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Recent experimental studies have indicated significant residual
charge-charge interactions in unfolded proteinslhese have
prompted the development of theoretical models for accounting for
such electrostatic effectsThus far these models have been tested
against experimental data for the pH dependence of the total charges
on unfolded protein chairs® Recently Kay and co-workets
measure@K,'s of individual Asp, Glu, and His side chains in the
unfolded state of the N-terminal SH3 domain of theosophila
protein drk by NMR. Here these measurements were used to Figure 1. The Gaussian-chain mod®lAt a particular distance, residues
critically test the Gaussian-chain model. i andj (with chargesy; andq) interact via a DebyeHuckel potentialu;

e . s L (x: Debye screening length; dielectric constant of water). The chain
The difficulty in characterizing the unfolded state lies in the fact samples numerous conformations, as a rashits a Gaussian distribution

that the _unfolded protein chain samples numerous different p). The root-mean-square distanddncreases with the chain separate
conformations. However, the conformational sampling also means |j — i| (bet = 7.5 A: effective bond lengtls =5 A: constant shift distance).
that not every detail of the unfolded state is significant and the key The average ofi; over the Gaussian distribution ofgives W in eq 1.

is to capture important average properties. The hallmark of the Table 1. Effects of Residual Charge—Charge Interactions
Gaussian-chain model (see Figure 1) is that residues closer along

uy=qige " ler
p(r) = 4m* (32 7y *exp(-3r*/2dF)
d=bej— "+

the sequence have higher probabilities of sampling short distances, PKa
and hence, residual electrostatic effects are attributed to nonspecific group predicted? experimental® G,
interactions dominated by charges close along the seqdefce. N-terminal 7.76-7.64
In this model (see Figure 1), the average electrostatic interaction ~ Glu2 4.18-4.23 4.08+0.02 —0.14
energy between two charged residiiesd] is? Lys6 10.8-10.7 —0.14
His7 6.776.71 7.07+ 0.05 -0.15
12 1 Asp8 3.613.71 3.75+ 0.03 —0.15
W, = q,q(6/m) "1 — 7 expt®) erfc®@l/ed (1) Aspld 3.96-3.94 3.97+ 0.02 0.27
Aspl5 3.90-3.95 3.99+ 0.02 0.32
wherex = «d/6'2 and erfck) is the complementary error function. ir';%g f;’é‘l‘;g 4.44+0.03 78'1203
These interactions perturb the propensities of ionizable groups to | ys1 10.6-10.5 —0.07
protonate/unprotonate. Through a Monte Carlo simulation, the  Lys26 10.8-10.6 -0.23
average protonation of each ionizable group at a given pH was  Glu3l 4.49-4.48 4.37+0.03 0.32
determined® The pH at which the average protonation was 50%  XXASp32 3.97-3.99 4.05+ 0.02 0.41
Asp33 3.95-3.97 4.13+0.03 0.35
was taken as thpK, val_ue of that group. o Tyra7 0.88-9.77
The drkN SH3 domain has 59 residues with 26 ionizable groups Arg38 12.8-12.6 —0.47
(7 Asp, 6 Glu, 5 Lys, 2 Arg, 2 His, 2 Tyr, N-terminal, and Glu40 4.35-4.37 4.42+0.03 0.15
C-terminal; see Table 1). Kay and co-worKeatstermined th@Ky's f‘SPﬁ i’iSlr_iog; 4.05+0.02 8-5157
. . yS . . —0.
for Jj2 of the 13 Asp and Glu residues (excluc_jlng Asp59) and the Gluds 4.97-4.99 4.455 002 0.05
2 His residues in the unfolded SH3 domain. Their two main Tyr52 9.91-9.81
conclusions were: (1) overalpK, shifts for the Asp and Glu Glus4 4.29-4.32 4.28+0.03 0.02
residues from model-compound values were small, and (2) Glu2  Lys56 10.9-10.8 —0.34
and Asp8 had the largepK, shifts, but even these were only 0.32 2'555589 ggigg? 7.83£0.07 _%?(’)57
and 0.25 pH units, respectively. TheKy's predicted by the C-terminal 328334 '
Gaussian-chain model (see Table 1) were in good accord with these
findings. Specifically, the predictepK,'s for the 13 Asp and Glu aThe two numbers were calculated for ionic strengths of 0.05 and 0.1

residues had an average downward shift of just 0.09 pH units. Glu2 V- The solvent temperature was’€ (at whiche = 86 andic = 1173.08

d Asp8 had the | dicted shif hich 0.20 dA 1if the ionic strengtH is in units of M). Model-compoun@Ky's were:
and Asp8 had the largest predicted shifts, which were 0.20 and pqp '4.0: Glu 4.4; His, 6.6; Tyr, 9.6; Lys 10.4; Arg, 12.0; N-terminal, 7.5;
0.34 pH units, respectively. Predicted and measured results for theand C-terminal, 3.5 From Kay and co-workersThe buffer was 0.05 M
pK, of His7 were reasonably close. For His58, an upward shift in sodium phosphaté.Calculated for pH 6.0 and ionic strength of 0.05 M by

; ; the Gaussian-chain modl.

pKa was correctly predicted, but the shift was much smaller than
the measured result. for the minimal shifts of the other 11 Asp and Glu residues. For

Kay and co-workerssuggested that the downwapl, shifts of Glu2 and Asp8, the N-terminal and His7 (respectively) are the
Glu2 and Asp8 were due to neighboring positive charges on the closest charges along the sequence. Their interactions with Glu2
N-terminal and His7, respectively. Gaussian-chain model calcula- and Asp8, which are nonspecific within the Gaussian-chain model,
tions could provide fuller explanations for these tpi, shifts and may therefore dominate the contributions to the latter resical&s’
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shifts. When the N-terminal (or His7) was neutralized, the predicted energy of the unfolded SH3 by electrostatic interactions between
pKa shift of Glu2 (or Asp8) decreased from 0.20 to 0.08 (or from each ionizable group and the rest of the protein at pH 6. Each of
0.34 to 0.17). However, along the sequence Lys6 is the secondthe six Asp and Glu residues in the two contiguous sequence
closest charge to both Glu2 and Asp8 and could also contribute to stretches was found to destabilize the unfolded state by 0.23 to
their pK; shifts. If Lys6 were neutral, the predictgd, shifts of 0.41 kcal/moB By assembling the negative charges into proximity
Glu2 and Asp8 decreased from 0.20 to 0.14 and from 0.34 to 0.23,in the folded structure from two contiguous stretches of the

respectively. sequence, the desired binding surface for target peptides can be
The Gaussian-chain model predicts significant downwaig formed while potential adverse effects on folding stability are

shifts for Asp and Glu residues by positive charges close along the minimized.

sequencé.The minimalpK, shifts of the remaining 11 Asp and Experiments have indicated that the unfolded drkN SH3 domain

Glu residues may be attributed to the lack of close neighboring has residual structur@S'he nonspecific chargecharge interactions
positive charges or the countering acts of positive charges and otheron which the Gaussin-chain model is based do not necessarily
Asp or Glu at neighboring positions. Of the remaining 11 Asp and conflict with the presence of residual structures. Residual side-chain
Glu residues, six (Asp14, Asp15, Glul6, Glu31, Asp32, and Asp33) contacts mostly involve local hydrophobic interactidgAs the
have another Asp or Glu as their nearest neighboring charges alongunfolded protein rapidly interconverts between different conforma-
the sequence, and three (Glu40, Asp42, and Asp59) have bothtions, clustering of certain hydrophobic side chains can form
another Asp or Glu or the C-terminal and an Arg, Lys, or His as repeatedly (giving rise to residual structures), but there is no
their nearest neighboring charges with equal sequence separationsvidence that specific interactions between charged residues occur
Glu45 has Lys44 as the nearest neighboring charge but has Asp42perhaps due to desolvation and entropic costs). However, because
and Glu40 as next nearest neighbors. Glu54 has Lys56 and His580of their long-range nature, even nonspecific interactions between
as nearest neighbors but has Asp59 and the C-terminal as nextcharged residues can give rise to significant electrostatic effects.
nearest neighbors. It should also be noted that the drkN SH3 domainConsideration of such electrostatic effects will lead to fuller
has four more Asp and Glu residues than Lys, Arg, and His residues. characterizations of the unfolded state.
The more distant excess Asp and Glu residues may also counter In summary, the individuapKy's of Asp and Glu residues in
the effects of neighboring positive charges on & shifts of the unfolded drkN SH3 domain predicted by the Gaussian-chain
Glu45 and Glu54. model were in good agreement with experimental results. The
The minimalpK, shifts found for the Asp and Glu residues on clustering of Asp and Glu charges along the sequence has been
unfolded drkN are to be contrasted with significantly larger shifts implicated in limitingpK, shifts and in contributing to the folding
found on other proteins in the unfolded state. For example, Fershtstability by destabilizing the unfolded state. The present critical
and co-worker® observed an average shift of 8:8.4 pH units test and previous extensive tests demonstrate that the Gaussian-
for the 12 Asp and Glu residues in unfolded barnase, which was chain model yields reasonable quantitative results for and suggests
reproduced by both the Gaussian-chain m&daid the nativelike a realistic picture of electrostatic effects in the unfolded state.
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