (10.6-10.9) nd 58
Lys17 10.6+ 0.1 (10.5-10.8) 10.7+ 0.1 (10.6-10.8) nd 46
Lys21 10.8+ 0.1 (10.6-11.0) 10.9+ 0.1 (10.7-11.1) nd 29 E19
Lys29 10.1+ 0.4 (9.9-10.7)  10.9+ 0.1 (10.8-11.1) nd 23
Lys43 11.0+ 0.1 (10.9-11.5) 10.9+ 0.1 (10.8-11.4) nd 44 D85
Lys61 10.6+ 0.1 (10.4-10.9) 10.8+ 0.1 (10.5-11.0) nd 49
Lys64 10.4+ 0.1 (10.3-10.5) 10.6+ 0.1 (10.5-10.7) nd 66
Lys70 10.74+ 0.1 (10.5-10.8) 10.8+ 0.1 (10.6-11.1) nd 49
Lys73 104+ 0.1 (9.6-10.6) 10.8+ 0.1 (10.711.0) nd 33
Lys81 10.8+ 0.2 (10.3-11.1) 10.9+0.1(10.6-11.1) nd 36 H92 P80
Lys84 10.7+ 0.1 (10.710.9) 10.8+0.1(10.8-11.0) nd 60
Lys89 10.5+ 0.1 (10.2-10.5) 10.7+0.1(10.5-10.7) nd 63 D90
Lys107 10.74+ 0.1 (10.6-10.8) 11.0+ 0.1 (10.9-11.2) nd 37
Lys11l  10.6+0.1(10.5-10.7) 10.6+0.1(10.5-10.7) nd 47
Lys112 10.4+ 0.1 (10.3-10.5) 10.6+ 0.1 (10.5-10.6) nd 58
Lys114 11.2+0.1 (11.+11.3) 11.4+0.2(10.8-11.7) nd 24 Y48, Y106
Lys129' 11.34+0.5(9.4-11.4) 11.14+0.1(11.0-11.2) nd 7 H35, Y124 A37,H35
Lys139 10.9+0.1(10.8-11.1) 11.1+0.1(11.6-11.3) nd 30 Y18, D9
Lys146 10.6+ 0.1 (10.5-10.7) 10.7+ 0.1 (10.6-10.8) nd 34 Q138
Tyrl8 9.9+ 0.1 (9.6-10.1) 10.4+ 0.1 (10.2-10.6) nd 21 E140, K139, K11
Tyr25 11.3+0.2 (10.711.4) 10.3+0.1 (10.3-10.4) nd 1
Tyr4gle 10.0+ 0.4 (9.3-10.2) 10.0+ 0.1 (9.710.2) nd 6 H50, K114, R121
Tyr56 10.5+ 0.2 (10.+10.8) 10.5+ 0.2 (10.06-10.7) nd 4 D77
Tyr93 10.7+ 0.1 (10.5-10.8) 11.0+ 0.1 (10.711.3) nd 0 D91, Y126 G86
Tyrl0¢'  12.2+0.6(10.8-12.7) 10.1+ 0.1 (9.9-10.3) nd 1 K114
Tyrl24#  12.240.3(11.5-12.5) 10.3+0.1(10.2-10.4) nd 0 K129
Tyrl26 10.3+ 0.2 (10.+-10.6) 10.6+ 0.1 (10.3-10.9) nd 8 D91, Y93
His35' 6.3+ 0.2 (6.0-6.6) 6.4+ 0.1 (6.3-6.4) 6.3+ 0.1 34 E31, K129
His36 7.1+ 0.1 (7.0-7.3) 6.5+ 0.1 (6.4-6.6) 6.8+ 0.1 43 D105
His50'e 7.3+0.1(6.8-7.6) 6.4+ 0.1 (6.1-6.6) 7.7+ 0.1 18 Y48, E96, R121 W51
His82 7.7+ 0.1(7.2-7.8) 6.8+ 0.1 (6.6-6.9) 7.3+ 0.1 11 D41, D91 D41
His92 6.6+ 0.1 (6.4-6.6) 6.1+ 0.1 (5.8-6.2) 6.9+ 0.1 18 R78, K81
His104' 54+ 0.1 (5.25.7) 6.7+ 0.1 (6.5-6.7) 6.5+ 0.1 27 D102, E115 D102, E115
His137¢ 5.6+ 0.2 (5.3-5.9) 6.1+ 0.1 (6.0-6.2) 5.8+ 0.1 6 G143 R121
His15¢ 6.8+ 0.1 (6.4-6.9) 6.5+ 0.1 (6.4-6.6) 7.6+0.1 46 C-terminus
Glu19 4.2+ 0.1 (4.1-4.3) 4.1+ 0.1 (3.9-4.2) 4.6+0.1 22 K21
Glu3 4.8+ 0.3 (4.2-5.2) 3.8+ 0.1 (3.7-3.9) 4.6+0.1 17 H35 Q27
Gluogte 5.2+ 0.4 (3.8-5.3) 3.5+ 0.1 (3.2-3.7) 5.2+ 0.1 1 H50, R121
Glul15 4.5+ 0.1 (4.3-4.6) 4.1+ 0.1 (3.9-4.2) 49+0.1 36 H104 H104, K107
Glu140 4.6+ 0.2 (4.4-4.6) 4.2+ 0.1 (4.0-4.3) 4.2+0.1 26 Y18
Glul44 4.3+ 0.2 (4.2-4.5) 4.2+ 0.1 (4.0-4.3) 4.3+ 0.1 44
Asp9 4.1+ 0.1(3.9-4.2) 3.6+0.1(3.3-3.7) 3.9+ 0.1 10 K139
Asp4l 4.7+ 0.1 (4.6-4.7) 3.4+ 0.1(3.3-3.6) <3.0 5 H82, W51 H82, W51
Asp57 4.14 0.1 (4.0-4.3) 3.8+ 0.1 (3.6-3.8) 4.2+0.1 33 N59, K61
Asp59 3.9+ 0.1 (3.74.2) 3.6+ 0.1(3.3-3.8) 4.0+ 0.1 35
Asp75 3.6+ 0.1 (3.4-3.7) 3.4+ 0.1 (3.2-3.6) 3.8+ 0.1 22 R78
Asp77 4.2+ 0.1 (4.0-4.9) 3.6+ 0.1 (3.4-3.8) 3.0+0.1 19 Y56 F71, G72
Asp85 4.2+ 0.1 (4.1-4.6) 3.6+ 0.1 (3.1-3.7) 3.8+ 0.1 26 K43
Asp9X 4.6+0.5(4.2-5.1) 3.6+ 0.1(3.4-3.7) <3.0 3 H82, Y93, Y126 S83, G88
Aspl02 4.0+ 0.1 (4.0-4.2) 3.5+ 0.1 (3.4-3.6) <3.0 46 H104 H104
Asp105 3.8 0.1 (3.74.0) 3.5+ 0.1 (3.4-3.6) <3.0 30 H36 N33
Asp109 3.9+ 0.1 (3.9-4.0) 3.7+ 0.1 (3.73.8) 3.7+ 0.1 37 G45

aMean values and their standard deviations over 20 NMR structures (PDB entry 1DE3). Numbers in parentheses correspond to the minimum
and maximum calculated< values.? Values from ref24. ¢ o-Sarcin numbering? Low dielectric constant sites detected by the UHBD program.
¢ UHBD pK, calculated with His50, His137, and His15@Htautomers as experimentally determind8)( Other histidines were consideredN
tautomers! Not determined.

phenolic protons are partially buried, which might provide methodology as well as for the 11 aspartic acids, thus

a structural explanation for their highKpvalues. suggesting a general stabilization of the charged forms as a
The TK model predicts I, values for the histidine  consequence of chargeharge interactions with positive side

residues close to that of the random coil value (6.3). The chains.

UHBD method yields high ¥, values for His36 (7.1), His50 For most groups, the differences between tKg yalues

(7.3), and His82 (7.7), whereas low(pvalues are predicted  calculated with the TanforeKirkwood and UHBD methods

for His104 (5.4) and His137 (5.6). LowKp values are  are less than 0.5 pH unit (Figure 4), and th&, palues are

calculated for all glutamic acids with the TanferHirkwood in the range found in other protein systems. For Arg121,
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Ficure 4: Comparison of K, differences in TanfordKirkwood (TK) and UHBD calculations with respect to the model compounds of
Nozaki and TanfordApKa = pKa(method)— pKi(model)]. Residues with differentqa values predicted by both methods to be larger than
0.5 pH unit are labeled together with their percent of accessible surface.

Tyr25, Tyrl06, Tyrl24, His50, and His82, significant 3.0 I'?121'
differences are found for theKp values calculated by the 1| o Hs50Q L
two methods, although they are always higher than the 257 o E96Q O
intrinsic values, thus indicating some stabilization of the ]
protonated form. For His104, Glu31, Glu96, and most Asp
groups, both methods also predict differeit,walues. In
general, the UHBD package tends to yield high€x yalues.
The main differences (Figure 4) are found in deeply buried
residues (accessible surfaces of less than 10%). |
pKa Values of H50Q, E96Q, H137Q, and H50/137Q 0.5 |_:50
a-Sarcin Variants Calculated on the Basis of Theoretical 1
MethodsThe K, values were also calculated for all titratable 00
groups in thex-sarcin mutants. According to the NMR data, |
meaningful information could be obtained only for the H50Q 0.5
and E96Q mutants, as the H137Q and H50/13#&arcin .
variants do not maintain the native conformation of the active 104
site. As expected, differences in the predictd], palues —r
for most residues in the mutants are small with respect to 10 -05 00 05 10 15 20 25 30
those of the WT (Figure 5) and th&pvalues of residues ApKa wt

at and near the active site (i.e., Tyr48 and Arg121) are the Fieure 5. Comparison of calculatecka values (UHBD calcula
ones most strongly affected in the different variants. The tions) between the WT and the H500 and ES6arcin mutants.

TK- and UHBD-calculated Ka values of these groups in i values refer to model compounds of Nozaki and TanfopK,

the E96Q and H50Q mutants are summarized in Table 4.= pK,(calculated)— pKi(model)]. Residues whose values deviate
With the exception of Arg121,k, values calculated by both by more than 0.3 pH unit and residues E96 and H50 in H50Q and
methods are in complete agreement. For Arg121, the UHBD E96Q mutants, respectively, are labeled.

method systematically yields &p 1 pH unit higher than  5g6ign specific interactions. Moreover, few proteins are stable
the one calculated by the TK method. Regardless of the oyer 5 wide enough pH range for the experimental deter-
mutated residue, the predictions point to Bamear the  ination of all i<, values. Consequently, the best approach
random coil value for Tyr48, a highia for His50, GIlu9s, is to use a combination of theoretical calculations and
and Arg121, and a low K, with respect to the model for 1, ;tagenesis together with the experimental determination
His137. of the ionization equilibria49). The cytotoxic ribonuclease
DISCUSSION _a-_sarcin is an excellent system for the_se analy_ses, because
it is very well characterized structurally, its experimenté) p

Identifying the interactions responsible for changes in the values are known, and some mutants have been obtained
intrinsic pK, values of titrating groups is one of the more and studied. On the other hand, consideration of tkg p
refined ways to describe the electrostatic properties of avalues ina-sarcin is a formidable task because the large
protein, which can play decisive roles in the biological number of charged groups leads to large chaerge
function. However, this is not an easy task. First, one needsinteractions. Moreover, many charges are not exposed, so
to know the 3D structure of the protein very precisely to desolvation effects and chargdipole interactions can be

E96

ApKa mutants
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Table 4: Calculated i, Values of Active Site Residues of H50Q and E96€%arcin Mutants by Two Different Theoretical Methéds

Tyra8 His50 Glu96 His137 Arg121
mutant TK UHBD TK UHBD TK UHBD TK UHBD TK UHBD
E96Q 9.9+0.1  10.0£0.3 7.4+01 7.2+02 — — 57+0.1 56+01 12.6£0.1 14.0+04
(—1.0) -0.8) (0.2) (0.3)
H50Q 10.0£0.1 10.3+03 — - 54+01 54403 59+01 57+0.1 13.0£01 14.3:0.5
(—0.4) 0.4) (0.2) (0.4)

aTK, Tanford—Kirkood method; UHBD, University of Houston Brownian Dynamics package. Faaljfferences with respect to the experimental
values are shown in parentheses.

expected to shift individualky, values substantially as occurs in the crystal structure of the related H92Q mutant of RNase
in other proteins¥, 9, 10, 15, 16). T1 (53). In the native protein, the His1370\H proton forms

In some cases, the predicteldyshifts ofa-sarcin groups @ hydrogen bond with the oxygen of Gly143, which helps
correlate well with either electrostatic interactions or solvent fix the orientation of loop 5 with respect to the central
inaccessibility 24). This is the case of Tyr25, for example, f-sheet. In the mutants, no evidence for an equivalent
whose high [, value can be attributed to its low surface hydrogen bond is found, since the observed chemical shifts
accessibility. However, this is not the general case. For otherof the side chain protons of GIn137 are close to the random
residues, changes irKpcan be assigned to two effects that coil values, and also its primary amide protons are unpro-
perturb the . in the same direction. For example, the tected against exchangé§]. The lower stability of these
reduced accessible surface and the repulsion with negativelymutants AAG ~ 2 kcal/mol at pH 7.0)%2) with respect to
charged groups can account for the stabilization of the neutralthe wild-type protein can most probably be ascribed to the
OH form in tyrosines 56, 93, and 126. In some other cases, loss of this specific hydrogen bond.
opposing effects partially cancel to produce the obser¥ed p Interpretation of the Experimental pKalues of the Acte
value, i.e., Glu96 and Arg121. Site Residues in the MutanBubstitution of Glu96 with GIn

Many electrostatic interactions are concentrated at the provokes a decrease in th&pvalue of His50 of>1 pH
o-sarcin active site. The residues belonging to this site, unit. On the basis of only electrostatic considerations, this
including His50, Glu96, Argl121, and His137, have been is the expected result since, in the mutant, the chacbarge
shown to have alteredKa values, which in some cases interaction between the carboxylate and the imidazolium
(His50 and Glu96) have not received an appropriate theoreti-groups, which favors the protonated state of the histidine
cal explanation. This fact prompted us to measure the effectring, is missing. In the mutant, the<p of His50 is close to
of removing nearby charges on thod¢,walues by means  the value reported for model peptides as expected for a side
of mutation. In general, the response to charge replacementshain with moderate surface accessibility. From thg of
is complex and difficult to anticipate. In some cases, 6.4 for His50 in the E96Q mutant and that of 7.7 in the wild
substitutions that alter the active site charge balance maytype, aAAG® of 1.83 kcal/mol is obtained. This energy
lead to structural rearrangements of the active site that restoradifference arises from the most favorable contribution of the
the charge balance present in the wild-type protgd).(On charge-charge (His56-Glu96 and Arg12%+Glu96) elec-
the other hand, recent studies have shown that some residueksostatic interactions present in the wild type, relative to the
are insensitive to charge replacements in their environment,charge-dipole (His56-GIn96 and Arg12+GIn96) interac-
and the results are not easily explaing)l Despite these  tions in the mutant. Theky, of His137 does not change in
caveats, charge substitution mutations are still a usefulthe mutants within experimental error, indicating that the
approach for isolating and experimentally quantifying indi- E96Q mutation does not affect its microenvironment as a
vidual interactions §1). consequence of the large distance between His137 and

Structure of the Actie Site in the Mutants on the Basis of Glu96. In summary, the information obtained from the E96Q
NMR Data Four a-sarcin variants, H50Q, E96Q, H137Q, mMmutant demonstrates that the presence of GIu96 is the main
and H50/137Q, were previously constructed and character-cause of the relatively highka of His50, whereas it does
ized 62). According to the published spectroscopic d&@),( not affect the K, of His137.
the structural changes produced by the mutations are small. A completely different picture can be drawn from the
NMR data, chemical shifts and NOEs, confirm the global H50Q mutant data. Surprisingly, no significant variation in
structural similarity shared by mutants and wild-type proteins. the K, value of Glu96 is observed when His50 is substituted
Additionally, the g, values of other residues, six histidine with GIn, contrary to the increase expected on the basis of
groups (H35, H36, H82, H92, H104, and H150) far away the E96Q mutant data. A slight decrease in tHe @f Glu96
(more than 7 A) from the active site, are additional evidence is observed instead, showing a hardly significant stabilization
that the global 3D structure is conserved. Consequently, weof the charged form. This result leads us to consider that
will discuss the effect of the substitutions in terms of local some sort of compensating effect must be counteracting the
changes at the active site and its environment. There is noloss of the positive charge of His50 to keep tli pf Glu96
NMR evidence for conformational arrangements in the H50Q unchanged. The NMR data clearly demonstrate that the
and E96Q mutants. In addition, both mutants and WT CONH, protons of GIn50 are not involved in hydrogen
a-sarcin have similar conformational stabilities as indicated bonds, so their participation in the stabilization of the charged
by the closeness of theli, values at pH 7%2). A different form of Glu96 in the mutant can be discarded. The more
situation is found for mutants involving His137, where the reasonable explanation would be then to accept a confor-
NMR data suggest a conformational change as it was foundmational change that cannot be observed on the basis of the
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NMR data. This could be as follows: replacing His with a

smaller side chain, GIn, may increase the access of the

solvent to the active site, which may interact favorably with
the carboxylate group compensating partially for the interac-
tion with the missing imidazole group. Additionally, since
the unfavorable His50Arg121 interaction has been sup-
pressed in this mutant, it is likely that Arg121 modifies its
position to produce a more favorable interaction with Glu96.
As in the previous mutant, theKg variation observed for
His137 in H50Q is small. The slight increase in it§;zan
be explained by a combination of effects: the loss of a distant
positive charge (50 and 137 side chains are at 10 A, in the
wild type) and the higher solvent accessibility of the active
site. The increase in the solvent accessibility in the H50Q
mutant active site is more likely to occur than in E96Q
because of the larger difference in the size of the substitution
of His with GIn than in the substitution of Glu with Gin.
We have seen that His137 is not largely affected by the
replacement of His50 or Glu96 with GIn. Consequently, the
elimination of the positive charge at this position was
expected to slightly contribute to the stabilization of the
charged or neutral forms of His50 and Glu96. Tikg palue
of His50 however increases upon mutation, reflecting the
stabilization of its ionic form. The conformational change

Garén-Mayoral et al.
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Ficure 6: Comparison of calculated and experimenté) palues

for a-sarcin residues. Experimental and calculated data refer to
model compounds of Nozaki and TanforlgK, = pKa(method)/

exp Ka(model)]. Residues that deviate by more than 0.5 pH unit
in the WT protein are labeledKp values corresponding to active

detected in this variant suggests a new electrostatic interac-Site residues of H50Q are in red and those of E96Q in b,

tion, absent in wild-typex-sarcin, with an acidic residue,
probably Asp41, which provides an additional contribution
to the increase in theky of His50. It is more difficult to
interpret the K, increase for Glu96 of 0.5 unit, which is
probably caused by a combination of effects. In this respect,
the elimination of the positive charge of His137 and the
possible electrostatic repulsion with Asp41 should be deter-
minant factors.

Finally, the effects of the single mutations on the, of
Glu96 appear to be additive in the context of the double
mutant. On one hand, H50Q decreases tKg gf Glu96,
and on the other, H137Q increases it, resulting in an
intermediate value in the double mutant. This indicates that
both mutations act independently, in agreement with pub-
lished stability and spectroscopic da&®)

From the previous analysis, we may conclude, in contrast
to the results obtained for His50, that the,walues of Glu96
and His137 are not sensitive to positive or negative charge
replacements in their environment. In the case of His137, it

values of aspartic acid residues witKvalues of less than 3.0
are out of the plotted range and are represented by arrows.

o-sarcin structure, we will discuss the observed differences
in the WT K, values of groups outside the active site. The
Tanford—Kirkwood model accurately reproduces (within a
0.5 K, unit difference) the K, values of His35, His36,
His82, and His104, while it fails for His92 and His150. The
UHBD method accounts satisfactorily for th&jovalues of
His35, His36, His82, and His92, although some of thdse p
values are highly perturbed. There is, however, no good
agreement between the calculated UHBD and the experi-
mental K, values for His104 and His150. His150 is an
interesting case since neither computational method ac-
curately reproduces itsK, even though it is partially
exposed. As recently reported5), the calculated Ig, of
His150 strongly depends on its tautomeric form. In the
UHBD calculations, the experimentally determined;N
tautomers were used, and th€,walues produced are closer
to the experimental ones. For His92, the TK model indicates

appears reasonable to accept that the relative large distanca stabilization of the neutral form to avoid repulsive

separating it from the two other residues weakens the
expected effects. The null effect of replacing His with GIn
at position 50 on the determinedpof Glu96 may be the
result of two counteracting effects. However, the electrostatic

electrostatic interactions with Arg78 and Lys81, whereas in
the UHBD calculation, the effect attributed to the desolvation
term gives a value more in line with the experimentil.p
The UHBD model predicts, for thedy tautomer of His104,

interactions among these three active site residues, and Tyrd& pK, closer to the experimental value than for the; form

and Arg121, whoself, values cannot be obtained experi-
mentally by NMR, still remain unknown. This information
is essential for a complete interpretation &fperturbations
and may be analyzed on the basis of the calculated values
Comparison between Experimental and Calculated pK
Values Calculated K, values for His, Glu, and Asp are
compared with those determined experimentally for wild-
type o-sarcin @4) and its mutants in Figure 6. Many
experimentally measuredKp shifts are very satisfactorily
reproduced by the calculations. However, important devia-
tions are clearly observed in many groups both in the wild
type and in the mutants. First, on the basis of the known 3D

(45). However, the tautomeric state of His104 could not be
determined on the basis of NMR da#b5], so the K, of

the more common & tautomer was employed in the current
calculations.

In the case of the Glu side chains, the UHBD results match
the experimental values more closely. TK-calculatéq, p
values show significant differences with the experimental
values of glutamic acids 31 and 115. In these cases, it is
clear that the hydrophobic environment is best reproduced
by the PoissorBoltzmann approximation, and that the
relatively high calculated, values can be mainly attributed
to this effect. For the aspartyl groups, none of tKg yalues
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experimentally determined to be less than 3.0, namely, dramatic K, shifts (4-6 pH units) (0, 54—56), much
Asp4l, -77,-91, -102, and -105, are reproduced by the two greater than those found axsarcin. Dielectric constang)
theoretical calculations employed here, although the differ- values on the order of 1012 (14, 57), measured experi-
ences are smaller when using the TK approach. All these mentally, have been reported for buried positionsiisarcin,
aspartic acids show important electrostatic interactions with the first question to answer is whether the desolvation of
positively charged groups that should be the main determi- the active site is the only factor responsible for the perturbed
nants of their low K, values. The UHBD method appears pK, values of Glu96 and His137. Assuming it to be true,
to underestimate the electrostatic component, whereas theand ignoring other electrostatic interactions, we calculate an
TK method produces more realistic values. €prot Mean value of 43 1 for the active site using the Born

In relation to the active site groups, the analysis of their approximation:
calculated K, values should be restricted to the WT, and
the E96Q and H50@.-sarcin variants, which are the only AAG® = 164.9(1€ o — e )/t
molecules conserving all the conformational features of the
active site. In all cases, theKp of His137 is accurately = whereAAG® = 1.13 kcal/mol (from E96 I§,) and 0.71 kcal/
predicted (within 0.5 pH unit) despite its highly perturbed mol (from H137 [K.), ewater = 74.9 at 35°C, andr is the
pKa The absence of variations in thipupon mutation corrected cavity radius [1.50 and 2.17 A for oxygen and
points to desolvation being the main factor in determining secondary amine, respectivelg]. The high value of the
its value. Glu96 has a highKp which is not accurately  dielectric constant (43) calculated in that way is very close
reproduced by the TK method in the wild-type protein. In to that found near the solvent-exposed surfaces. This result
the H50Q mutant, the values computed from the two different is in satisfactory agreement with the position afiN His137
approaches for theia of Glu96 are withint0.5 pH unit of near the surface but is not consistent with the very low
the experimental values. This means that the structural modelsurface accessibility of the Glu9&-sarcin catalytic side
used for the calculations is very similar to the real solution chain. Then, the assumption that desolvation is the sole
structure, since it reproduces quite satisfactorily the environ- determinant of the I§, of Glu96 is not correct. As a
ment of the active site. Accordingly, the conformational shift consequence, the perturbel pvalues should result from
suggested by the NMR data for H50Q must be small, or the the combination of at least two effects: the low dielectric
effect on the K, should be efficiently compensated, i.e., by constant that tends to increase thé, of Glu96 and an
a new charge distribution. opposite compensating effect. The simplest explanation for

Finally, it is well-known that the i§, of His50 depends  this second effect would be an electrostatic interaction with
on its tautomeric form and also on the tautomeric state of a nearby cationic residue. In the protein structure, Arg121
His137. In the UHBD calculations, the experimentally is strategically located more or less equidistant from all
determined tautomers were used, but they are only able togroups in the active site and interacts electrostatically with
reproduce the i, value of His50 in the WT protein. The all of them. The K, calculations have shown that Arg121
TK approach also fails in predicting the correct value of the has a high K, 14.0, despite its low surface accessibility
pK, of the latter residue. There is not a clear and unique (6% global and 9% k), suggesting its participation in a salt
explanation that accounts for all of these data. It appearsbridge. The electrostatic interaction of Arg121 is expected
that the modeled structure may not reproduce the critical to lower the [K, value of Glu96 from a higher value to the
balance between the new geometry and charge distributionmeasured value. But, as described above, Arg121 is also quite
caused by mutation in complex environments such as thenear His50 and His137. The effect of Arg121 on th& pf
o-sarcin active site. His137 should go in the same direction as that of desolvation,

Wild-Typea-Sarcin Actve Site The [K, of 7.7 for His50 so it is probable that the combination of these two effects is
in WT o-sarcin is 1.4 units higher than that of the histidine responsible for the lowl, of this catalytic side chain. Thus,
model compound, which corresponds taAAG® of 1.98 everything suggests that several factors affect thevplues
kcal/mol. This value agrees with that found for the His50  of GIlu96 and His137, so they may act as the general base
Glu96 interaction obtained from the E96Q mutant data. and the general acid, respectively, in the catalytic mechanism
Hence, it is clear that this electrostatic interaction contributes at physiological pH. This is interesting because it would
in a substantial way to the perturbe&of His50 in the imply that, although not directly involved in the catalytic
wild-type protein. The analysis of the mutants also shows mechanism, Arg121 is crucial for determining the electro-
that the (K, values of Glu96 and His137 are insensitive to static balance and properties of the catalytic residues in
charge replacement, yet theiKpvalues differ significantly o-sarcin. The enzymatic characterization of R121K and
from the corresponding intrinsic values, which suggests that R121Q mutants using assays with dinucleotides suggested
they may be affected by some other effects apart from thethat Argl21 is involved in catalysis rather than substrate
interaction with His50. Both residues are deeply buried binding 69), which is consistent with our current results.
within the protein interior with global surface accessibilities Mutation of Arg to Lys maintains the positive charge and
of 1 and 6% for residues 96 and 137, respectively. The some of the hydrogen bonding properties. Thus, it is not
exposure of the titrating atoms is also very low: 3 and 5% surprising that R121K can recognize and cleave dinucleotide
for the oxygen atoms of Glu96 and 0 and 10% for the substrates. However, the very different electrostatic properties
nitrogen ring atoms of His137 Nand N, respectively). of Lys (intrinsic K, of 10) and Arg (intrinsic K, of 12)
However, since the tautomer of His137 present in solution and side chain shapes and volumes should affect e p
is the N form, the nitrogen involved in the proton transfer values of Glu96 and His137 in a different way, reducing
of the catalytic reaction is the more exposed I€harged this mutant’s catalytic efficiency5Q). It would be very
groups with very hydrophobic environments may undergo interesting to determine theKp values of the active site
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groups in the absence of the positive charge at position 121.
Unfortunately, the R121Q variant could only be produced
in very small amounts, and its conformational stability is
too low to permit the experimental determination df,p
values by NMR. An arginine side chain is a highly conserved
group at the active site of microbial RNases, although its

15

16

17
18

specific role has not yet been established. RNase T1, one of 4

the best characterized ribonucleases, also has an arginine,20.

Arg77, at the active site. However, all attempts to isolate
RNase T1 Arg77 mutants have been unsuccesQ), (
suggesting that this residue is important for the enzyme’s
folding and/or stability. In-sarcin, the R121K and R121Q
variants are less stable than the wild-type protein by 2.0 and
3.7 kcal/mol, respectively, which together with the high value
of the calculated i, for Arg121, speak to the importance
of the electrostatic interactions formed by this residue to the
global stability of the protein.

In summary, we have examined the electrostatics of
a-sarcin using a combination of theoretical calculations,
mutagenesis, and NMR measurements of individug} p
values. For many titratable groups, this holistic approach
succeeds in identifying the factors influencing their ionization
equilibria. For others, particularly some active site residues,
this approach reveals a complex interplay between structure,
electrostatics, and activity. We find that it is not possible to
explain the electrostatic interactions at the active site of
o-sarcin in terms of single additive effects. On the contrary,
His50, Glu96, Arg121, and His137 form a structurally and
electrostatically interdependent unit that is greater than the
sum of its parts. To further tweeze apart the roles played by
individual groups, experiments are now underway to examine
the pH dependence afsarcin’s conformational stability and
ribonucleolytic activity.
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