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Model for calculation of electrostatic interactions in unfolded proteins
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An approach for the calculation of electrostatic interactions and titration properties of unfolded polypeptide
chains(denatured proteings proposed. It is based on a simple representation of the denatured proteins as a
state with titratable sites distributed on the surface of a sphere, radius of which is assumed to be equal to the
radius of gyrationRy, of an unfolded molecule. Distances between the chadjeshey constraints arising
from the protein sequence. Criteria for evaluation of the param&gwndd were obtained from computer
simulations on a polypeptide consisting of 20 identical amino agidi/lysing. The model was applied for
calculation of titration curves of denatured barnase and staphylococcal nuclease. It was demonstrated that the
approach proposed gives considerably better agreement with the experimental data than the commonly used
null approximation. It was also found that titration properties of denatured proteins are slightly, but distin-
guishably influenced by the amino-acid sequence of the protein.
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[. INTRODUCTION hold [3]. The fact that electrostatic interactions in denatured
state cannot be neglected has been clearly demonstrated by
The three-dimensional structure of protein results from aersht and co-workers in a series of studids-6]. These
delicate interplay of a number of interactions, mainly nonco-authors have demonstrated that fh€ values of the acidic
valent in character. Among them electrostatic interactions argroups in barnase are on average by @H units lower than
of special interest. Their role becomes manifested in anyhose of NA.
pH-dependent properties of proteins, including structural sta- Sheaferet al. [7] used an extended conformation for the
bility. It is obvious, for instance, that acid denaturation of calculation of electrostatic interactions in denatured state. In
proteins is driven mainly by the reduction of electrostaticthis model, the titratable groups are characterized by maxi-
stabilization. Also, there is plenty of evidence that electro-mum solvent accessibility, which corresponds to the com-
static interactions are a key factor for the thermal tolerancenonly accepted assumption that titratable groups are fully
of proteins from hyperthermophilic organisms. These pro-hydrated in denatured state. A similar model has been pro-
teins preserve their native structure at temperatures close tppsed by Warwickef8]. Denatured protein is again repre-
and some of them even at higher than that of boiling watersented by an extended conformation, but locations of the
For all these, an essential increase of salt bridge number isnizable sites with respect to molecule backbone are ad-
observedfor review, see, e.g., Refl]). justed by additional parameters. This model has successfully
Electrostatic interactions cannot be measured directlybeen applied for calculation of thgH-induced denaturation
Therefore, their theoretical prediction is of key importanceof a synthetic leucine zippg®]. Yang and Honid 10] have
for the correct understanding of protein stability. Usually,employed a hybrid approach to analyze the influencphbf
theoretical efforts are focused on prediction of measurabland of the ionic strength on stability of sperm whale
guantities that directly depend on electrostatic interactionsapomyoglobin. The unfolded state of this molecule has also
These are, for instance, the protonation/deprotonation equibeen modeled by NA whereas intermediate states of the pro-
librium constants of the titratable groups in proteins meatein have been described using a combination ofptkeval-
sured by NMR. Efforts towards theoretical prediction of ues for NA and for the native state.
these constantgor their equivalent, thepK valueg are In spite of the good agreement with the experimental data,
mainly concentrated on native proteins and studies aimed &l these models are designed to solve specific tasks. A more
analysis of electrostatic properties of unfolded proteins argeneral approach for modeling of the denatured state has
scarce. been proposed by Elco¢kl]. He has shown that employing
Most often, the denatured state is modeled by means ad simple molecular mechanics protocol that uses the native
the null approximatiorfNA), where the electrostatic interac- state as a starting point, an essential improvement in predic-
tions are set to zero and the titratable groups are characteion of pH effect on protein stability can be achieved. The
ized by pK values of amino acids with the alpha amino andkey point of the model is the artificial “swelling” of the
carboxyl groups blocked by nontitratable residues. PKe  protein molecule by increasing of the noncovalent inter-
values of such model compounds can be obtained both exatomic distances. He has found that the best agreement with
perimentally and from quantum chemical calculations. Thisthe experimental data is obtained with a distance of 6 A for
makes NA a convenient reference state ¢t calculations  all pairs of interacting atoms.
of native proteing(see, for review Ref[2]). NA becomes, A disadvantage of all above models is that only one pos-
however, nonapplicable for prediction of other quantities,sible spatial distribution of protein charges is considered,
such as the electrostatic term of unfolding energy, becausshich may not be representative for an unfolded protein. In
the assumption for zero electrostatic interactions does ndhe present paper we propose a simple, but physically more
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realistic model of the denatured state of proteins. It is based B. Radius of gyration

on the qssumption that titratabl_e siteg adopt a q.uasiranQOm The radius of gyrationRy, of a molecule is determined
distribution on the surface of a dielectric sphere with a rad'u%s(Ref. [18], p. 150

equal to the radius of gyratiolRy, of denatured protein. A ’

restricting condition is applied to charge-charge distances, 1

which are determined by the protein sequence. The rest of Ry= —<2 mkf§>. 1)

the paper is organized as follows. In Sec. Il we introduce a 2 My K

model of the denatured state and describe computer simula- k

tions on an artificial polypeptide chain, simulations that pro-

vide a simple way for evaluation d®, and charge-charge where the summation is performed over all molecule atoms,
distance criteriong. Section Il provides computational de- whereas the average is performed over all molecule confor-
tails for electrostatic energy calculations and the Montemations,r, is the distance betwedtth atom and the center
Carlo(MC) method used. Section IV is devoted to the appli-of the mass for a given conformation of the flexible chain,
cation of the model for calculation of titration curves of two andm, is the mass okth atom. In general, due to changes in
denatured proteins, barnase and staphylococcal nuclease, fanformational populatiorR, of protein molecules is not a
which experimental data are available. The results are dissonstant. It depends guH, ionic strength, temperature, etc.
cussed in the context of the quality of the model. Finally, inFor simplicity, howeverR, in the present paper is consid-

Sec. V some conclusions are drawn. ered as a constant.
Direct calculation ofR, from the Eq.(1) is a computa-
Il. MODEL tionally cumbersome task demanding explicit consideration
) of all protein atoms, covalent bonds, and angles for a large
A. Basic concepts number of conformations. As far as the model treats the pro-

In general, there are two approaches for the calculation ofein moiety as a continuum medium, it is highly desirable to
electrostatic interactions in proteins. The most rigoroudind an expression foR,, which depends on as few param-
method, elaborated by Warshet al. [12,13, considers a eters as possible. For this purpose we carried out computer
protein molecule on the atomic level. An alternative ap-Simulations on a short polypeptide chain, constructed from
proach is the continuum dielectric model. In this approach.,=20 lysines (polylysing. All side chains were kept in
the protein molecule is represented as a continuum materi#iheir extended conformations, whereas the backbone was
with dielectric constant, immersed in the medium of the free to rotate around N-C, and G,—C bonds ¢ and ¢
solvent withe > ¢, . The shape of the “dielectric cavity,” as angles, respectively The lysine side chain was chosen for
well as loci of ionisabletitratable sites are determined by the calculations because positions of titratable sites for other
the three-dimensional structure of the protein molecule. Thgroups in their extended conformations can be approximately
Poisson-Boltzmann equation is solved for this system nuconsidered as coinciding with positions of the atoms in the
merically [14—17. This model is attractive with its concep- extended lysinéfor structures of side chains and notation of
tual simplicity and the limited number of parameters. More-atoms see, e.g., R€f19], p. 6). We generated 40 000 self-
over, it is proven that in general this model correctly avoiding conformations of the polylysine with, ranging
describes electrostatic interactions in proteins. These featuré®m 2 to 20 by randomly choosing values ap,
of the continuum dielectric model motivated us to employ it €[0,360°] for each peptide unit. For every configuration
for electrostatic studies in denatured proteins as well. generated the coordinates of thg ,CC,, Cs, C,, and N

Our model of the denatured state is based on two fundaatoms were recorded for all lysiné®r the notations of the
mental assumptions. The first one is related to the fact that lgsine atoms see insert in Fig) s well as the coordinates of
denatured protein can be considered as an average over #ie C and N terms. Relatively moderate amount of confor-
possible conformations of a flexible chain, which results in amations considered, as it will be shown below, was sufficient
sphere inside which most of the protein atoms reside. Thé& achieve our goals.
radius of this sphere is assumed to be equal to the radius of The radius of gyration calculated from Ed) as a func-
gyration,Ry, of a protein in its denatured state. The dielec-tion of L, (assumingm;=1) is shown in Fig. 1. For com-
tric constante, inside the sphere is a general parameter inparison, the distancesbetween the Natoms belonging to
the current calculations and may have any value betvg%‘en the terminal residues of the polylysine are also shown in the
of the native protein ands. figure. Statistical noise is not observed in both plots which

The second basic assumption is that the titratable sites dfdicates that the amount of conformations generated is suf-
a denatured protein in equilibrium are located on the surfacécient to obtain reliable information about the quantities of
of the sphere. This assumption is justified by the fact, thatnterest. The generation of random conformations of the
because of differences in the self-energies an unconfing@olylysine chain can be viewed as a random walk of a cho-
charge is expelled from protein interidlow dielectric me-  sen atom, e.g., of the Natom of the first residue. Indeed,
dia) towards solvent(high dielectric medip [13]. Since both Ry andh obey forL,=5 the square-root law?=a,
charges belong to protein moiety and due to flexibility of a+a;XL,. Also, the ratio of the coefficient, for Ry andh
polypeptide chain, it is plausible to assume that titratablegives the value 5.89, which is close to the value given by the
sites of a denatured protein in equilibrium tend to be locatedundamental relatiom?=6x R? derived by Tanfordp. 167
on the dielectric boundary. in Ref.[18]) for an ideal flexible chairin this caseh stands
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for an average end-to-end distance of a flexible chains
noteworthy that this ratio is insensitive of what lysine atom
the distanceh refers to. Thus, we suggest thay for un-
folded proteins can be evaluated from relation

—\27.22+5%XL,, (A), 2

whereL, is the total number of residues in a protein mol-
ecule (,=5). The coefficients in Eq(2) were obtained
from a least-squares linear fit to tRg data presented in Fig.

1. These coefficients are independent of the internal structure
of a given molecule.

In Table | the values oR, calculated by Eq(2) are com-
pared to experimental values for proteins of different sizes in
their denatured state. The calculateg values show a ten-

5 5 10 15 20 dency of overestimation, which may result from the fact that
L Eqg. (2) was obtained from pure geometrical considerations
and does not take into account factors arising from secondary

FIG. 1. Radius of gyratiofRy calculated from Eq(1) (circles  structure elements that at certain conditions may be present
and average distande between the )N atoms(diamonds for the  in denatured proteins. However, the magnitude of this over-
polylysine chain as a function of number of polypeptide uhits  estimation is less then the variation of the experimental data
Data points presented in the plot were obtained as an average ovg8hd one can consider E(R) as giving a reliable evaluation
40 000 random conformations of the polylysine chain. Solid linesy¢ R This is also supported by the comparison of our cal-

are functionsy=ag+a, Xx with a,=27.22 anda;=5.00 forRy  cylations with the values obtained by another theoretical
anday="76.09 anda;=28.43 forh. Inset shows schematic repre method given at the bottom of Table I.

sentation of the lysine side chain in extended conformation. Large
circles denote carbon and nitrogen atoms while small circles stand o
for the hydrogen atoms. Notations of the atoms in the side chain are C. Distribution of charges

adopted from Ref{20]. In order to take into account a possible influence of pro-
tein sequence on the electrostatic interactions in denatured
state we introduce a parameter

600 -

200 -

TABLE I. Comparison of the radius of gyratidR, calculated by Eq(2) with both experimental mea-
surements and the lattice chain-growth algorithm for various denatured proteins. Experimental values are
taken, wherever possible, for the maximally unfolded state of a protein studied in the corresponding refer-

ence.
Ry (A)
Protein molecule L, Eq. (2) Literature Ref.
Experiment
Bovine pancreatic trypsin inhibitor 56 17.5 11-15 [21]
Streptococcal protei 56 17.5 231 [22]
Horse heart cytochrome 104 23.4 30.1 [23]
17.7 [23]
a-lactalbumin 123 25.3 30 [24]
Hen egg-white lysozyme 129 26.0 22.1-23.5 [25]
22 [26]
24.9 [27]
21-22 [28]
Bovine B-lactoglobulin 162 28.9 35 [29]
Streptomyces subtilisin inhibitor 226 34.0 29.3-29.8 [30]
DnaK 777 62.6 5515 [31]
Yeast phosphoglycerate kinase 1660 91.2 66 [29]
89+4 [32]
Lattice-chain growth algorithm
Cd-7 Metallothionein-2 30 13.31 ~14 [33]
434 Repressor 63 18.5 ~20
434 Cro 65 18.77 >20
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3000 ‘ . METHOD

A. Electrostatic energy

In the present paper we employ the ideology of the theory
of electrostatic interactions in native proteisge, for review

g 2000 - Ref. [34]). Within this theory, a microscopic staté of a

2 protein molecule with_, titratable groups can be determined
§ by a set of deprotonation variablé&=(xy, ... X ), with

§ x;i=0 (1=i=<L,) whenith titratable site is protonated and
; 1000 with x;=1 when it is deprotonated. The electrostatic energy

in a stateX is written as
d(m) (A)

1
EX)=35 Ej Wi (P =) (P = ;)

0 10 20 30 20 50 _ o int

dm |n(10)|<TEi (pH—pKI™)x;, @)
FIG. 2. Histograms ofi(m) [formula (3)] for the N, atoms of

the polylysine chain for severah values. For clarity, casan=1

andm=2 are shown separately in insé& and(b), respectively.

where indexes$ andj number titratable group$;=1(0) for
a basic(acidic) group,k is the Boltzmann constart, is the
temperature, and

1 b PK{™=pK?+ ApKP+ ApK{?'. )
dm)=r—— 2 (dijim, 3 .

r =1 HerepK;| is thepK value of theith residue corresponding to
the null approximation(the standardpK), ApKP® and

ApKiSOI are pK shifts arising from influence of protein per-

which represents a statistically expected distance betweg,nent charges, such as peptide dipoles, and due to the de-
two ionizable sites separated by{- 1) nontitratable peptide  gq}yation penalty, respectively. Derivation of Ed) is given

units along the protein sequence. In the expresgpindex i the Appendix. We applied Ed4) for calculation of elec-

| enumerates peptide units along the sequefttg, ) isthe  trostatic energy in denatured proteins with the only differ-
average distance between titratable sites at pOSIHICﬂm:I ence thatX in this case is a function not On|y of the depro_
(I+m). Values ofd(m) for m ranging from 1 to 15 were tonation variables, but of spatial positions of charges as well.
calculated for the polylysine with.,=20. Histograms of Because the polypeptide chain is considered highly flex-
d(m) for the N; atoms and for severah are shown in Fig. 2.  ible we neglected the interaction of the titratable site with
Histograms ofd(m) obtained for other sidechain atoms do other charged components, such as peptide dipoles. For sim-
not differ considerably from those presented in Fig. 2. Forplicity, the influence of the desolvation energy on the
smallm histograms ofi(m) differ essentially from those for protonation/deprotonation equilibrium of the individual site
largem. Form=1 two peaks can be distinguishfidset(a)  was assumed to be insignificant. It should be noted, however,
in Fig. 2], which reflect the interplay of the two rotational that the pK change due to desolvation in this case is
degrees of freedony and, determining the mutual dispo- 0.2-0.3 pH units (see also Refl13]). Thus, in the present
sition of the side chain atoms in neighboring peptide unitspaperpk!™=pK? in Eq. (4).

This effect decays very rapidly and far=3 thed(m) his- For calculations of pairwise interactioki; in Eq. (4) we
tograms are close to a Gaussian distribution characteristic {®mployed a formalism originally developed by Kirkwood

a completely stochastic quantity. Also, the histogram maximand Tanford[18,35,34 for a spherical representation of na-

shift towards larger distances very slowly with increasing tive protein molecules. Thereupahi; splits into three parts
(e.g., form=4 the maximum appears at distansel8 A
whereas fom=15 at~21 A). Thus, the distance between Wi =W+ WP+ W (6)
two titratable sitesd_ in the denatured state can be simply
related to the sequence separation,For simplicity,d.(m)  The first term in the right-hand side of E@) is the simple
was determined as the distance at which a maximum in th€oulomb interaction
correspondingd(m) histogram appears. In the case=1 a X
random choice between two possible values was made. For W= e )
m>6 the value ofd(m=6) was taken. - T

Note that for severah we estimated! also for a polypep-
tide chain with random choice of titratable side chains. Aswherer;; is the distance between the charges ofitiheand
expected, the results do not differ significantly compared tqgth titratable sites andis the elementary charge. The second
the results for the polylysine. However, such calculations aréerm in Eq.(6) arises from the fact that protein and surround-
much more demanding from computational point of view. ing solvent are different dielectric media
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- e2 = (n+1)(83—8p) TABLE Il. Values of the model parameters used in calculations.
W= 2 Py, (® _
£pRg =0 (N+1)estne, Parameter Notation Value
where P,(y) are the Legendre polynomials ang=1  l0on exclusion radius AR, A 2
—(r5/2R3). The third term in Eq(6) reflects the influence of 'onic strength | 0.1
ionic strength Temperature T, °C 20
Solvent dielectric constant &g 80
W~ e2 X . i on+1 £s 2 Protein dielectric constant €p 4/40
U eg(RgTAR) { 1+x 1 2n—-1[(n+1)estne, StandardpK values pK? 4.0 (Asp)
(from Refs.[37,39) 4.4 (Glu)
6.3 (His)
2n,2 9.1 (Cys
Z"PL(y)
X d . . (9 9.4 (Tyr)
Kn+1(X) 42+l N(es—ep) X 10.4 (Lys)
Kn-1(x) (n+1)estne, 4n2—1 12.0(Arg)
3.67 (C term
where AR is a radius of a salt ion of the solvent, 8.20 (N term)

=Ry/(Ry+AR), x=«k(Ry+AR), « is the Debye-Huokel

parameter, and Distance constraintéSec. 1Q  d,(m), A 10 or 12.5 m=1)

15.0 (m=2)
— 15.5 (m=3)
Kyx)= S, 20 @9 17.0 (m=4)
o sl(2n)!(n—s)! 18.0 (m=5)

20.0 (m=6)

B. Monte Carlo algorithm

In order to reduce computational time a spherical grid wagatx and the energy, are calculated and stored. This com-
used, i.e., a set of points uniformly distributed on the S”rfac‘i)rises one Monte Carlo step per sitdCS/S.
of the sphere. The number of points in the spherical ¢rid, "~ Aj| results presented below were obtained as average over
was chosen so, that a minimum distance between the grigy jndependenti.e., with different initial configuration of
points, dyin, is 2-3 A. This corresponds to minimum dis- the virtual chaiil MC runs each of them consisting of 10 000
tance between the charges of an ion pair in proteins. Thgycs/s with first 2000 MCS/S being discarded from consid-

polypeptide molecule is represented as an virtual chain withyation. The average over independent runs reduces compu-
L elements that connects the titratable sites only. The bongiional time essentially since it extinguishes problems re-

length connec_ting two neigh_boring sites_in this virtual chain|zied to a trapping of the system in a metastable state. For
(not necessarily neighbors in the protein sequenddm)  instance, a significant scattering of points is observed in a
+dmin, is determined by the distance constraigc. Il Q. single-residue titration curve obtained from one very long
The deviationd,,, arises from the discreteness of the spheri- 17 MCS/S) MC run while average over 20 relatively short
cal grid and does not affect the quality of the statistics anqy|c runs gives smooth titration curve. Values of other param-
the final results. To each titratable sii¢,a deprotonation eters used in calculations are presented in Table II. The out-
variablex; is assigned and an initial distribution of the titrat- puts, averaged values of deprotonation varialfle as a
able sites on the spherical grid is generated as follows. Thg,ction of pH, are used to calculate an overall titration
first point of the virtual chain is arbitrary placed on the .,e of a protein molecule of interest and thié values of

spherical grid and_ the pqsition of .each next point is chosef,gividual groups(in the present paper theK value was
randomly so that(i) the virtual chain does not become self- considered to be equal to ti ., value, i.e., gH value at

intersecting andii) distance from the previous point satisfies |, :-h the average deprotonation variabig)=0.5).
the constraind (m) = d -

After the virtual chain was generated, MC simulations
using the Metropolis algorithif86] were started with a prob-
ability p of transition from a statX to a stateX’ given by In this section we demonstrate applicability of the model
p=min{l,expA&/KT)} with A€ being the difference inthe described above for the calculations @ values of titrat-
energiesé [Eq. (4)] between the stateX and X’. When  able groups in an unfolded protein molecule and of the pro-
generatingX’ from X either the protonation state or alloca- tein net charge as a function pH. The correct prediction of
tion of a given titratable site can be altered. In the case ofhese quantities is a prerequisite for the analysis of phenom-
reallocation of sitd, the distance constrains with respect toena such as folding/unfolding processpsl-dependent sta-
both the {(—1)th and the i(+1)th sites are taken into ac- bility of proteins, etc. To our knowledge, there are only few
count. The choice between the two types of alterations iproteins for which experimental data on electrostatic proper-
made randomly. After repeating this procedletimes the  ties in denatured state are available. In the present paper

IV. RESULTS AND DISCUSSION
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TABLE lll. pK values of titratable groups of barnase. Experimental dexaept for His18 are taken from Ref[5]. Note that the
experimentapK values for denatured barnase are averaged over all residues of a given type.

Amino acid pKi0 The pK values
Experiment MC calculations

Native Denatured ep=42 e,=102 £,=402 e,=40"°
Asp8 4.0 3.1 3.50 3.00 3.05 3.31 3.36
Aspl2 4.0 3.5 3.50 2.86 291 3.20 3.35
Asp22 4.0 3.3 3.50 2.81 2.88 3.17 3.35
Asp44 4.0 3.6 3.50 3.02 3.08 3.33 3.36
Asp54 4.0 2.2 3.50 2.96 3.03 3.28 3.36
Asp75 4.0 3.1 3.50 2.74 2.79 3.09 3.36
Asp86 4.0 4.2 3.50 2.95 3.02 3.27 3.36
Asp93 4.0 15 3.50 2.79 2.84 3.15 3.36
Asp101 4.0 2.0 3.50 2.98 3.03 3.28 3.37
Average 2.90 2.96 3.23 3.36
Glu29 4.4 3.75 3.70 3.40 3.47 3.78 3.87
Glu60 4.4 3.40 3.70 3.24 3.32 3.64 3.87
Glu73 4.4 2.10 3.70 3.23 3.31 3.62 3.87
Average 3.29 3.37 3.68 3.87
Tyrl3 9.4 9.02 9.09 9.36 9.30
Tyrl7 9.4 8.93 8.99 9.25 9.30
Tyr24 9.4 8.98 9.02 9.28 9.30
Tyr78 9.4 9.00 9.08 9.28 9.30
Tyr90 9.4 9.02 9.06 9.29 9.30
Tyr97 9.4 9.02 9.06 9.29 9.30
Tyrl03 9.4 9.00 9.04 9.27 9.30
Average 9.00 9.05 9.29 9.30
His18 6.3 7.6T 6.59¢ 6.64 6.59 6.42 6.38
His102 6.3 6.59 6.55 6.35 6.38
Average 6.67 6.57 6.39 6.38
Lys19 10.4 11.76 11.69 11.34 11.02
Lys27 10.4 11.61 11.56 11.21 11.02
Lys39 10.4 11.52 11.43 11.10 11.02
Lys49 10.4 11.51 11.43 11.08 11.02
Lys62 10.4 11.63 11.55 11.17 11.02
Lys66 10.4 11.74 11.66 11.25 11.02
Lys98 10.4 11.60 11.52 11.19 11.01
Lys108 104 11.65 11.56 11.20 11.02
Average 11.63 11.55 11.19 11.02
Arg59 12.0 13.11 13.07 12.87 12.89
Arg69 12.0 13.33 13.28 13.02 12.89
Arg72 12.0 13.31 13.25 13.02 12.89
Arg83 12.0 13.24 13.20 12.95 12.89
Arg87 12.0 13.28 13.24 13.01 12.89
Average 13.25 13.21 12.97 12.89
C term 3.67 3.3 2.56 2.62 2.83 2.94
N term 8.20 8.87 8.77 8.47 8.37

a\ith distance constraints.
bwithout distance constraints.
°From Ref.[41].

9From Ref.[42].
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40 . . . material that is an adjustable parameter in the present calcu-
lations. As seen from Table IlI, with increasieg the agree-
—— MC calculations ment with the experimental data improves anddg 40 the
= model compound - . .
©100 mM KCI calculated and experimentpK values practically coincide.
O 6 M GdnHCl For His18 residue the agreement between the calculated and
measuredpK values is good for alk, because in thipH
region the net charge of the molecule is close to zero, i.e.,
electrostatic influence is minimal. Consideriag as an ad-
justable parameter, values40 seem to be most appropriate
for the model. Another source for the observed overestima-
tion may be the fact that the radius of the dielectpgootein
sphere is kept constant for the wh@él range considered.
Indeed, one expects that electrostatic repulsion between ti-
tratable sites may induce a swelling of the protein moiety,
especially at extrem@H. Experimental evidences for such
0 . . 10000 an effect have been provided by Stigétral.[43], who have
2 4 6 8 shown that the average coil radius of the myoglobin mol-
ecule increases dramatically with reduction of the ionic
FIG. 3. The net charge of SNase as functionpi. Points  Strength. Neglect ofApK?® in Eq. (5) may also lead to an
denote the experimental data in different solvents taken from Fig. Pverestimation of electrostatic interactions because the des-
in Ref. [45], while thick lines show results of calculations for dif- olvation penalty usually shiftpK values towardspK?.
ferent representations of the denatured state. Thin dashed lines are A noteworthy result is that small but detectable variation
guides for the eye. of the pK values calculated for the individual groups of the
same kind is observed. This is not consistent with the con-
we consider two such proteins, barnase frddacillus cept of the denatured state as a state where the spread of
amyloliquefaciengthe PDB codeiA2p) and staphylococcal pK's is lost [44]. Consequently, the question arises whether

Q (proton charge)

nucleasgSNase, the PDB codeeYo) [39]. the variations of the@K values is due to insufficient statistics
or whether this is a feature of the model proposed. In order to
A. Barnase answer this question we performed MC simulations without

. L . . . distance restrictions which is equivalent to the removal of
Barnase is a protein with, =110 residues, which gives a . . )
information about protein sequence. All other parameters

radius of gyrationRy=24 A [Eq. (2.)]' This \_/alue s be- were kept the same. The calculations for this case clearly
tween the experimental observations, which vary from ; ) S
showed that there is no dispersion in th& values (the

15.9 A to 34 A[40]. The protein contains 37 titratable ,
groups, which are distributed over 997 points of the sphericarI"‘:]htrnOSt column of Table I)l This suggests that the ob-

. ; . . - . served variation of theK values is not due to statistical
grid_with the distance between neighboring poirtg, insufficiency, but rather reflects the influence of the protein
=2.7 A. ThepK values for all titratable groups of barnase Y, P

calculated for three different values ef, are presented in sequence on the titration properties of individual titratable
Table 11l The onlv amino acid for which theK value was groups in denatured proteins. More experimental data are
measuréd directl;Yis the His18 gro{#?] Forpthis residue a needed to ensure that the model proposed describes this in-

good agreement with the experimental result was obtainecsl.uence correctly.
The experimentapK values for the acidic groups both for
native and for denatured barnase as reported by Olivedierg
al [5] are also given for comparison. Note, that the experi- Staphylococcal nucleag&Nase is a highly charged pro-
mentalpK values for the denatured state were averaged valtein containing 31 basic and 28 acidic groups including the
ues obtained from a theoretical analysis gii-dependent amino- and the carboxyl terminal grouds, € 149). The de-
differenceAQ in the net charg® of barnase molecule in the natured state of SNase was modeled by a flexible chain with
native and denatured statesQ, in turn, was calculated as 61 segments and a dielectric sphere ViRjy=27.79 A. The
the derivative of unfolding free energ§G obtained from distance between the neighboring points in this case was
thermal unfolding experimenig!]. Such methodology does d,,=3.1 A. To our knowledge there are no experimental
not provideQ neither for native nor for the denatured state pK values for denatured SNase available in the literature.
separately while the MC simulations giv@ only for the  Therefore, we limited our consideration to comparison of
denatured state. Thus, the only values, which can be conprotein titration curves only. In Fig. 3 the titration curve cal-
pared here, are theK values. culated by the model is juxtaposed with the experimental
The pK values calculated for the acidic groups are suffi-data on H binding obtained by Whitten and Garcia-Moreno
ciently close to, but systematically below the experimental45]. As seen, the null approximation describes SNase well
pK values. This discrepancy is most likely due to an overeswithin the widepH range if the protein is dissolved in 6 M
timation of electrostatic energy, which can have severalGdnHCI which is very strong denaturate. In this case SNase
sources. One of them is the dielectric constant of the proteirs chemically denatured within the whopeH interval inves-

B. Staphylococcal nuclease

011901-7



P. J. KUNDROTAS AND A. KARSHIKOFF PHYSICAL REVIEW BE55 011901

tigated in Ref[45]. It is known that, GdnHCl is highly ion- APPENDIX
ized agent and, therefore, it screens any electrostatic interac-
tions.

However, for SNase dissolved in 100 mM KCI the calcu-
lated net charge agrees well with the experimental points fo
pH=4 where the protein is known to be thermally unfolded 1
[45]. The observed, though small, discrepancy between theg(X)=e>, (P,—x;) 5 > @i(d)) + @i(Ape) +Agi(qy)
calculated and experimental net charges gbt<4 can be ! J
due to the factors discussed above, such as the assumption
that Ry does not depend opH. However, the agreement +2 X, (A1)
with experimental data in this case is significantly better than !
that of the null approximatiofdotted line in Fig. 3. The net ) _ )
charge predicted by the null approximation is between 5 and/N€re € is the elementary charge. The potentg(q;) is
10 charge units larger compared to the experimental datg'®ated by a charge ¢th group (#i), ¢i(pe,) is @ poten-
[45]. The seeming agreement of the results obtained by thi@! created by all permanefiontitratabl¢ charges of a pro-
model proposed and by the null approximationgpit be- tein molecule and\ ¢;(q;) is a “p_ote_ntlal" arising from dif-
tween 6 and 9 is due to the fact that both models are exference between the self-energiesithf group in water and
pected to predict all carboxyl, lysines and arginines beind" Protein(the Born energy or desolvation penalty
charged. The residual difference in the net charge infhis The chemical potential; in +Eq._ (A1) is related to the
region arises from the@K shifts of histidines predicted by Cconcentration of the protongH™] in surrounding solvent
our model. [46]

Electrostatic energy of a polypeptide chain in a micro-
scopic stateX (see Sec. Il A assuming that all charges are
Point charges, can be written in general form as

_0_ 4
V. CONCLUSIONS mi= i —KTIn(yy+[HT]), (A2)

The results of calculations presented in the paper suggedthereyy+ is the activity coefficient of the protong, is the
an important conclusion, namely, that the influence of electemperature, ankis the Boltzman constani? is a residue-
trostatic interactions on titration properties of denatured prospecific constant that might be viewed as the change of the
teins might be predetermined by the amino-acid sequence sklf-energy of theith titratable group(when alone in the
a given protein. The fact that individual titratable groups maysolveni during proton binding
have differentpK values, i.e., may interact differently with
the electrostatic surrounding, is of importance for a better M?:kTm Ki (A3)
understanding of the factors regulating protein stability.

One of the key assumptions of the model is that the unwith K; being an equilibrium constant for the chemical reac-
folded protein is approximated by a sphere with a radiugion of the proton binding/unbinding to thi¢h group. Usu-
equal to the radius of gyration of a flexible polypeptide ally, relations(A2) and(A3) are expressed in terms of
chain. In the present calculations this radius reflects only .
geometrical features of the polypeptide chain. We suppose pH=—logio( yu+[H"]) (A4)
that this is the main source of the observed tendency of over-
estimation of electrostatic energy. It is known, for instance,and
that at different conditiongsuch aspH and temperatuje Kmod_
proteins may adopt different denatured states characterized PRi=
by different compactness and by different residual secondar¥
structures. These factors are not reflected in (Bjy. Never-
theless, the model gives a more realistic physical description per_ .
of thermally unfolded proteins and predicts electrostatic APKT=e¢i(0pe)/kTIn(10 (A6)
properties essentially better than the commonly used null 4
approximation. An extension of E¢2) by including empiri-
cal terms determiningH- and temperature dependencies of ApK$°=eA ¢;(q;)/KTIn(10), (A7)
Ry is in progress.

—logyoK; . (AS5)

hen, introducing notations

Eqg. (A1) might be rewritten in more customary, frequently

used in the literature, forrfsee, e.g., Ref$47,4
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without the term&,. This does not lead to any mistakes when
one works within only one conformation of a polypeptide
since&, is uniquely determined by structur@srimary, sec-
ondary, tetriary, et¢.of a molecule. However, the teri,

is contributions of the permanent charges and of the desohecome important when either different conformations of the
vation penalties in a fully protonated state of a polypeptidesame molecule or the samer similan conformations of

(all x;=0) andpK!™ described by the Eq5).
Note that Eq.(A8) very often in the literature is written

different moleculege.g., a wild-type protein and its mutants
are compared.
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