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ABSTRACT. The K, values of most histidines in small peptides and in myoglobin increase on average by
0.30 unit between 0.02 and 1.5 M NaCl [Kao et al. (20B@®phys. J. 791637]. TheApK, values reflect
primarily the ionic strength dependence of the solvation energy; screening of Coulombic interactions
contributes only in a minor way. This implies that Coulombic interactions are weak, or that attractive and
repulsive contributions to thekp values are balanced. To distinguish experimentally between these two
possibilities, and to further characterize the magnitude and salt sensitivity of surface electrostatic interactions
in proteins, the salt dependence #&f,values of histidines in staphylococcal nuclease was measured by
IH NMR spectroscopy. Three of the four histidines titrated with significantly depredsgdatues, and

the salt sensitivity of all histidinek, values was substantial. In three cases, gvalues increased by

a full unit between 0.01 and 1.5 M KCI. Anion-specific effects were found; kg \@lues measured

under equivalent ionic strengths in SClnd SQ?>~ were higher than in Ct the order of the sensitivity

of pKj values to anions was SCN> CI~ > SQ2". Structure-basedKy calculations with continuum
methods were performed to interpret the measured effects structurally and to test their ability to capture
the experimental behavior. Calculations in which the protein interior was treated empirically with a dielectric
constant of 20 reproduced th&pvalues and their dependence on the concentration af Rlcording

to the calculations, thelKa values are depressed because of unfavorable self-energies and repulsive
Coulombic interactions. Their striking salt sensitivity reflects screening of weak, repulsive, Coulombic
interactions among charges separated by more than 10 A. Long-range Coulombic interactions on the
surfaces of proteins are weak, but they can add up to produce substantial electrostatic effects when positive
and negative charges are not balanced.

Electrostatic interactions contribute significantly to the those estimated with structure-based methads 15). Weak
structure, function, and stability of many proteins and electrostatic interactions among surface residues are consis-
macromolecular assemblies. Our understanding of the physi-tent with the observation that the pH of maximum stability
cal character and structural origins of electrostatic effects in is not correlated with the isoionic point of a proteibgy.
proteins has been advanced considerably through structureHowever, they are not so weak as to exclude the possibility
based calculations of electrostatic energy akd yalues.  of enhancing the stability of proteins by rational modification
However, recent experimental studies have challenged somef surface ionizable residues, as demonstrated recently in
of the notions borne mainly from calculations, thus renewing several proteins1—19). Further experimental studies to
interest in further experimental characterization of electro- improve our understanding of the magnitude of surface
static effects in proteins. For example, in conflict with one electrostatic interactions, their dependence on environmental
of the underlying assumptions in calculations of electrostatic factors such as temperature and ionic strength, and their
contributions to stability, it has been shown with several contributions to the stability of proteins are clearly warranted.
proteins that significant electrostatic interactions can be Here we present an experimental study of the salt sensitivity

present in denatured statels6). It has also been demon-  of pjstidine (K. values in a highly charged protein.
strated that ionizable residues can be buried in the hydro-

phobic interior of proteins, which contradicts expectations
based on the treatment of the protein interior as a medium
of low polarizability in continuum model&10). In general,

electrostatic effects measured experimentally are weaker tha

In a previous study, the salt sensitivity oKpvalues of
histidines in myoglobin from sperm whale and horse heart
was found to be modest and indistinguishable from that of
I{ﬂstidines in peptidesl@). On average, thelq, values of
most histidines increase by 0.30 unit between 0.02 and 1.5
* This work was supported by NSF Grant MCB-9600991 to B.G.- M NaCl, regardless of the character of their local environ-

M.E. ] Hould be add dioth A o )ments. The notable exceptions are a histidine whose elevated
* Correspondence should be addressed to this author. Tel: (410 e iti iotidi

516-4497. FAX: (410) 516-4118. Email: bertrand@jhu.edu. PKa is Insensitive to salt, and a histidine whose depressed
# Johns Hopkins University. pKa is .steeply dependent on salt concentration; the first is
8 The Pennsylvania State University. ion-paired to a glutamate, and the second is in van der Waals
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contact with an arginine. TheKp of the histidine in the and 1.5 M KCI. The effects of chloride (Q| sulfate (SG"),
peptide Phe-Lys-His-Leu-Lys (FKHLK) is also depressed and thiocyanate (SCN ions were compared in an attempt
and strongly salt dependent, presumably because the repulto dissect the salt effect into specific and nonspecific
sive interactions with the net2 charge of the peptide are contributions. Structure-basedp calculations were per-
screened effectively by counterions. formed with semi-macroscopic continuum methods to in-
The similarities in the measured salt dependencekaf p  terpret the structural origins of the measured energetics and
values of most histidines in myoglobin and in neutral peptides to test the ability of the computational methods to reproduce
suggest that the influence by the environment of the histidinesthe salt dependence oKpvalues quantitatively. This study
in the protein is modest. The salt effect was thus interpreted contributes physical insight about the unusual salt depen-
in terms of a shift in the equilibrium between neutral and dence of electrostatic effects in highly charged proteins. The
charged forms of histidine in favor of the charged species at pK, values that are presented also constitute benchmarks
high salt concentration, driven by attractive electrostatic necessary to test computational methods for structure-based
interactions between histidinium and counteranions. This calculations of electrostatic energy.
interpretation was supported by continuum electrostatics
calculations of the ionic strength dependence of the solvationMATERIALS AND METHODS
energy of imidazole, calculated from differences in the self-
energy of the charged and neutral species in a vacuum an
in solution. According to the calculations, solvation energies
can account for an increase of 0.20 unit in thi€, pf

d Protein and Peptide SampleSNase was expressed and
purified following the procedure described previously by
Shortle and Meeker2Q). The protein was established to be

imidazole between ionic strengths of 0.02 and 1.51d)( >95% pure by SDSPAGE. Protein concentration was
The conclusion that screening of Coulombic interactions determined at 280 nm using an optical density of 025.(
among surface charges is not the dominant factor that Measurement of pKvalues by'H NMR Spectroscopy
determines the salt sensitivity of histidin&pvalues in Procedurgs for the_amd/base titration of histidines in SNase
myoglobin contradicts the results of continuum calculations @nd peptides monitored by NMR spectroscopy are those
(12). The absence of Coulombic contributions to the histidine repo}rted elsewhere (Fitch, Lee, Karp, Stites, Lattman, and
pK, values can be explained in two ways. Either pairwise Garce-MorenoBiophys. J.in press) 12, 24-26). Samples
electrostatic interactions are weak, or attractive and repulsiveVere prepared by exchange of®ifor D,O to approximately
contributions are balanced, in which case increasing ionic 99% completion by successive dilution in Centricon-10 tubes
strength could screen these interactions substantially without(Millipore Corp.), and by heating the samples to 4G
having a measurable effect on thi. values. (approximately 1_0’C below th_e temperature mldp0|r_\t for
Linderstrem-Lang first suggested that in proteins the salt SNase den_aturat|0n) for _15 min. The salt concentration was
dependence oft, values is determined by their distance to adiusted with stock solutiond 8 M KCl, 0.4 M K,SQ,, or
the isoionic point 20). At the isoionic point, the net charge 3 M KSCN in DO (Isotec, Inc.). Final protein concentrations
of a protein is zero. At pH values below their isoionic point, yPically were in the range 0-61.0 mM. Within the range
proteins are positively charged; at pH values above it, they Of Protein concentrations 0-6L.2 mM, the X, values of
bear net negative charge. In proteins with relatively sym- Nistidines in SNase were identical.
metrical charge distributions, attractive and repulsive, me-  Histidine-containing peptides cyclo-Gly-His (cGH) and
dium- and long-range electrostatic interactions are balancedpyro-Glu-His-Gly-NH (pEHGa) were obtained in powder
at the isoionic point. Under these conditions, every attractive form (Bachem, Sigma, respectively) and used without further
interaction is canceled by a repulsive interaction, and globally purification. The pentapeptide Phe-Lys-His-Leu-Lys (FKHLK)
the protein becomes insensitive to changes in salt concentrawas synthesized at the Johns Hopkins Protein Synthesis
tion. At extreme pH values, or in proteins with asymmetric Facility by Fmoc chemistry and purified by reverse-phase
charge distributions, charge imbalance exists, which can leadHPLC. Its composition was verified by mass spectrometry.
to significant salt sensitivity, especially if medium- and long- The peptides were dissolved in®, and the salt concentra-
range interactions are strong. tion was adjusted with stock salt solutions. The concentration
Histidine K, values were measured in staphylococcal of CGH, pEHGa, and FKHLK used was 15, 3, and 5 mM,
nuclease (SNase) byH NMR spectroscopy to assess respectively. Based on repeated titrations of some of these
quantitatively the magnitude and salt-dependence of Cou-peptides, it was established that the measutedvalues
lombic interactions among surface ionizable residues, andwere not influenced by peptide concentration.
their contributions to K, values. SNase was selected because H NMR spectra were recorded on a 500 MHz Varian
it is highly charged,; it has 32 basic and 20 acidic residues, Unity Plus spectrometer using standard parameters for a
yielding an isoionic point greater than 10.2 (Fitch, Whitten, diamagnetic protein (Fitch, Lee, Karp, Stites, Lattman, and
and Garta-Moreno, unpublished experiments), higher than Garéa-Moreno, Biophys. J. in press). All spectra were
the isoionic point of 8.2 of sperm whale myoglobialj. referenced against the position of the HDO peak. The mean
The net positive charge likely represents a functional value of the HDO chemical shift was determined by
adaptation to enhance the ability of this nuclease to recognizeaveraging the HDO chemical shift, referenced to the 1 mM
nucleic acids nonspecifically through electrostatic interac- DSS (2,2-dimethyl-2-silapentane-5-sulfonate, Sigma) internal
tions. The practical implication of the high net charge of standard that was used at both the acidic and the basic
SNase for these studies is that it allowed measurement ofextrema of each titration. The chemical shift of the primary
proton binding equilibria under conditions where the protein DSS peak is insensitive to changes in pH and ionic strength
has a substantial net positive charg&,pralues were  (27). Changes in the chemical shift of HDO referenced in
measured in the absence of added salt and in 0.02, 0.10, 0.5Ghe manner described never exceeded 0.013 ppm over the
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course of a titration. This is consistent with the expected this structure are invisible3d). This includes 5 charge
pH dependence of the HDO resonance, and considerably lesgroups: Lys-5, Glu-142, Asp-143, Asp-146, and the carboxyl
than the 1 ppm shift observed over the course of the titration terminus. These charges were not included in the calculation,
for the resonance of €H used to monitor the ionization tantamount to assuming that they are very well screened and
state of the histidines. Spectra collected in the presence anchot sensed electrostatically by the rest of the protein.
absence of DSS under otherwise identical conditions were The linearized form of the PoisseiBoltzmann equation
indistinguishable. The reported pH values are pH readingsis not formally valid at the high ionic strengths that were
measured immediately following data acquisition; they were studied experimentally. However, the empirical observation
not corrected for deuterium isotope effe@8,29. pH was has been made previously that the calculatégvalues and
read with a PHM-95 pH/ion meter (Radiometer) and a electrostatic energies are reasonable even in ionic strengths
combination electrode (Wilmad Glass) calibrated with stan- as high as 1.5 M12). The present calculations were repeated
dard solutions (Fisher Scientific) at pH 4.00 and 10.00 at 25 with the nonlinearized form of the PoisseBoltzmann
°C. Spectra were recorded at 2&8. The temperature of equation, and the results were indistinguishable from those
samples in the NMR probe was calibrated using a MeOH obtained with the linearized equation (data not shown).
standard solution (Wilmad Glass). DCI (Isotec) and KOD
(Aldrich) were used to adjust the pH of the samples. RESULTS

Acid/base titrations were performed with no added salt  Effects of KCl on pKValues Acid/base titrations of SNase
and in 0.02, 0.10, 0.50, and 1.5 M KCI. In the case where were performed byH NMR spectroscopy in 0.02, 0.10, 0.50,
no salt was added, an average ionic strength of 0.01 M wasand 1.5 M KCI. Samples dialyzed extensively in water in
assumed, based on the amounts of acid or base used in ththe absence of added salt were also studied; at extreme pH
titration. Salt concentrations of 0.0067, 0.033, and 0.167 M values, these samples contained approximately 0.01 M ClI
for experiments in KSO, were used to reproduce the ionic  or K*. The one-dimensional spectra showed no evidence of
strengths of 0.02, 0.10, and 0.50 M used with monovalent any significant salt or pH-induced conformational transition;

salts. the dispersion suggested that SNase was in the native state
Data were processed as described elsewhere (Fitch, Leeunder the conditions of pH and KCI concentration that were
Karp, Stites, Lattman, and GaaeMoreno,Biophys. J. in studied. This was corroborated by titrations monitored by

press). The state of protonation of each histidine was assessethtrinsic fluorescence; no global conformational changes were
with the chemical shift of the €1H resonance. The position observed in acidbase titrations over the range of salt
of this signal is known to be independent of protein concentrations studied experimentally, nor in salt titrations
concentration; thus, it reports on the monomeric sta@. ( atpH 5, 7, and 9 from 0 to 2 M KCI (data not shown). Panels
Minor signals arising from isomerization of the Lys-316 A through D in Figure 1 contain chemical shift versus pH
Pro-117 bond were ignored. Thé&pvalues of histidines  plots for His-8 (A), His-46 (B), His-121 (C), and His-124
were obtained by fitting plots of the chemical shift of the (D). Increasing KCI concentration shifted the titration curves
CelH resonance versus pH with a modified Henderson toward the basic range of pH, as observed previously in
Hasselbalch equation applicable to fast exchange situationsmyoglobin and in model compound42j. However, the
(3D): response of histidine residues in SNase was considerably
more pronounced than in those other cases.
10" PHPKa) (1) Complete titrations of His-8, His-46, and His-124 were
1 + 1QNPH-PKa achieved in the pH range®. In low concentrations of salt,
the acid branch of the titration of His-121 was incomplete

In this equation,d, is the chemical shift of the neutral because of the onset of acid denaturation. However, enough
imidazole,d+ is the chemical shift of the imidazolium ion, data points were collected to allow robust fitting to obtain
O(pH) is the chemical shift at a given pH value,is a pK, values. In the acid limit, the chemical shifts of His-8
phenomenological Hill coefficient, andKp is the apparent  and His-46 were insensitive to salt concentration. The
ionization constantn, pK,, 0+, andd, were floated in the chemical shift of His-124 exhibited some salt dependence,
fitting procedure. The values of did not vary more than  especially in the higher KCI concentration. In the basic limit,
+20% in the different ionic conditions studied. Th&p the chemical shifts of His-8, His-121, and His-124 were
values that were resolved whenwas fixed at 1 were insensitive to salt, whereas His-46 exhibited a mild salt
identical to the values resolved wherwas floated. sensitivity.

Structure-Based pKCalculations pK, calculations were The K, values measured at five different KCI concentra-
performed with the finite-difference PoisseBoltzmann tions are listed in Table 1. The reported errors in these values
method described previousl¥3, 14. Electrostatic potentials  are standard errors of the fit. The magnitude of this error is
were calculated with the University of Houston Brownian comparable to the standard deviation of 0.03 determined by
Dynamics package3@). Charge states were determined with three independent measurementskfyalues in 0.1 M KCI.
the statistical thermodynamic method of Gils@8)( The The measured values are consistent with previously reported
implementation used here follows the procedure describedvalues measured in 0.30 N3@). At low salt concentrations,
for staphylococcal nuclease (Fitch, Lee, Karp, Stites, three of the four histidines, His-46, His-121, and His-124,
Lattman, and GaferMoreno, Biophys. J. in press). The have K, values that are substantially depressed relative to
adjustable parameters wefig = 20, €yater= 78.5,T = 298 the K, values of histidines in model compounds at com-
K, Stern layer= 2.0 A, and probe radiuss 1.4 A. All parable ionic strengths. Only His-8 titrated with l§;wvalue
calculations were performed with the Protein DataBank comparable to that of a histidine in water. Thi€,pvalues
structure 1stn. The first five and the last eight residues of of all SNase histidines were clearly sensitive to salt.

O(pH) =0, — (04 — d,)
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Ficure 1: Proton binding isotherms monitored by chemical shift

position of the @1H proton of His-8 (A), His-46 (B), His-121 (C),

and His-124 (D). Titration curves obtained with no added salt and

0.02, 0.10, 0.50, and 1.50 M KCI are shown (left to right). Filled

circles are the measured data points. Solid lines represent fits with

eq 1.

Increasing the KCI concentration from 0.01 to 1.5 M
increased thelf, values of His-8, His-46, His-121, and His-
124 by 0.92, 0.44, 1.05, and 0.9 punits, respectively,
with an error of£0.06 unit. The data in Figure 2 show that
the dependence of§a on log [KCI] was approximately linear
for all four histidines over the entire range of salt concentra-
tion studied. His-121, which titrated with the lowedp

value, was also the most sensitive to salt. However, there
did not appear to be any further correlation between the

response to salt and the deviation from the nornah@lue
as the effects of KCl on thelfy values of His-8 and of His-
124 were also significant. TheKp of His-46 had the

shallowest dependence on KCI concentration although it is
still considerably more salt sensitive than most cases studied

previously (L2). At the highest salt concentration, 1.5 M,
the K, values of three of the four histidines did not reach
the normal value of histidine in water, which is between 6.3
and 6.6.

Effects of KSOQ, and KSCN on pKValues To explore
the molecular origins of the salt dependence i¥f palues,
the titrations were also performed in the presence &®
and KSCN. The intention was to dissect the salt effect into
nonspecific or indirect contributions by the ionic strength,
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Table 1: K, Values of Histidines in SNase Measured as a Function
of KCI, K;SOy, and KSCN Concentration, and Calculated by
Continuum Electrostatics Methats

salt

concentration His-8 His-46 His-121 His-124
no added st 6.08+ 0.02 5.66+ 0.03 4.80+ 0.04 5.31+ 0.02
KCI

0.02M 6.24+ 0.03 5.71+0.02 4.91+ 0.03 5.41+ 0.02

0.10M 6.524+0.03 5.864+0.04 5.30+0.06 5.73+ 0.02

0.50 M 6.81+ 0.02 5.95+0.02 5.56+ 0.02 6.03+ 0.03

1.50M 7.004+0.03 6.104+0.04 5.85+0.03 6.24+ 0.02
K2SOpt

0.0067 (0.02 M) 6.4%0.01 5.77+0.02 5.20+ 0.02 5.62+ 0.02

0.033(0.10 M) 6.66t 0.02 5.89+ 0.02 5.47+0.02 5.8%+0.02

0.167 (0.50 M) 6.88:0.03 5.98+ 0.02 5.66+ 0.02 6.09+ 0.02
KSCN

0.10M 6.624+0.03 6.014+0.04 5.53+0.04 5.98+ 0.05

0.50 M 6.974+0.02 6.30+0.03 6.12+ 0.03 6.45+ 0.04
calculated values

0.01 M 5.96 4.98 451 5.43

0.10M 6.35 5.43 5.18 5.96

0.50 M 6.51 5.66 5.60 6.20

1.50M 6.55 5.75 5.78 6.27

aError bars reflect goodness of fits to experimental daEstimated
ionic strength when no salt is added is 0.019Walues in parentheses
refer to the ionic strength.

7.0
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6.5 b
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Ficure 2: Salt dependence okKp values measured in KCI (solid
circles), KSO, (hatched squares), and KSCN (open diamonds) for
His-8 (A), His-46 (B), His-121 (C), and His-124 (D). Straight lines
are only meant to guide the eye.

interactions between anions and protein. SGMd SQ?~

and specific contributions from more direct, chemical were selected for these studies because they lie at opposite
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extremes of the Hofmeister series, which ranks anions T ¥ ' T T

according to their inherent potential for direct interactions 7.0k i
with proteins 85). CI~ lies in the middle of this series, and - 1
its screening effects on electrostatic interactions are more &.0r D/U/ﬁ i
readily interpreted in terms of ionic strength than for other 5.0 _
anions.

The effects of KCI, KSCN, and 50O, were measurably 4'0_" A ]
different, as shown by the data in Table 1 and in Figure 2. IR R— —
The K, values measured in SCNwere systematically
higher than the values measured in Ginder equivalent 7'0_' ]
conditions of ionic strength. The values measured iR’SO 6.0 ——
were also slightly higher than those measured inm, Cl 5.0l D// ]
especially at low salt concentrations. The behavior of the | ]
different histidines was not uniform; for example, His-46 4.0} 8 ]
was indifferent to the change from Qo SQ?". The increase L,
in pKa values with increasing salt concentration in the P
presence of S~ was monotonic and not as steep as with § 7.0F 1
Cl~. Based on the two concentrations of SChthat were .ol ]

studied, the dependence dfpvalues appears to be steeper L ]
for SCN- than for CF. 5.0~ 7
Effects of KSCN on pKValues of Histidines in Model a0l i
CompoundsThe K, values of histidines in model peptides - C |
provide the reference behavior necessary for interpreting the

structural and physical determinants #f;walues in proteins. 7.0l 1
The NaCl sensitivity of histidine K, values in model 1

peptides was described previously). To understand better 6.0r T
how the protein environment contributes to the strong effect 5.00 i
D

of SCN~ on the (K, values of histidines in SNase, acid/base
titrations of histidine-containing compounds were also
monitored by'H NMR spectroscopy in the presence of O SO o
KSCN to compare against previous values obtained in NaCl. 4 3 -2 10
The K, of cGH in 0.50 M NaCl was 6.43- 0.02, compared log(ionic strength) [M]
t0 6.394 0.06 in 0.50 M KSCN. The I§, of the histidine in Ficure 3: Comparison of measured (solid circles) and calculated
pEHGa in 0.50 M NaCl was 6.4F 0.02; in 0.50 M KSCN, (open squares) KCI dependence &, values of His-8 (A), His-
it was 6.664 0.02. In FKHLK, the (K, of the histidine in 46 (B), His-121 (C), and His-124 (D). Straight lines are only meant
0.50 M NaCl was 6.60+ 0.02; in 0.50 M KSCN, the [0 guide the eye.
measured K, was 6.80+ 0.01. KSCN had a small but
discernible effect on thelqy, of the histidines in FKHLK was treated with the empirical value f = 20 (13). With
and pEHGa, and no effect on thEof the histidine in cGH. €in = 20, the agreement between the experimental and the
The effect on FKHLK is not unexpected because this peptide calculated K, values, especially in 0.10 M KCI, was very
has a net charge of2, and SCN and SQ?" interact more good.
strongly with basic groups than C(36, 37. The effect on The salt dependencies of experimental and calculdtgd p
pEHGa is more difficult to rationalize because, like cGH, it values are compared in Figure 3. The calculations reproduced
contains no additional charges. Most significantly, the the salt dependence oKpvalues measured in KCI rather
magnitude of the effect of SCNon K, values of histidines  well, even though the salt effects on solvation energies were
in model compounds is lower than for histidines in SNase, not included in these calculations for reasons discussed
especially His-121 and His-124, which titrate in 0.5 M SCN  previously (2). The ionic strength dependence of the
with pK, values that are on average 0.4 unit higher than in solvation energy is responsible for a n&pK, of 0.20
Cl. between 0.01 and 1.5 M.2). Explicit treatment of the ionic
Structure-Based pKCalculations The K, values calcu- strength dependence of the solvation energy would have
lated for the four histidines with continuum methods based improved the agreement between calculations and experi-
on the finite-difference solution of the linearized Poisson  mental data in the case of His-46 and His-124, but it would
Boltzmann equation are listed in Table 1. It has been have slightly worsened the agreement in the case of His-8
recognized previously that the strength of electrostatic and His-121. The agreement between calculated and mea-
interactions among surface residues is exaggerated in thissured (K, values in the presence of the $Oand SCN
type of calculation when a single protein conformation is salts was less impressive. This is not surprising because not
used and when the protein interior is treated with a dielectric all of the effects of these two anions can be captured with
constant ¢,) of 4 (12, 13, 38. It is thought that this low  the concept of ionic strength, which is the only parameter
value of ¢j, underestimates the consequences of structuralused to calculate the salt dependencekof yalues with the
reorganization upon ionization of charged sites Kp\yalues linearized PoissonBoltzmann equation. The significance of
(13, 39. To maximize the agreement between calculated andthe agreement between calculated and observed KCl effects
measured ¥, values in these calculations, the protein interior on pK, values stems from the fact that KCl is relatively

4.0
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Ficure 5: Comparison of the salt dependence of histiditg p
values in SNase, myoglobin, and model peptides. Data included
. . . are His-8 (solid squares), His-46 (solid circles), His-121 (solid
Ficure 4: Superposition of the backbones of eight crystallographic riangles), and His-124 (solid diamonds) in SNase; data for His-12
structures of SNase (1stn, 1snc, 2snm, ley4, leys, 1ey0, 1stg, a‘”‘%open circles) and His-113 (open triangles) from sperm whale
1sth) with resolution ranging from 1.6 to 1.97 A. Histidine side myoglobin: and GHG (crossed squares) and FKHLK (hatched

chains are shown. The structures were superimposed by overlapping,ares) obtained previousl Lines are only meant to quide
the trace backbone of the-140 segment. tr?e eye.) P 12 y 9

neutral with respect to salt-specific effects and Hofmeister- 5scyssion
related phenomena, and its effects can be described ef-
fectively in terms of the concept of ionic strength in the ~ Comparison of Salt Sensilly of Histidine pk; Values in
calculations 85). Model Compounds, in Myoglobin, and in SNaskhe

The best agreement between the observed and the calcuionization of histidines in model compounds and in sperm
lated behavior over the experimental range of KCI concen- whale and horse heart myoglobin was found previously to
trations was for His-121 and His-124. In the case of His-8, be moderately sensitive to NaCl in the range 6:05 M
the agreement was good at salt concentratiodd.0 M, and (12). In this range of salt concentration, the average increase
deteriorated at higher ionic strength as the calculated in the K, values of most histidines in myoglobin is 0.4 unit.
dependence was shallower than the measured effect. Thelhe notable exceptions are the following: His-36, which is
region of the protein encompassing His-8 is dynamic, and presumably ion-paired to Glu-38 and has aphat is
the first five residues of SNase are missing from the insensitive to salt; His-48, which is insensitive to salt for
crystallographic structure. This N-terminal segment includes reasons that are not well understood; and His-113, which is
the N-terminus and Lys-5, which could not be taken into in van der Waals contact with the guanidinium moiety of
account in the calculations, and whose presence shouldArg-31 and has a steep dependence on salt concentration.
steepen the predicted salt dependence. Thus, the discrepancihe (K, value of the histidine in the FKHLK peptide is also
between calculated and observed values for His-8 might dependent on salt concentration, presumably because interac-
reflect the absence of these residues in the crystallographictions between the imidazolium and the re2 charge are
structure used in the calculations. screened at high salt concentration. In comparison to the

The greatest discrepancy between calculated and measuregeneral trends observed in myoglobin and in model com-
pK, values was for His-46, especially at low salt concen- pounds, the K, values of histidines in SNase are highly salt
trations. The calculated salt sensitivity of His-46 was sensitive.
steeper than observed experimentally. These problems with Figure 5 highlights differences in the salt sensitivity of
the estimation of the K, values of His-46 with a static  histidines in SNase, in myoglobin, and in model compounds.
structure were expected. The structures in Figure 4 showIncluded in this figure arelf, values of the four histidines
that His-46 is located in a flexible loop that can exist in a in SNase, of two histidines representing the most common
large number of conformations in both NMRIQ) and behavior among the cases studied previously (His-12 in
crystallographic structures84, 41). The calculations were  myoglobin and the histidine in the GHG peptide), and of
performed on a single, static structure, and apparently in thetwo histidines representing those with the steepest salt
case of His-46, the crystallographic structure does not reflectdependence among the cases studied previously (His-113 in
the average of the configuration ensemble populated in myoglobin and the histidine in the FKHLK peptide). Two
solution. The agreement between calculated and experimentatlifferences are immediately obvious. First, over the entire
pK, values of His-46 could probably be improved, by range of salt concentrations studied, th,pralues of
averaging §, values calculated in different conformers, or histidines 46, -121, and -124 of SNase are depressed relative
by exploring conformational flexibility explicitly in this  to model compound values. Only His-8 titrates with a normal
region of the protein with molecular dynamics simulations pK,value. Second, the salt dependencies of His-8, His-121,
(14, 42-44). and His-124 are 23 times greater than the response
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observed in most histidines in myOQI_Ob'n an_d in model Table 2: Polar and lonic Contacts of Imidazole Nitrogen Atoms of
compounds. When the salt concentration is raised from no Histidines in SNase

added salt to 1.5 M KCI, these three histidines exhibit shifts

; > T ; —
of approximately 1 full &, unit. This is similar to the _aom SA "y () atomy residug
response of His-113 in myoglobin, and more pronounced 'S8 NP1 0.61 44'2187 oNEz Iélf-_fo
than that of the histidines in the FKHLK peptid&Z). It is 435 0 Lys-9
noteworthy that His-8, which titrates with &pin the normal 5.19 OEl Glu-10
range at all salt concentrations studied, exhibits a salt 5.26 N Glu-10
sensitivity comparable to that of histidines found in basic S8 NE2 0.60 54;20 NC|)_|I512 A?'E’éio
environments or with depresse#pvalues. His-46, which 5.43 OE1 Gﬁ_lo
also has a depresseKpvalue, exhibits a milder salt 5.58 o] Lys-6
sensitivity than the other histidines in SNase, but still greater 5.59 N Lys-9
than the average sensitivity in myoglobin. His-46 NDL 0.01 229752 NN L")éi'ég
The effects of salts on Ky, values of the majority of 3.29 N p¥0_47
histidines in myoglobin and in peptides were interpreted 3.97 N Gly-50
previously in terms of the preferential stabilization of the 4.88 0 Lys-48
charged form of histidine with increasing salt concentrations g'gg 8E2 Zrlfj'_g
due to interactions between histidinium and counteranions 523 o Gly-50
(12). This interpretation was suggested by the similar 5.38 OE1 Glu-52
behavior of histidine residues in myoglobin and in neutral _ 5.39 o Lys-49
peptides such as cGH, pEHGa, in imidazole, and in the His-46 NE2 0.73 44é34 NN Lpg_"'g
charged but neutral GHG. It was supported by calculations 4.62 N L§S_49
of the effects of salt on solvation energies of imidazole with 4.66 OE2 Glu-52
Poissor-Boltzmann continuum electrostatics methods. The g-g? 85 g:ugg
exp_erlmental data suggest that the details of the protein His-121 ND1. 0.34 4.02 o Tﬁr-lZO
environment have minimal influence on the salt sensitivity 516 OE1 Glu-75
of most histidines in myoglobin. They also suggest that 5.26 OH Tyr-93
screening of electrostatic interactions among surface charges 5.37 OH Tyr-91
does not contribute significantly to the salt dependence of 543 N Glu-122
. - His-121 NE2 0.01 3.06 OE1 Glu-75
pKa values. This means that net contributions to th& p 371 OH Tyr-93
values by Coulombic interactions among surface charged 4.42 OE2 Glu-75
groups are negligible, either because interactions are weak 5.13 OH Tyr-91
or because repulsive and attractive interactions are balanced ggg gD #"hitfzso
and cancel each other. _ His-124ND1  0.84 4.68 N Leu-125
The calculated salt dependence of the solvation energy of 5.12 0G Ser-128
histidines will always predict an increase in thi€;pralue His-124 NE2 0.50 4.84 OE2 Glu-101
with increasing salt concentration. This effect must contribute 4.92 OEl Glu-101
to the observed increase in th&jvalues of histidines in géé (N)G ﬁf&:gg

SNase at high salt concentration; however, the salt depen
g P aOnly contacts shorter than 5.8 A are include&A represents the

dence of the so_lvat|on energy can only account KHthlftS_ water-accessible surface area, normalized using the water accessibility
of 0.2-0.3 unit (12). Other factors must be primarily iy Gly-x-Gly peptides 21). Fully water-accessible groups have;SA
responsible for the steep salt dependence of histidite p 1, and those that are fully buried have ;SAO. ¢ Distances calculated
values in SNase. Note that in Figure 5, the slope of the saltwith the 1stn structure of Hynes and Fdd).

dependence oflg, values of His-8, His-121, and His-124

in SNase is similar to that of His-113 in myoglobin, whose = Molecular Origins of Depressed pR/alues Two factors

pK, increases by 0.9 unit between 0.02 and 1.5 M NacCl. could explain the depressel yvalues of histidines in SNase
This pK; shift is in the direction expected if an unfavorable relative to model compounds: (1) repulsive electrostatic
electrostatic interaction were progressively screened by interactions with other surface basic groups, and (2) dehydra-
increasing concentrations of counterions, consistent with thetion upon removal from bulk solvent. The similarity in the
3.8 A average distance betweerINand N2 of His-113 salt sensitivity measured experimentally for His-121 and
and the My atoms of Arg-31 in sperm whale myoglobin. All  His-8 despite their different i, values argues that non-
contacts shorter than 5.8 A between the four histidines in Coulombic effects are responsible for the baselidgy@lues
SNase and polar and charged atoms are listed in Table 2at low salt concentration. This was established by dissection
Surprisingly, in the case of SNase, there are no positively of calculated K, values into energetic contributions from
charged atoms withi 6 A of any of thehistidines except ~ Coulombic interactions and from self-energies. In the
for the NG of Lys-49, which is 5.8 A from His-4634, 41). computational model that was used to calculdg yalues,
Conformational fluctuations of the lysine side chains could the self-energy term contains contributions from interactions
position positive charges closer to the histidines than is between the ionizable group and permanent dipoles in the
reflected in the static, crystallographic structures, but it protein, and from the Born term to capture the reaction field
remains unlikely that short-range electrostatic interactions energy 42). The Born term accounts for the difference in
are directly responsible for the depress&d yalues of basic  the self-energy related to differences in the polarizability of
residues in SNase, or for their salt sensitivity. water and of the protein interior. The data in Table 3 reveal
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Table 3: Energetic Contributions to Calculated,p/alues at 25°C

. . . . A B D
His-8 His-46 His-121 His-124 6
imM 15M 1mM 15M 1mM 15M 1mM 15M 08
pK /22 561 655 460 575 403 578 5.02 6.27 goo : g

ApKP —-0.69 0.25 -1.70 —0.56 —2.27 —0.52 —1.28 —0.03
AG;jed 0.36 —0.86 0.56 —0.76 1.51 —0.68 0.60 —0.95
AG;c® 057 053 176 152 157 140 114 0.99 -1.6}
AGgor™ 0.46 047 055 054 078 078 0.75 0.75

AGpggf? 011 006 121 097 079 062 038 0.25 24 P PP "
3 -2 10 3 -2 -1 0 3 -2 10 83 -2 1 0

pH at the point where the site is half-chargéd;alculateq shift in fog(ionic strength) (M)
pK, relative to the model compound value of 65&ll AG in kcal/ FIGURE 6: Decomposition of the salt dependence &% palues

mol. @ This term represents the sum of all pairwise, Coulombic  c5jcylated by continuum methods (solid squares) into contributions
interactions. It was calculated @5.36*ApKa| — AG;. It could have " coylombic (crossed squares), Born (solid inverted triangles),
also been calculated by actually summing the contributions by all anq hackground (open circles) energies. Data for His-8 (A), His-
|nd|V|duaI_ pairwise Coulombic |nteract|0(1$Gi,-) at a pH where the 46 (B), His-121 (C), and His-124 (D) are shown. All curves have

group of interest is fully charged. The differences between the terms paan ‘normalized to reflect the shifts i pvalues with increasing

calculated in this way are negligibleSelf-energy, calculated as the  jqhic strenath relative to each aroup’s comput alues in the
sum of AGgom and AGeige " Reaction field energy. This term reflects  gpsance ng salt [i.eApKy = pl%a(ioﬁic strer?gt;?gppKa(O M)].

differences in the self-energy of an ionizable group in water and in the azpggiute values of these energies are described in Table 2
protein, arising from differences in the polarizabilities of these two ’

environments?9 Energy of interaction with permanent dipoles. “bkgd” —— T S T
signifies background. A B c

»
=)
T

that both the Coulombic and the self-energy terms contribute
to the depressedqa values of histidines in SNase. Unfavor-
able self-energies imply that interactions with the local =oo—— G581
environment in the protein are not sufficient to compensate 3
for the loss of solvation relative to a histidine in water. Even =% T gﬁvy} 1
in very low ionic strength (1 mM), where Coulombic R S TR E—— -
interactions are strongest, destabilizing contributions from BRI onic stengthy ) - - °
_the self_-energy were greate_r than th(_)se from_Coqumblc FiGure 7: Salt dependence of Coulombic interactions of His-8 (A),
interactions. In the case of His-121, which exhibits the most yis 46 (B), His-121 (C), and His-124 (D), calculated with the
depressed i, value, the destabilizing contributions of  continuum method. The sum of all Coulombic interactions (thick
repulsive interactions between histidines and other basicline) was dissected into contributions from attractive (open squares)
groups on the surface of SNase were comparable to theand rgF’_U'Sive (open CirC'Fg) long-range (ijnteracltipns Wi'tlF& 10 |
destabilzing contrbuion by the Selfenergy. Note that | 210 o allacte (ol slieres) e repuisive (sl il
although the net consequence of Coulombic interactions in gre the sum of all long-range interactions with> 10 A (open
1 mM ionic strength was to depress th pralues, at 1.5  triangles), and the sum of all medium- and short-range interactions
M ionic strength the net contributions by Coulombic interac- Wwith rj < 10 A (closed triangles).
tions were actually stabilizing. The reason that thg yalues
of His-46, His-121, and His-124 remained depressed at 1.510 A. The salt dependence of these different contributions
M ionic strength is that under these conditions the self-energy is shown in Figure 7. According to these data, both medium-
is still unfavorable. The self-energy of His-8 is not as range (; = 10) and long-ranger{ > 10) Coulombic
unfavorable as in the case of the other three histidines; thus,interactions contributed significantly to th&pvalues of the
it titrates with a seemingly normaka value. However, its  four histidines, although in fact the contributions by medium-
interactions with other ionizable residues are similar to those range interactions are weak in the cases of His-121 and His-
of His-121 and His-124; thus, it exhibits the same strong 124. Long-range repulsive interactions were stronger than
salt sensitivity observed for the other three histidines. either long-range attractive, medium-range attractive, or
Molecular Origins of the Salt Sensitiy of Histidine pk, medium-range repulsive interactions. The sum of all medium-
Values The salt dependence of contributions by Coulombic, range interactions was stabilizing for all histidines, but the
Born, and background energies presented in Figure 6 supportsum of long-range interactions was destabilizing. At low
the idea that the striking salt dependence of tKg \mlues ionic strengths, the net contributions by long-range repulsive
reflects primarily the attenuation of Coulombic interactions interactions are dominant. However, they decrease steeply
by the ionic strength. The Born term and the background With increasing ionic strength, more steeply than medium-
term are insensitive to salt throughout the studied range. Evenrange ones, and they weaken considerably in 1.5 M KCI.
in the case of His-46, which has the most salt-sensitive Note in this figure that while all histidines experience net
background term, the salt sensitivity of the Coulombic repulsive interactions at low ionic strength, they all sense
contributions to the i, is an order of magnitude greater het favorable electrostatic potentials at higher ionic strength.
(Table 3). In contrast, the calculated salt sensitivity of The calculated values in Figure 7 suggest that the salt
Coulombic interactions was dramatic for all four histidines, sensitivity of K, values in SNase arises from the screening
and it paralleled closely the net effects of salt & palues. of long-range Coulombic interactions. For comparison, note
The Coulombic contributions to theKp values were that the screening of the2 charge in the FKHLK peptide
dissected further into contributions by attractive and repulsive between 0.02 and 1.5 M NaCl yieldsApK, of 0.6, which
interactions with other charged groups closer or further than is approximately only half the shift observed for these three

kcal/mol)
n
(=]
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histidines in SNase. The more dramatic case of the histidines

in SNase must reflect the greater abundance of arginines and 20

lysines on the surface of the protein, which in aggregate ‘

produce substantial destabilizing electrostatic fields suscep- 25 /

tible to screening by counterions. One of the most important 20|

implications of these experimental studies is that, at least in .5 ¥

the case of highly charged proteins with isoionic points far

from neutral pH, such as SNase, weak pairwise electrostatic 10t

interactions between charges separated by more than 10 A 5

can add to yield substantial effects. o All E
The sensitivity of His-46 to KCI concentration deserves 35 y ' ™

special mention. It is shallower and more similar to that of
the histidine in the FKHLK peptide, which more closely
emulates the context of His-46 in the primary sequence. The
crystallographic structures in Figure 4 show that His-46
resides on a loop that projects away from the main globular
portion of the protein, and which can exist in many
conformations. In some crystallographic structures, this loop
is not even visible. The lower sensitivity of His-46 to salt
concentration suggests that its interactions with other charges
are weaker than those of the other histidines. This probably
reflects the dynamic character of this segment of the protein.
The experimental data suggest that His-46 still senses the
substantial positive charge in residues—43 forming the
flexible loop, or in the rest of the protein; thus, it
remains markedly salt-sensitive.

Charge Distribution around Histidinedt is interesting
to note that the calculated salt sensitivities of His-8, His-
121, and His-124 are very similar despite the differences in
their pK, values. This would appear to contradict Linder-
strgm-Lang’s notion that the salt sensitivity dfjvalues is
related to their distance to the isoionic point of the protein. 30 -
Specifically, the distance of thekp value of His-8 to the
isoionic point of the protein is shorter than that of the other
histidines, yet His-8 exhibits a salt sensitivity similar to those 20
of His-121 and His-124. Similarly, thekqa value of His-46 15
is halfway between thely values of His-121 and His-8,
yet it exhibits a shallower salt dependence. However, the
net charge of SNase in the pH rangebchanges by only 5
5 units @). This does not constitute a sufficiently large % ) ’ .
change in net charge to test Linderstrgm-Lang’s hypothesis, 1020 30 40 1020 30 40
especially when medium- and long-range interactions are distance from histidine (A)
weak. Ficure 8: Rank-ordered distances between histidines and basic

One reason that His-8, His-121, and His-124 have similar (solid circles) and acidic (open squares) residues in myoglobin (A
_salt sen_sitivity is that the combine_d effects of E_:Iectrostatic ai)s?lnfas?gsf_”(: 8H ):(F()A Lgliéz(((;?)Hﬁlsslszll(gr)ldHl(Sl—|)11I-e|3ls(lD2)4
interactions over the full range of intercharge distances are pigiances were calculated between the &om in- histidines
equivalent in these three cases. This is illustrated in Figure and the N, CZ, Ce, C3, and G atoms in Lys, Arg, His, Asp, and
8, which shows the patterns of charge distribution around Glu, respectively, using the 4mbn myoglobin structu48) (and
the four histidines in SNase and around four representativetlhoealnsénsgu'g'gfgﬁn Sggﬁit?omrﬁl'hﬁih%tdt?\téeg Vifrf]teicg; ER‘;S g‘g o
histidines in sperm. whale myo_globm. These dl_ag_ra_lms interactions that determine thge s‘gaep salt sgensitivity of histidgi’nes in
demonstrate that within a 30 A radius of each of the histidines gnase.
in myoglobin that exhibit salt-insensitive ionization behavior,
such as His-12, His-81, and His-116, each negative chargeinteractions are insensitive to salt. Because attractive and
is balanced by a positive charge found somewhere in therepulsive interactions are well balanced, the net salt effect
protein at a similar distance. Hence, within this radius, on Coulombic interactions is null. In contrast, the distribution
electrostatic interactions between the histidine and otherof acidic and basic residues around His-113 in myoglobin
ionizable groups cancel. This distribution of repulsive and is not balanced. In addition to its direct contact with Arg-
attractive interactions is consistent with the similarity in the 31, there are several other basic residues in the150A
salt sensitivity of these histidines and of histidines in neutral radius that are not balanced by acidic groups at similar
peptides. It shows that the reason that the salt sensitivity of distances. Hence, the local environment around His-113 is
these histidines parallels that of the self-energy, rather thanexpected to be electropositive, and subject to screening by
that of the Coulombic interactions, is not that Coulombic counterions, which renders it&pvalue highly salt-sensitive.
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The three histidines in SNase that exhibited sensitivity to  The greater effect of SCNon K, values of histidines in
salt comparable to that of His-113 also have unbalanced SNase compared to the histidines in the neutral cGH and
distribution of charges around them. His-8, His-121, and His- pEHGa peptides suggests that the protein environment
124 do not make direct contact with a basic group as in the enhances the effects specific to SCNhis might be related
case of His-113; the charge within a 10 A radius around to the high density of basic groups in SNase, or to binding
these histidines is evenly distributed. This can be seen inof SCN™ to polar groups 5). SCN™ can establish multi-
the overlapping plots of the rank-ordered distribution of valent contacts with proteins; its greater influence & p
distances to acidic and basic residues (Figure-HAE values might simply reflect more effective binding interac-
However, beyond 10 A, the curves for acidic and basic tions than Ct (37). Similarly, SQ?" is a large anion, known
residues diverge from each other; the radial charge densityto interact specifically with proteins through electrostatic and
for positively charged groups is greater than for acidic groups hydrogen bonding interactions. The ability of SO to
beyond this radius. For His-124, charge imbalance beginsinteract with proteins is also consistent with the higher
at a radius of 20 A. Charge imbalance around each of the histidine K, values at low concentrations of $O, and with
four histidines in SNase is evident within a-425 A radius. the lack of convergence in the limit of low ionic strength
This suggests that the cumulative effects of specific imbal- with the values measured in SCNind CF. SO~ might
ances in charge distribution at medium- and long-range, even exert its influence through a polyelectrolyte effect
rather than net protein charge or short-range interactions, issimilar to that observed in highly acidic biopolymers.
the primary determinant of the salt sensitivity of the histidines  The characteristic response of the different histidines to
in SNase. the different types of anions might also be related to the

The experimental I§, values were reproduced better by inherent flexibility of their microenvironments. Differences
the continuum calculations in SNase than in myoglobin and among the effects of C] SQ;*~, and SCN are largest for
in other proteins 11, 12, 45. In myoglobin and other  His-121 and His-124. These two histidines are both found
proteins, the magnitudes of electrostatic interactions arein the structurally constrained crevice between the third
exaggerated for reasons that are not entirely obvious. Onea-helix and thes-sheet portion of the protein. The position
possibility is that the calculations fail in cases or under of the side chain of each of these histidines is invariant
conditions where dynamics and conformational fluctuations among many crystallographic and NMR structures (Figure
are significant, such that the static crystallographic structures4). The enhanced effect of SCNbserved for both His-121
used in the calculations misrepresent the distribution of and His-124 might be related to the accumulation of anions
distances between charged atoms in solution. Explicit treat-in this rigid region in excess of what is predicted by Poisson
ment of dynamics might improve the agreement between Boltzmann electrostatics, through the mechanisms described
calculated and experimentakpvalues, as might the ad hoc above. In fact, even the adsorption of SCKkb apolar
use of even higher effective dielectric constants to attenuatesurfaces may contribute to its significant effects df, p
the energy of pairwise interactions. This was corroborated values. Anions with low charge density such as SGi¥e
by the observation that the modified Tanferidirkwood readily excluded from bulk solvent; thus, they could be
algorithm, which employs effective dielectric constant&2, concentrated locally owing to the partially apolar composition
captures the absolute magnitude &f,walues of histidines  of the protein surface in the neighborhood of these histidines.
in myoglobin in 0.10 M ionic strength better than the more The increased local counterion concentration would result
rigorous calculations based on finite difference solution of in a greater effect than might be expected from ionic strength
the linearized PoisserBoltzmann equationl@). considerations alon&®). Similarly, the effects of S@~ are

Specific Salt EffectsThe calculated salt dependence of also most different from the effects of Clor the cases of
pKa values is determined exclusively by the ionic strength His-121 and His-124. This may reflect the specific associa-
term in the PoissonBoltzmann equation. The good agree- tion of the S@?>~ anion with histidinium groups, as suggested
ment between the calculated and measured salt dependenday the NMR-monitored protonation curves for His-121 and
of pKa values suggests that the salt effects were dominatedHis-124. The titration curves of these histidines in the
by the screening of Coulombic interactions proportional to presence of S@~ are not only shifted to higherka values
the ionic strength. The effects 0,80, and KSCN on Ka but are also noticeably steeper than the curves in the presence
values were measured to test this. These salts were selectedf Cl~ (data not shown). The ionization of His-121 and His-
because S& and SCN lie at opposite extremes of the 124 might be coupled to S& binding to the shallow pocket
Hofmeister series for anions, and G$ a Hofmeister-neutral ~ between these two residues.
anion @5). The slopes of the K, vs ionic strength graphs In contrast, the ionization curves of His-8 and His-46 in
for these three salts are consistent with what is expected fromthe presence of Cland SQ?>  are of similar shape and
their rank order in the Hofmeister series: the slope of the steepness. Apparently neither one of these sites offers as
salt dependence is steepest for SCMtermediate for Cl, favorable an environment for SO association as His-121
and shallowest for S (Figure 2). The data clearly or His-124. In fact, His-8 and His-46 do not discriminate
demonstrate that in addition to the ionic strength effect effectively among the different anions, and this might be
proper, there is a component of the observed salt effectrelated to their unstructured environments. The loose con-
that is related to direct interactions between protein and formation of the backbone around His-46 was discussed
anions. Although it is difficult to describe in greater detail previously. Three factors suggest that His-8 in solution is
the molecular origins of the anion-specific effects, particu- also not fixed in a unique, singularly constrained position.
larly the anion-specific dependence of absolutg palues, (i) As shown in Figure 4, the position of His-8 shows some
it is interesting to speculate about likely origins of these variability among different various crystallographic struc-
effects. tures. (i) Temperature factors for this residue are high,
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suggesting it is either relatively unstructured or exists in mulatively give rise to highly salt-sensitive electrostatic
multiple conformations within a single protein crystal. (iii) effects.
Portions of the peptide chain preceding His-8 in sequence Structure-based calculations with a static structure and a
are not resolved crystallographically, suggesting that this continuum model based on the linearized PoisdBaltz-
N-terminal stretch of SNase is fairly flexible, or at least mann equation reproduced the @&pendence ofiQ, values,
subject to conformational heterogeneity. In light of this, it but only when the protein interior was treated empirically
is reasonable to expect that both His-8 and His-46 will be with ¢, = 20. The agreement between calculated and
better solvated and less prone to ion-specific influences thanexperimental behavior suggests that some properties of the
the other two histidines. His-8 is closer to the globular core ionic double layer around proteins were described quanti-
than His-46, which may explain its greater sensitivity to salt tatively by the mean-field approximation inherent in Pois-
conditions despite its inferred flexibility. The strong depen- son-Boltzmann electrostatics. According to the calculations,
dence on SCN compared to Cl indicates that anionic  the K, values are depressed because of unfavorable self-
adsorption of strongly chaotropic anions may occur near energies and repulsive Coulombic interactions, and the
His-46. unusual salt sensitivity of the histidines in SNase is deter-
Relationship between Salt Effects on Histidine,pK mined mainly by screening of repulsive, Coulombic interac-
Values and Global Stability of SNas€éhe K, values of tions with charges more than 10 A away. To test further the
histidines and their steep salt dependence have interestingability of these computational methods to reproduce ac-
implications about the molecular basis of the salt- and proton- curately the magnitude of surface electrostatic effects in
linked stability of SNase. The shifts in th&kKpvalues of proteins, it will be necessary to measure the energy of
the four histidines between 0.01 and 1.5 M salt add up pairwise chargecharge Coulombic interactions experimen-
to 3.34 K, units, equivalent to 4.5 kcal/mol at 28C. tally.
The change in global stability between 0.10 and 1.0 M
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