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Abstract

Much computational research aimed at understanding ionizable group interactions in proteins has focused on numerical
solutions of the Poisson—BoltzmaRB) equation, incorporating protein exclusion zones for solvent and counterions

in a continuum model. Poor agreement with measukeg@nd pH-dependent stabilities fo@rotein, solventrelative
dielectric boundary of4,80 has lead to the adoption of an intermedic®,80 boundary. It is now shown that a simple
Debye-Hiickel DH) calculation, removing both the low dielectric and counterion exclusion regions associated with
protein, is equally effective in generakpcalculations. However, a broad-based discrepancy to measured pH-dependent
stabilities is maintained in the absence of ionizable group interactions in the unfolded state. A simple model is introduced
for these interactions, with a significantly improved match to experiment that suggests a potential utility in predicting
and analyzing the acid pH-dependence of protein stability. The methods are applied to the relative pH-dependent
stabilities of the pore-forming domains of colicins A and N. The results relate generally to the well-known preponder-
ance of surface ionizable groups with solvent-mediated interactions. Although numerical PB solutions do not currently
have a significant advantage for overa{ pestimations, development based on consideration of microscopic solvation
energetics in tandem with the continuum model could combine the Mptjgs of a subset of ionizable groups with the
overall robustness of the DH model.
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Calculated macromolecular electrostatic potential surfaces, partidosiewicz et al., 1996 and inadequate modeling of charge burial

ularly with the finite difference Poisson-BoltzmaRDPB) con- and the Born(self) energy(Born, 1920; Warwicker, 1997

tinuum method Warwicker & Watson, 1982; Klapper et al., 1986; Within the continuum frameworle, ~ 20 is an effective method

Warwicker, 1986, are commonly accepted aids to graphical inter- for improving agreement across a range of measukeg pAn-

pretations of structure. In contrast, calculations Efp and pH-  tosiewicz et al., 1994and decreasing charge burial penalties. A

dependent stabilities in the continuum approximation are morestudy with more extensive variation ef (Demchuk & Wade,

problematic. Assignment of low protei@Gilson & Honig, 1986 1996 differentiates groupings of ionizable residues that give better

and high solvent relative dielectric valugs, ~ 4, s ~ 80) does  pK, agreement withe, ~ 10-20(mostly buried or with ¢, ~ 80

not give good agreement with measure€,p (Bashford & Kar-  (mostly solvent exposedReasonable agreement to measured ly-

plus, 1990; Antosiewicz et al., 1984~actors that may contribute sine [K s in calbindin has been found witfy = € (Kesvatera

to this discrepancy include the use of a restricted conformationagt al., 1996. On the other hand, interactions in gn= 20 ore, =

set or a single conforméivou & Bashford, 1995; Zhou & Vijaya- €5 = 80 model are too weak to give the notably low and function-

kumar, 1997, particularly in regard to relaxation in response to pH ally significant cysteine ii,s of DsbA and thioredoxinWar-

titration, lack of consideration of ionizable group tautomeks- wicker, 1998. These cysteine o,s are matched by, = 4

calculations that allow for the hydration entropy associated with

solvent ordering around an ionized group, and its variation with

extent of charge burial, thereby counteracting the unfavorable Born
Reprint requests to: James Warwicker, Institute of Food Research, Rea@nergy(Warwicker, 1997. Substantially shifted ig,s will be im-

ing Laboratory, Earley Gate, Whiteknights Road, Reading RG6 6BZ, Unitedyortant in uncovering continuum model inadequacies and directing

Kingdom; e-mail: james.warwicker@bbsrc.ac.uk. - - .
A%breviations:DJH, Debye-Hiickel; FDPB, finite difference Poisson- potential improvements. Although a charge burial-linked hydration

Boltzmann; HEWL, hen egg white lysozyme; MC, Monte Carlo; RMSD, €ntropy term is simple to implement, further progress requires
root-mean-square deviation. consideration of ionizable side-chain conformation and salt-bridging
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in multiple, pH-dependent conformers. Such factors are related t@Antosiewicz et al., 1994, 1996Although current and reported
the strong interactions that can arise from protein dipolar inter<, = 20 calculationgfd20 and fd20ashow some difference, pre-
actions, and their relaxation with changes in ionizati®@nham  sumably arising from differences in charge assignments and pro-
et al., 1998. While continuum calculations need development to gramming of the FDPB method, they give qualitatively similar
handle buried and surface groups equally well in a single modetesults with moderately better RMSDs than the null model. Re-
that covers the entire range of obsergiK,s, it is of interestto  moval of the dielectric boundary, maintaining a counterion inac-
examine a range of higheg-based continuum models, in terms of cessible envelopé€fd80, e, = e = 80), gives marginally lower
the overall predictive power that derives from the preponderanc&MSDs overall than fd20, so thaf = 80 is as effective ag, = 20
of ionizable groups with relatively lowpK,s. in modeling these ionizable grougKps. The fd80 model approx-
The shapes of measured pH-dependent stability curves arienates a system with uniform dielectries) and Monte Carlo
matched by the, = 20 model, but magnitudes tend to be over- (MC) simulation of counterions around the protein that has been
estimated(Antosiewicz et al., 1994 Such discrepancy can be effective in studies of calcium and hydrogen ion binding to pro-
reduced when extended polypeptide models are used to estimateins(Kesvatera et al., 1994, 199&ounterion boundary removal
ionizable group interactions in the denatured st8&haefer etal., with DH calculations(dh80, epy = 80) shows relatively little
1997), consistent with measurements of significant interactions indifference to fd80, with this simplified model performing at least
the denatured state of barnag@liveberg et al., 1995 A simple as well as those of more complexity that retain counte(fd80)
sequence-based model is now introduced for these interactionand dielectriofd20) boundaries, and giving significant predictive
With regard toApK,s, it is found that a Debye—HickéDH) power relative to the null model.
description, without dielectric or counterion boundarigs= e; = Comparison of dh80 and dh5@py = 50) (Warwicker et al.,
80), gives results at least as good as those from more complex987 shows only slight variation in match to experiment, empha-
FDPB models. In combination with the unfolded state model, DHsizing that success lies in the preponderance of ionizable groups
modeling gives much improved agreement with measured acidthat are mostly solvent exposed and for which higher dielectric
dependence of stabilitfAGyy). Although the topic of a high ef- dominates interactions. It is also apparent that dhBB,s are
fective dielectric or its ability to cover for model inadequacies is driven by interactions between ionizable groups, rather than be-
not new (Karshikov et al., 1991; Sham et al., 1997his paper tween ionized and dipolar groups. For example, the dh80 RMSD
gives a clear picture of the utility of a DH model alongside FDPB of 0.48 for RNase A moves only to 0.53 upon neglect of the
calculations that incorporate dielectric and counterion boundariespnizable group-dipolar interactions. In relation to the view that, in
as well as showing that large discrepancies in the calculated pHhe absence of microscopic consideration of protein relaxation,
dependence oAGyy can be significantly reduced with a simple largere, is suitable for charge-charge and smalgmore appro-
unfolded state model. These results are important in the context gfriate for charge-dipole interactioSham et al., 1998 the dh80
a rapidly-expanding structural database of potential applicationgnodel may fail to account adequately for dipolar solvation in the
demonstrated with application to the biologically-relevant acid sta-subset of significantly buried ionizable groups.
bility variation of the pore-forming domains of colicins Aand N,  An example in this subset is E35 of HEWL, for which fd20,
firstly in qualitative comparison to melting temperature measure{d80, and dh80 calculations on the tricilinic form givi s of 4.7,
ments, and secondly with prediction of the molecular origin of this3.9, and 4.2, respectively, compared to 6.1 by experiitimramitsu
difference. & Hamaguchi, 1980 In contrast, finite difference calculations
with e, = 4 (Bashford & Karplus, 1990; Yang & Honig, 1993;
Antosiewicz et al., 1994give an E35 K, substantially elevated
from that of the model compound, although RMSDs across the set
of HEWL pK,s are lower withe, >4 (Antosiewicz et al., 1994
We favor the development of, ~ 4 based(FDPB) continuum
Results of FDPB and DH calculations are compared for four pro-models with consideration of factors such as hydration entropy
teins(Table 1), extending work that established tge~ 20 model ~ (Warwicker, 1997 and pH-dependent conformational sampling,

Results and discussion

Model comparison to measured gK

Table 1. Comparison of RMSDs to experiment for ptalculations

Protein n_gp% (l\lle)b Null® fd204! fd20 fd80 dh50 dh80

RNaseA 16 0.20 0.86 0.75 0.66 0.51 0.47 0.48
RNaseT 4 0.15 1.21 1.14 0.94 0.75 0.75 0.78
Barnase 13 0.05 1.28 — 1.06 0.77 0.88 0.68
tri_Lys 10 0.15 1.14 0.78 0.92 0.98 0.94 0.90
tet_Lys 10 0.15 1.14 0.99 0.73 0.90 0.80 0.84

aNumber of ionizable groups.

blonic strength.

*RMSDs for model compoundias.

dReportedep = 20 calculations of Antosiewicz et &|1994), with nd1 proton in the neutral histidine form for RNage®barnase,
and HEWL (tri_Lys and tet_Lys
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alongside applications of the dh80 model that are aimed at preFor RNase T, fd80 gives better agreement with experiment than
dicting overall K, effects, but with potential underestimation of a fd20. In this case the increased stability at mild acidic pH arises
small subset of ionizable group effects. The view that logger  from protonation of DE residues with elevatedKps, and the
based FDPB models can be improved with detailed analysis o&ssociated unfavorable interactions between acidic groups are re-
microscopic solvation energetics is consistent with analogousluced bye, = 80 relative toe, = 20.
progress reported for the protein dipoles Langevin dipoles method Results with the dh80 model are similar to those with fd80,
(Sham et al., 1997 leaving a large discrepancy to experiment for barnase in partic-
ular (right panels of Fig. B In contrast, dh80u2 gives a reason-
able match to experiment for all proteins shown in Figure 3.
Model comparison to measured pH-dependent stabilities The u2 model shiftsAGyy pH-dependence to a varying degree
for each protein, but sufficiently to provide a reasonable esti-
mate of measured values in each césempare the scale of u2
modifications for RNase A and barnase to those for the other
proteing. It is noted again that this solvent-based approach can
be wrong in detail. The shape of the measured curve for HEWL
is not precisely matchettecalling also that dh80 does not give
the elevated E35HK,); dh80 or fd80 give a moderately better
H1atch to experiment than does dh80u2 for RNageahd FOY DH
model charge sets do not account for histidine-aromatic inter-
actions in barnaséLoewenthal et al., 1992 However, the cur-
rent work indicates that alongside gener#l mpredictions with
dh80 that are as effective as current FDPB methods, dh80u2
gives significant improvement in predictions of folding energy

General agreement between fd20 and fd20a through the IeRH{ﬁ:psgdrenr;%ee'l is investigated in Figure 4 for those groups
panels of Figure 3 shows that the two finite difference implemen- - ) .

. . . o contributing to neutral-acid pH-dependence. The overall stabiliz-
tations, with separate charge sets, give similar results ] ke20 ing effect of ionizable group interactions is clear fyoK,s cal-
modeling again overestimates the pH-dependenag=pk, but to culated with (ApK, nu) and without (ApK a

) S aNU pKan) unfolded model
varying degreesAntosiewicz et al., 1994 Replacement of fd20 subtraction. A strong\pK, y ~ ApK diagonal indicates rela-
with fd80 gives little difference for barnase and triclinic HEWL, _. | Ii P 6.‘];'.“ . P fa'NU 9 I .
and a moderate increase in pH-dependence for tetragonal HEW“.Vey sma ApKau n_10d|_ Ication for most groups. All points

Substantially below this diagonal represent histidine or N-t groups
with a neighboring basic residue in the protein sequence, giving
unfavorable interactions in the unfolded state model. Groups sub-
stantially above the main diagonal tend to lie close to a further
diagonal arising from favorable nearest neighbor interactions in
the unfolded state model. RNase A and barnase each contribute
y d five such groups, RNase;Three, and HEWL none, so that the
t oext variable scale of the unfolded model term, that is an important
R . determinant of agreement with experiment in Figures 2 and 3,
relates directly to sequential nearest neighbor ionizable group
pairs. Residue D38 of RNase A has two nearest neighbor bases,
making a proportionate contribution to the dii8880u2 differ-
ence in Figure 2. The nearest neighbor interaction is 0.8-0.9
si pKa units for the u2 model withepy = 80 at 0.03 M ionic
strength.
y;= Mi : A +ve, odd i; A-ve, even i A rapid decline of interaction strength with sequence separation

] in the unfolded state model gives the clear prediction that nearest
zi=(|_1)dex - s,12 neighbor pairs will dominate, with an uneven distribution of
2 centre group ApKa us. Calculateddh80u2 ApK, ys for the 12 DE residues of
barnase range from1.2 to +0.1, with an average of 0.4 that
A=1 ul model agrees with the experimentally determined mean vélveberg
A=0 u2 model etal., 1995. The calculated g, y = 3.9 for D93 of barnase at 0.03

) ) o . o Mu is consistent with reported protonation at around pH 4 and
Fig. 1. A §|mple model for ionizable group interactions in the unfolded 0.05 Mu (Oliveberg et al., 1995 Model development will prob-
state. lonizable groups are anchored alongzthgis according to residue . . .
number and C spacing in an extended polypeptide chéige = 3.8 A). ably |ncIuQe .cor?formatlonal samplyr(@cha.efer et gl., 199.7F0r
The ionizable charge of residiiés located at a distance afi (ony) from  example, it is likely that charge interactions will contribute to
the backbone, with scaling from 0 to 1 and positive for od¢hegative for  conformational preferences, so that the magnitude of an unfavor-

e"e”iész thgt ”ehar95t neighbor side Chagjs altebnzmidi assjg”ed fro“A" able nearest neighbor interaction will be less than that of the cor-
extended side-chain geometries: D, 2.8 A; E, 4.2 A; H,3.9A; K, 6.3 A; R, . Lo

6.8 A. A distances separates charges for two-site ionizable groups: D andrespondmg favorab!e Pa”_'” the unfolded §tate. Lo

E, 2.16 A; H, 2.43 A; R, 2.30 A. Amino and carboxy! terminal ionizable ~ The calculated distribution ofpKa nus (Fig. 4) indicates the

groups are treated in analogous fashion, with- O. extent to which ionizable group contributions to stabilization and

Modeling of unfolded state charge interactidqifég. 1) is tested in
Figures 2 and 3. For RNase A, Figure 2A shows that= 20
(fd20a, fd20 significantly overestimates neutral and acid pH-
dependent changes in the unfolding enerdy,n (Antosiewicz
etal., 1994, which is also the case fef, = 80 (fd80). Calculations
with DH modeling without unfolded state interactigi 50, dh80,
and with the ul mode{dh50ul, dh80ul also give substantial
overestimation of measured changes, while incorporation of the u
model (dh50u2, dh80uRgives significantly improved agreement
(Fig. 2B). With relatively small differences between equivalent
models that usepy = 50 andepy = 80, epy = 80 modeling
(effectively a water solvent continuymis used in further
comparisons.
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Fig. 2. Calculated and measured pH-dependence of unfolding energy for RNaseFR calculations compared to experiment for
e, = 20 (fd20a, Antosiewicz et al., 1994; fd20, currgriinde, = ;= 80 (fd80). B: DH calculations, with and without ionizable group
interactions in the unfolded statel and u2 modejs compared with experiment faipy = 50 (dh50, dh50ul, dh50u2and for
epy = 80 (dh80, dh80ul, dh80y2

acid pH-dependence vary in the dh80u2 model. While a relatively Figure 6 shows contributions to acid pH-dependence M, nu
small set of residues have stabilizingpK, ny > 1.5, a larger  values for D and E residues of ThColA and ThColN. The histidines
number maintain significant contributions 85y, predicting a  (H29 and H88 of ThColA and H49 of ThColN\are not predicted
generally broad structural base to acid pH-dependence. Agreemetat contribute significantly, noting also that chemical modification
with experiment(Figs. 2, 3 suggests that although a small subset of histidines does not alter the pH-dependence of membrane in-
of more extreme K, shifts may be missing in the dh80u2 model, sertion for ThColA(Evans et al., 1996 Over the three panels of
the values in Figure 4 provide a reasonable overall estimate of acifligure 6, the difference betweetpK, yy sums for ThColA and
pH-dependent stability in these proteins. It will be important to ThColIN is —1.0, corresponding approximately to the difference in
develop methods that combine the detail required for the subset g&lative unfolding energy at pH &ig. 5C). The dh80u2 model
ionizable groups that interact strongly within the native protein withpredicts a ThColXThColIN differential spread over a number of
the robustness of the more simple algorithms. In addition, studieacidic groups, with an emphasis on those unique to ThColA
of relative energetics for macromolecule conformers and ligand bind¢Fig. 6B). It has been noted that the ThCoIBAhCoIN acid pH-

ing will require complete descriptions of polar and nonpolar inter-dependence difference cannot be a simple net charge effect since
actions (Schaefer et al., 1997 However, the pH-dependent ThColIN is more positively-charged than ThColA, and further
component is of considerable interest, for example with regard teuggested that a subset of acidic residues could mediate the dif-
acid denaturation or molten globule formati@fink et al., 1994, ference(Evans et al., 1996 The current work predicts individual
and the next section gives dh80u2 model-based predictions for group contributions and indicates that the overall ThGAIACoIN
system in which acid stability is physiologically relevant. difference is a cumulative effect from summation of relatively
small differences. A ThColA molecule with the D78N mutation
binds faster to negatively-charged vesicles than wild-type, but
inserts more slowly into the membrafieakey et al., 1994 Bind-

The pore-forming domains of colicins A and NThColA and  ing has been related to ThColfkembrane orientation prior
ThCoIN) exhibit different acid pH sensitivities, as measured by to insertion, whilst slower insertion may signal increased native
melting temperaturéT,,,), that may be related to membrane inser- state stability(Lakey et al., 1994 The dh80u2 model predicts a
tion mediated by a molten globule intermediate in the lower ef-destabilizing effect for the negative charge of D78 in ThColA
fective pH close to a negatively-charged membrérekey et al.,  (positive ApK,nu in Fig. 6A), but a stabilizing influence
1994; Evans et al., 1996With a PDB coordinate set available for (ApKyn = —0.2 in ThColA is predicted for the dh80 model,
ThColA but not ThColIN, and with 58% identity between the two supporting incorporation of the unfolded state model in calcula-
molecules, comparative modeling is used together with DH-basetlons of unfolding energy.

calculations. Although direct comparison betwdgpand unfold- Calculations with colicin pore-forming domains show the pre-
ing energy is not possible, modeling without ionizable group in-dictive utility of DH-based modeling for ionizable group inter-
teractions in the unfolded statdh80, Fig. 5B gives substantial actions in native and unfolded state proteins. This modeling extends
pH-dependence that is similar for ThColA and ThColN, and not inreports of the effectiveness of incorporating higggtAntosiewicz
accord with differences in the acid pH-dependencd& gf Evans et al., 1994 and extended chain estimates of the unfolded state
et al., 1996 (Fig. 5A). In contrast, the dh80u2 modéFig. 5C) (Schaefer et al., 1997The robustness and simplicity of the current
gives a smaller overall scale for acid pH-dependence within whicrmodel make it suitable for overall analyses of pH-dependence in
the ThColA/ThColIN difference is more significant and in line proteins, while improved continuum methods based on losyer
with experiment. (e.g., Warwicker, 199)7 will be valuable in studies that include the

Colicin pore-forming domains
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Fig. 3. Calculated and measured pH-dependence of unfolding energy for RNaseiase, and HEWL. The left panels give the same
calculations as Figure 2A, and the right panels show a subset of the calculations in Figure 2B, based & with (dh80u2 and
without (dh80 unfolded state ionizable group interactiods. RNase T. B: BarnaseC: Triclinic HEWL. D: Tetragonal HEWL.
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Fig. 4. A scatter plot of calculatedApK:y against calculated
APKZ Nu(APKE  — ApKZy) for D, E, H, N-t, and C-t residues in RNase A,
RNase T, barnase, and HEWL for the u2 unfolded state mod@k;

indicates that\pK, signs for D, E, and C-t residues have been reversed so

that positive ApK, relates uniformly to stabilizatiortrelative to model
compound values and negative\pK, to destabilization.

small subset of ionizable groups having relatively strong inter-
actions within a protein.

Materials and methods

Calculations
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Fig. 5. Comparison of the measured pH-dependenc&,pfEvans et al.,
1996 and the calculated pH-dependence of the unfolding energy for the
pore-forming domain of colicin A relative to that of colicin N. All calcu-
lated curves are set to zero at pHA. MeasuredT,,. B: Calculations
(dh80 without unfolded state interaction§: Calculations(dh80u2 with
unfolded state interactions.

used 10,000 steps and a modification that allows for multiple site

Charge interactions were calculated either with finite differencetransitions in pairs that are coupled by an interaction equivalent to

solutions to the Poisson—-Boltzmann equati@varwicker & Wat-
son, 1982; Warwicker, 1986in the program FDCALC, or with a
DH screened potential for chargg at distancer in a uniform
relative dielectricepy [q/4mepepnr]e™ ", with € the zero permit-
tivity and x? = 2,000e?’Nau/eoepn KT, with w the molarity of
univalent counteriong is Boltzmann’s constanlJ, is Avagadro’s
number,e is the unit charge, and@ = 300 K. lonizable groups
included were: D, E, H, K, R, and N-t, C-t as appropriate; with two
charge centers for D, E, H, R, and C-t residues. Tyrosinedel
compound [, of 9.6) ionization may be a factor in protein sta-
bility at alkaline pH. The current work excludes tyrosines from
pK, comparisons and studies pH-dependence atp¥ concen-
trating on changes from neutral to acidic pH. Partizckground
charges were allocated from the GROMOS librargn Gunsteren

& Berendsen, 1987 lonization has been modeled as the transition
from a neutral form with zero partial charge. Analysis of partial
charge distribution in ionizable group neutral forms is of potential

more than two [, units (Beroza et al., 1991 Finite difference
calculations were made wit, = 20 ande, = s = 80, and DH
calculations withepy = 50 andepy = 80. The molecular surface
drawn by a 1.4 A radius solvent probe formed the FDPB dielectric
boundary, noting that a smaller probe radii@®mchuk & Wade,
1996 or use of the van der Waals surfatgntosiewicz et al.,
1994 would tend toward smallerkq, shifts. The K, calculations
include Born'self-energy and background charge terms, differ-
enced between protein and isolated amino acid, as well interactions
between ionizable group&ashford & Karplus, 1990 Self-
energy differences are zero for DH calculations. Model compound
pKss, relating to the isolated amino acids, are: D, 4.0; E, 4.4; H,
6.3; K, 10.4; R, 12.0; N-t, 7.5; C-t, 3.8. Unfolded state,p either
follow model compound values or derive from a simple model for
ionizable group interactions. The pH-dependence of the free en-
ergy difference between the natiyid) or unfolded(U) state and

the appropriate set of model compour(®4) is calculated either

importance for a subset of residues, but is not the target of thiglirectly from the partition functiofor smaller numbers of groups

study.

A statistical treatment of interacting ionizable groypsshford
& Karplus, 1990, extended with an MC method for computations
with large numbers of such groufBeroza et al., 1991and coded
in the program PKCALC, was used to deriv€gs. The MC method

or, for larger numbers of groups, through pH summation of the
difference in average net chard®&ang & Honig, 1993; An-
tosiewicz et al., 1994 for example followingd(AGyw)/dpH =
2.30RT(qu) — {(gny) for the N/M difference. ThenAGyy =
AGnm — AGyw, SO thatAGyy = AGyw WhenU is modeled byM.
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A conserved acidic residues (including DE swaps)

Hcol A, sum=-1.8

col N, sum=-1.6

ApKa, NU

E8 E10 E17 D24 E28 D40 D58 D78 D80 D93 D109 E115 E119 E123 E136 E138 D188

B acidic residues unique to col A C col N unique acids

ApKa, NU

Hcol A, sum=-1.1

D7 E13 D32 D43 D57 D90 E126 D189 D193 E198 E5 D44

Fig. 6. Indications of ionizable group contributions to the relative acid pH-dependent stabilities of ThColA and ThColN. Acidic residue
ApKanus Were calculated aspK, v — ApK, u with the u2 unfolded state model. Each panel gives sums over the dispigyediy
values.A: Acidic residues present in ThColA and ThColBL. Acidic residues present in ThColA but not ThCol®: Acidic residues
present in ThCoIN but not ThColA.

A simple model for ionizable group interactions D,E,H, except D119, with C-t for HEW(10 group$. Matching OlI-
in the unfolded state iveberg et al(1995, all D,E with C-t are included for barna$&3
e%{oups. For two groups with ;s < 2.0 (RNase A D14 and bar-
nase D93 RMSD contributions are zero for calculated valsgs0
and the difference to 2.0 otherwise. lonic strength fig palcu-

Energy-minimized extended chain structures have been introduc
as models of the unfolded state for HEW&chaefer et al., 1997

giving significant FKa. shifts in_FDPB calculati0n§ witl, = 20, lations matches experiment: 0.2 M for RNase A, 0.05 M for bar-
that are in accord with experiments on barn&éveberg et al., nase, and 0.15 M for RNase; Bnd HEWL. Plots of the pH-

_1993. The effectiveness of a relatively simple calculation schemed pendence of stability are given as unfolding ener@i€s,y rather

anAGyy), and are set equal to experiment at the low pH limit since
ese calculations do not account for any terms other than the pH-
dependent electrostatic energy. lonic strength for pH-dependent sta-
bility calculations matches previous warntosiewicz et al., 1994

30 mM for RNase A, RNase;JTand barnase; 150 mM for HEWL.

model for ionizable group interactions in an extended polypeptid%h
(Fig. 1). Results for two values of are compared with the mea-
sured pH-dependence of folding ener@yGyy). The ul model
denotesr = 1, while for the u2 model ionizable group charge is
compressgd onto the backbo@ef 0). Dipolar interactions are The structure of the pore-forming domain of colicin(Rarker
neglected in the absence of specific unfolded state conformers, aneq al., 1989, 199pwas obtained from the PDRLcol) with coordi-
the DH model lacks a self-energy term, leaving only interactions ” '

. . . nates for residues 5-201, missing 4 N-tand 3 C-tresidues. This ther-
between ionizable groups. The programs written for this study ma¥nolytic fragment is denoted ThCol@Evans et al., 1996A model
be obtained from the author. N

for the equivalent domain of colicin NrhColN) was built from Th-
ColA and regularized around the single amino acid deletitim
ColA 169), using the program QUANTAMolecular Simulations
Inc., Burlington, Massachuselisn a Silicon Graphics workstation.
Test systems are ribonucleasé@Nase A, ribonuclease T(RNase  No other regularization or energy minimization was performed, giv-
T1), hen egg white lysozymeéHEWL ), and barnaséAntosiewicz ~ ing a ThColN model as close as possible to the ThColA structure,
etal., 1994, with the inclusion of measuredps for barnaséOlive- ensuring that interactions between conserved pairs of ionizable
berg et al., 1996 Protein Data BankPDB) (Bernstein etal., 1977  groups cancel on comparison. Changes of most interest to acid pH-
coordinate sets 3rn®RNase A, 3rnt(RNase T), 1bni(barnasg dependence are largely/B deletions going from ThColA to Th-
2lzt (triclinic HEWL), and llyz(tetragonal HEWI were used. ColN, so that calculated differences will be based mostly on
Matching Antosiewicz et al1994), ionizable residues included in experimental, rather than modeled, structure. Colicin calculations
the RMSD to measuredias are: all D,E,H with N-t and C-t for were made at 0.3 M ionic strength to match experimé&tans
RNase A(16 group$; H27, H40, H92, and E58 for RNasg;Tall et al., 1996.
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