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ABSTRACT lItis generally believed that the electrostatic field arising from the dipolar charge distribution in « helices is important
for protein structure and function. We report a calculation of the electrostatic potential and field at the amino terminus of an a
helix in water, obtained from a finite difference solution to the Poisson-Boltzmann equation. This method takes into account the
detailed helix shape and charge distribution, as well as solvent, and generalized ionic strength effects. The calculated potential
and field are found to be in good agreement with the experimentally observed helix-induced Stark effect and pK, shifts of a probe
at the N-terminus of a stable, monomeric a-helical peptide (Lockhart and Kim, 1992, 1993). lonic screening effects are re-
produced at low salt concentrations. Deviations at higher salt concentrations may result from specific ion effects (specific
ion-solute and/or ion-solvent interactions). The FDPB method was used to analyze the contributions from each residue, charged
side chains, and solvent to the helix potential and field. Backbone contributions come primarily from the first one to two helical
turns. Charged side chains contribute to helix-induced pK, shifts for certain probe-peptide combinations, even at relatively large

distances from the probe (>14 A).

INTRODUCTION

The charge distribution in a helix peptide backbone is be-
lieved to play an important role in protein folding, protein
stability, ligand binding, enzymatic reactions, and charge
transfer processes. Electrostatic interactions with helix pep-
tide dipoles have been the subject of a number of experi-
mental and theoretical studies in recent years (Hol, 1985;
Shoemaker et al., 1987; Daggett et al., 1989; Goodman and
Kim, 1989; Aqvist et al., 1991; Nicholson et al., 1991; Tidor
and Karplus, 1991; Sancho et al., 1992; Lodi and Knowles,
1993). The complexity of the systems, however (which in-
clude the protein itself, the surrounding solvent and salt ions),
and the large number of compensating effects that may be
present such as protein relaxation or changes in both the
folded and unfolded state stability, complicate the interpre-
tation of both experimental and theoretical results.
Recently, electrostatic effects at helix termini were studied
experimentally by Lockhart and Kim (1992, 1993) using a
simple model system consisting of a probe molecule co-
valently attached to the N-terminus of peptides in either he-
lical or random coil conformations. The interactions of the
helix backbone dipoles with charges and dipoles located at
the helix terminus were determined through measurement of
the pK, and Stark effect shifts of the probe molecule. The
exceptional stability of the helical peptides and the over-
all simplicity of the experimental system allowed the re-
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sults to be interpreted directly in terms of the relative
strengths of solvent screening for dipole-dipole and
charge-dipole interactions.

In this paper, we use continuum electrostatics to study the
helix-induced pK, and Stark effect shifts of the bound probe
molecules. The approach relies on finite difference solutions
to the Poisson-Boltzmann equation for polarizable solutes of
arbitrary shape embedded in a dielectric medium (FDPB
method) (Sharp and Honig, 1990). The FDPB method has
recently been shown to yield pK, shifts in good agreement
with experimental values for ionizable residues in proteins
(Bashford and Karplus, 1990; Beroza et al., 1991; Bashford
and Gerwert, 1992; Gilson, 1993; Yang et al., 1993). Finite
difference, boundary element, and finite element (PB) meth-
ods have also been used to calculate the effects of solvent on
the absorption or fluorescence properties of chromophores.
Such studies have primarily involved isolated small mol-
ecules in a uniform solvent (Bonaccorsi et al., 1983; Luzhkov
and Warshel, 1991; Fox et al., 1993), although recently the
ionic strength effects on the fluorescence properties of the
heme in cytochrome ¢ were qualitatively reproduced using
the FDPB approach (Anni et al., 1994). In the work presented
here we use the FDPB method to quantitatively compute the
shifts in pK, and in the absorption and fluorescence maxima
of probe molecules due to the combined effects of the at-
tached peptide and solvent. Excellent agreement with the
experimentally measured shifts is obtained. We additionally
use the method to provide a detailed account of the structural
origins of helix-induced effects on the covalently bound
probes.

The results obtained in this study demonstrate that the
primary contributions from the helix peptide backbone result
from the first and second helical turns. Charge-charge
contributions in both the folded and unfolded states are
examined, and are found to be significant at large
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distances (>14 A). The effect of salt on the shifts is
reproduced up to physiological ionic strengths. The com-
bined experimental and theoretical approaches provide
detailed information regarding the nature and relative
strengths of interactions occurring at a site near the
boundary between a structured peptide and the solvent.
The simplicity of the system makes it an ideal model for
studying factors that influence electrostatic interactions
in proteins.

THEORY AND METHODS

Experimental system

Much of the experimental work has been described previously in detail
(Lockhart and Kim, 1992, 1993). This section consists of a brief review with
new experimental work appearing at the end of the section.

Experiments were performed on the 21-residue model peptides shown
below. The probe groups 4-methylaminobenzoyl (MABA), 4-carboxy-
benzoyl terephthalate (TPA), and succinylic acid (SUC), shown in Fig. 1,
were covalently linked through an amide bond to the N-terminus of the
peptides.

F,  —AAAAA(AAARA),A—CONH,
U,  —AAPAA(APARA),A—CONH,
F.RS —(AAAAR),A—CONH,
U,RS —(AAPAR),A—CONH,

The helical (F) peptides consist primarily of alanine. The random coil (U)
peptides are nearly identical in composition to the F peptides but contain
several proline residues to disrupt helix formation. Al peptides contain
several arginines to ensure solubility in water. Structural examination of the
peptides using circular dichroism (CD) spectroscopy and two-dimensional
nuclear magnetic resonance (NMR) experiments show the F peptides to be
>90% helical at 0°C, with little fraying at the amino termini. The nuclear
Overhauser effect data are consistent with a-helical, not 3,-helical, struc-
ture. The random coil peptides are monomeric and unstructured, as deter-
mined by CD measurements.
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FIGURE 1 Structures of the neutral forms of the probe groups MABA,
TPA, and SUC, including the amide link to the N-terminus of the peptide.
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The effect of the helix backbone at the site of the probe molecules was
investigated through measurement of shifts in the probe’s absorption maxi-
mum and pK, for the U versus F peptides. For MABA, the absorption band
centered near 295 nm was monitored (maximum extinction coefficient of
~19000 M~'-cm™"). Shifts in absorption maxima for MABA were meas-
ured at 0°C and pH 7. pK;s of the MABA and TPA probes were determined
from the pH dependence of the absorption bands centered near 295 nm for
MABA and 243 nm for TPA. The pK, of SUC was determined by moni-
toring by NMR the >C chemical shift of the specifically labeled SUC car-
boxyl carbon at 3°C. Covalently attached MABA, TPA, and SUC all titrate
with pK,s in the range of pH 3—-pH 5.

All experiments were done in a buffer containing 1 mM sodium citrate,
1 mM sodium phosphate, and 1 mM sodium borate. Ionic strength effects
were tested by increasing the concentration of NaCl from 0 to 4 M.

In new work, shifts in the fluorescence maximum of MABA were meas-
ured. Data were collected at 0°C and pH 7. To investigate possible specific
ion effects, ionic strength effects in the presence of MgSO, were determined.

Electrostatic theory
The Stark effect on absorption or fluorescence

In the presence of an electric field, a shift is induced in the absorption or
fluorescence maximum of the probe group, corresponding to a change in
electronic transition energy. The shift can be understood by considering the
probe ground and excited electronic states as dipoles interacting with the
electric field. The energy of a dipole # in an electric field E is given by
—p-E. Thus, the energy levels of a molecule in a field are each shifted by
the amount —;-E, where g, is the dipole moment of state i (see Fig. 2). If
the molecule undergoes a transition between states, the excitation energy
will be shifted due to the electric field by —Adg -E, where A is the dif-
ference in dipole moments of the electronic energy states. The interaction
energy expression —u,-E is exact if the field is constant over the entire
molecule; otherwise it must be replaced by the summation Zj g;;9;, where
g;; and ¢, are the ith state charge and potential at position j, respectively;
the shift in interaction energy would then be given by Ej Ag;¢; where qu
is the change in charge and ¢, is the potential at position j, respectively.

In the system studied here the probe is placed in two different environ-
ments, corresponding to the covalently attached helical or random coil pep-
tides (see Fig. 3). The net Stark effect (Ahv) corresponding to the difference
be;ween steps 2 and 1 of Fig. 3 is given by:

Ahv, nue = —Ap - (EY — ERC)

=—Ap- (B, .~ E5.) @)
+ —ae (E:(rf - Epkg) +a l;rirf - E;L;)
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FIGURE 2 Effect of an electric field E on the energy difference between
two states with dipole moments 4, and g.. The net change in the transition
energy is given by —Ap-E, where Ap = 4, — p1,.
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FIGURE 3 Schematic showing the processes associated with the Stark
effect (A€ and A1) and pK, shift (AG®C and AG?) measurements, and their
relationship to the energies conferred by the change in peptide conformation
(horizontal arrows). The net helix-induced Stark and pK, shifts are given by
rH — RS and (AGH — AGR9)/2.303RT, respectively.

where the superscripts H and RC denote the peptide in the helical or random
coil conformation, i and fare the initial and final states of the probe (ground
and excited for absorption, vice versa for fluorescence) and E ., ., is the field
due to the solvent-screened peptide partial charges. The probe reaction field
(E,, ) results from the response of the solvent to the distribution of charge
in the probe. This response may be different when the peptide is helical due
to the displacement of solvent from the proximity of the probe by the helix
(in the continuum electrostatic description this results from the difference
in the shape of the peptide-solvent dielectric boundary).

E,, ;can also change in response to differences in the charge distribution
of the initial and final states of the probe. However, because the optical
transition takes place on a time scale too short for solvent reorganization to
occur (fs time scale), the reaction field of the probe in the final state
(Ef, 9 differs from the reaction field of the initial state (E}, ) only in the
high-frequency dielectric response of the solvent (electronic polarization),
which is small in comparison with the translational and reorientational re-
sponses in polar solvents. Thus, in the absorption Stark shift experiments,
both ground and excited state probe dipole moments interact primarily with
reaction field of the ground state dipole moment. Likewise in fluorescence,
the dipole moments interact primarily with the reaction field of the excited
state probe, because the solvent can equilibrate during the excited state
lifetime (ns time scale). The difference in E, ; for the ground and excited
electronic states of the probe leads to an experimentally observed difference
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(Stokes shift) between the excitation and emission energies of the probe. In
the peptide system studied here, the presence of the attached peptide alters
E,, . in the ground and excited states, producing a change in the Stokes shift,
as will be described in further detail below.

PK, shifts

pK;s are shifted due to electrostatic interactions between the titrating group
and the environment in a manner analogous to the Stark effect shift described
by Eq. 1. In the pK, case, the shift may be calculated by summing the
changes in energy given by g, or charge multiplied by potential, at all sites
in the system (Gilson and Honig, 1988; Loewenthal et al., 1993). The time
scale of the protonation process is long enough that both the high- and
low-frequency dielectric responses of the solvent contribute. Therefore, both
the neutral and ionized state charges interact with their respective fully
equilibrated solvent reaction potentials. The calculated pK, shift is thus
given by:
H RC *H *R
sk AGBEp e — B + 4% — b = 47D~ ) "
¢ 2.303RT

where g and ¢ are the charge and potential at the protonation site, Aqg is the
change in charge upon deprotonation, and the superscripts ° and * indicate
the deprotonated and protonated probe states, respectively (other abbrevia-
tions are as in Eq. 1).

Electrostatics calculations

Electrostatic potentials and fields for the peptide-linked probe molecules in
solvent were calculated using the DelPhi program (Gilson et al., 1987;
Nicholls and Honig, 1991), which yields numerical solutions to the PB
equation

Ve(r)Vo(r) — exsinh[$(r)] + 4mp(r)/kT = 0. 3)

The solute is represented explicitly by a set of atomic coordinates with
associated atomic radii and partial charges. Solute polarizability is in-
cluded through the solute (internal) dielectric constant. The boundary be-
tween solute and solvent is defined by rolling a solvent-sized probe (1.4 A
for water) over the solute surface, producing the “molecular surface.”
Solvent is represented by a dielectric continuum of the appropriate
dielectric constant (e.g., 80 for room-temperature water, 88 at 0°C). Salt
effects are incorporated through the Debye-Huckel parameter x, given
by (8me?N,I/1000kT)'?2, where I is the ionic strength of the solution, N, is
Avogadro’s number, k is Boltzmann’s constant, and T is the temperature in
Kelvin, The calculations include a Stern layer (electrolyte exclusion zone)
of 2 A. The solute, solvent and ions, with associated charges and dielectric
and ionic boundaries, are mapped onto a grid. The PB equation is then solved
using a finite difference method (Nicholls and Honig, 1991). The solution
yields the electrostatic potential at every grid point. The electrostatic field
is obtained as the gradient of the potential with distance. In these calcula-
tions, the linearized form of the PB equation in which sinh[¢(r)] is replaced
by ¢(r) was used. The inclusion of higher-order terms in the expansion of
sinh[¢(r)] did not significantly affect the results.

The probe-peptide structures used in the electrostatics calculations were
obtained through model building using the Insight/Discover program (Bio-
sym Technologies, Inc., San Diego, CA). The (¢, §) angles (—67°,—47°)
and (—120°, 120°) were used for the helical and random coil conformations
(these are the default values for a helix and extended 8 sheet geometries
in Insight/Discover). The torsion angle values for the random coil (—120°,
120°) were chosen over (180°, 180°) due to the deeper minimum in the
Ramachandran plot at (—120°, 120°); however, the effect of this choice on
the results is small (see below). Sensitivity of results to side chain confor-
mation in the helical and random coil peptides was tested by building the
arginine side chains in three alternative positions: fully extended (torsion
angle values of 180°) and pointed toward the N- or C-terminus. The latter
two were created by starting with extended side chain torsions, rotating the
x1 or x2 angle, respectively, to the gauche value, and locally minimizing
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the resultant arginine side chain atom positions using Discover. Results for
the N- and C-terminal-directed arginine conformations differed by at most
0.07 kcal/mol (0.05 pH units) from extended side chain conformation val-
ues, which are reported below.

Atomic charges and radii were taken from the CHARMM (PARAM19)
(Brooks et al., 1983), OPLS (Jorgensen and Tirado-Rives, 1988) and CVFF
(Discover) (Hagler et al., 1979) force fields, and from the PARSE parameter
set (Sitkoff et al., 1994) (where necessary, atomic radii were obtained from
force field o values using r = 27%%0). The PARSE parameters were de-
veloped recently for specific use with the FDPB method by optimizing to
solvation energies of small molecules. Backbone charges and radii used in
the calculations are shown in Table 1.

The solute was assigned an internal dielectric constant of 2 in accordance
with experimentally measured values obtained for small organic molecules
(Sharp et al., 1992); other dielectric values were also tested. Solvent was
assigned a dielectric constant of 88, which is the experimentally measured
bulk dielectric constant value of water at 0°C, at which temperature the
experimental data were collected. All calculations assumed a baseline salt
concentration of 0.003 M in accordance with the buffered state of the ex-
perimental system. Calculations were performed at a scale of 2.4 grids/A.
The scale was focused to 4.0 grids/A for calculations of the electrostatic field
at the center of the probe due to the reaction field of the probe charges. This
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fine grid is required when charges are in close proximity to the point at which

the field is being evaluated. Energies differed by <0.1 kcal/mol when the
grid scale was varied from 2 to 4 grids/A, and by less than 0.2 kcal/mol when
grid centering was varied. A constant grid center was used for all of the
calculations.

Stark effect

Ap in Eq. 1 (the change in dipole moment between the ground and excited
states) for MABA was represented as an 8 Debye point dipole located at the
center of the aromatic ring and pointing along the para-substituted axis in
the direction of the methylamino ring substituent (Lockhart and Kim, 1992).
The electrostatic field was calculated in the center of the ring. An alternative
method was also used, in which the net Ap was represented by adding partial
charges to each atom such that the net change in dipole moment totaled 8
D (and the terms —Ag-E in Eq. 1 were replaced by ,; Ag,¢, where Ag, are
the added atomic partial charges). There are multiple partial charge sets that
will produce the required Ap magnitude and direction. Two sets that were
tested are: 1) partial charges of —0.45, —0.15, and —0.15 (—e units) added
to the carboxyl-substituted ring carbon and its two bonded ring carbons,
respectively, and partial charges of 0.45, 0.15, and 0.15 added to the
methylamino-substituted ring carbon and its two bonded ring carbons, re-
spectively; and 2) partial charges of —0.14 each added to the carboxyl-
substituted ring carbon and its two bonded ring carbons, partial charges of
0.14 each added to the methylamino-substituted ring carbon and its two
bonded ring carbons, and partial charges of —0.15 and 0.15 added to the
carboxyl carbon and amino nitrogen, respectively. Results using both charge
sets agreed to within several tenths of a kcal/mol with results obtained using
the 8 D point dipole representation. Detailed results are reported here for
the point dipole representation. Stark effects were not calculated for probe
groups other than MABA, as their Ap values are less certain.

TABLE 1 Backbone atomic charges (—e units) and radii (A)*
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For absorption, a ground state charge distribution was required to cal-
culate the reaction field of MABA in the ground state (E¢ ). Charges were
obtained for each force field (CHARMM, OPLS, CVFF, and PARSE) by
combining the charges for the amide, aromatic ring, and carboxyl atoms
assigned by that force field. For fluorescence, it was necessary to approxi-
mate an excited state charge distribution to obtain the reaction field due to
the excited probe state (E, ). This was done by adding partial charges to
the atoms to produce a net change in dipole of 8 D, as described in the
paragraph above. Detailed results are reported for the distribution labeled
1 above. Results using other distributions differed by several tenths of a
kcal/mol but followed the same qualitative trends (see below).

PK, shift

Changes in atomic charges upon ionization (Ag in Eq. 2) used in the cal-
culation were 1.0 on the nitrogen in MABA, and —0.5 on each carboxylate
oxygen in TPA. Results in which the proton charge was distributed over
more atoms differed only by several hundredths of a kcal/mol, due to the
relatively large distance between the peptide terminus and the ionization site
on the probe group; an exception was the SUC group (see below). The
electrostatic potential (,,, .) Was calculated at the atom sites whose
charges change upon protonation. To calculate the reaction field of the probe
(dprrs) atomic charge parameters for MABA for each force field
(CHARMM, OPLS, CVFF, and PARSE) were obtained by combining the
charges for amide, aromatic ring, and carboxyl atoms assigned by that force
field, as described above. Atomic charges for TPA and SUC were obtained
similarly, by combining the charges for acid, aromatic, and carboxyl atoms,
and the charges for acid and aliphatic atoms, respectively.

For the pK, calculation on the SUC group, it was necessary to consider
several SUC geometries. In contrast to MABA and TPA, whose structures
are restricted by the planarity associated with partial double bonds, the SUC
group can conceivably adopt different conformations relative to the peptide
backbone; for example, the acidic group can either extend into the solvent,
or it can twist back to hydrogen bond to the helix backbone. Additionally,
the preferred conformation can change with the probe’s charge state and/or
the nature of the attached peptide (F or U). pK, shift calculations were
performed for two cases. In the first case, the SUC group was extended into
solvent in both the charged and neutral states, when the attached peptide was
F and U. The extended SUC group was modeled using torsional angles of
x1 = —120° and x2 = 120° where x1 and x2 are the torsions about the
bonds between the acid group carbon and the neighboring methylene, and
the two methylene groups respectively. In the second case, the extended
SUC structure was used for the neutral and charged probe states; however,
the neutral SUC group attached to the F peptide was modeled using x1 =
—67° and x2 = —47°. The latter case permits a hydrogen bond to be formed
between the C=0 group of SUC and the backbone NH of alanine 3. For
the calculations in which the probe was hydrogen bonded to the backbone,
computed pK, shifts were sensitive to the detailed charge distributions on
the succinylic acid atoms, due to the specific and short-range nature of the
interactions with the peptide. Thus, rather than using simple unit charges for
the changes in charge upon protonation (Aq in Eq. 2), values were derived
by subtracting the full force field-derived charge distribution for SUC in the
protonated state from that of SUC in the deprotonated state.

Atomic charges

Atomic radii

Atom CVFF OPLS CHARMM PARSE CVFF OPLS CHARMM PARSE
CH 0.20 0.10 0.00 2.19 2.00
c, 0.12 2.18 1.90

H 0.10 137 1.47

N -0.50 -0.57 -0.35 -0.40 1.97 1.82 1.60 1.50
H 0.28 0.37 0.25 0.40 0.80 1.00
C 0.38 0.50 0.55 0.55 2.03 2.10 1.90 1.70
0 -0.38 -0.50 -0.55 -0.55 1.60 1.68 1.60 1.50

*Values assigned to the peptide backbone atoms for the Stark and pK, shift calculations. C, refers to the alpha carbon. References are as follows. CVFF,
Hagler et al. (1979); OPLS, Jorgensen et al. (1988); CHARMM, Brooks et al. (1983); PARSE, Sitkoff et al. (1994).
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Random coil state

The shifts due to the U peptides were calculated based on the assumption
that an ensemble of random coil conformations exists in the experimental
sample. Consider first the unfolded state contribution to the Stark effect
shift, — Au-EFC_ (from Eq. 1). Due to the vector nature of the electric
field, the ensemble produces a spread of both positive and negative shifts
at the probe site, and the net contribution from the random coil is effectively
averaged out to 0. The Stark shift due to the U peptides was therefore
assigned a priori the value of 0 in the calculation. In contrast, the electrostatic
potential, which contributes to the random coil pK, shift (Aq;S .., from
Eq. 2), is a scalar quantity, and as there is a net charge on the peptide,
cancellation will not occur. This means that assuming zero contribution of
the random coil state to the pK, shift would introduce some inaccuracy into
the calculated pK, shifts, primarily due to the neglect of the potential induced
by charged arginine side chains on the peptide. We have therefore calculated
the pK, shift due to the U peptides using two methods. In the first, the zero
shift approximation was used. In the second, we estimated the contributions
due to the charged arginine side chains in the unfolded state by calculating
the potential at the probe site due to the random coil modeled as an extended
B sheet structure described above {(¢,§) = (—120°, 120°)} in which only
the arginine side chains are charged. pK, shift results are presented both with
and without the addition of this random coil peptide contribution.

Calculation of shift contributions

Total helix-induced shifts were calculated and compared with experimental
quantities. Contributions due to each residue were obtained by calculating
the shift (relative to the unfolded peptide) of a progression of partially helical
structures, generated by switching the ¢/ angles of the residues in the U,
peptide from 3 sheet to a helix values, stepwise along the peptide chain from
the N- to C-terminus. Probe reaction field contributions were quantitated by
calculating the shift due to the reaction field of the probe charges with the
peptide in a helical versus random coil conformation. Solvent effects were
computed by changing the solvent dielectric constant from 88 (water at 0°C)
to 1 (vacuum). Ionic strength effects were evaluated and compared with
experimental results.

RESULTS
Helix-induced shift calculations

Calculated and experimental Stark and pK, shifts are com-
pared in Table 2. Overall, the agreement is good over a range

TABLE 2 Calculated and experimental helix-induced shifts*
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of probes and peptides; the error of greatest magnitude is 1
kcal/mol, however, most of the calculated shifts are within
several tenths of a kcal/mol of the experimental values. The
dependencies of the pK, shift on probe identity and peptide
composition are reproduced in the calculations: the shifts are
larger when alanine 5 is replaced by arginine and smaller
when MABA is replaced by TPA.

Variation with parameter sets

For the MABA probe attached to the F, and U, peptides,
calculations are reported using all four parameter sets. A
nearly identical Stark shift is calculated using the PARSE and
CHARMM parameter sets. OPLS parameters produced a
slightly smaller shift by 0.4 kcal/mol, and the CVFF set re-
sulted in the smallest shift by 1 kcal/mol. The pK, shifts are
consistent to within 0.08 pH units using all four parameter
sets. Calculations involving other probes and peptides fol-
lowed the same trends with variation of parameters (i.e., un-
derestimation of Stark shifts using CVFF, minimal depen-
dence of pK, shifts on parameter set). For simplicity, only
results using the PARSE parameter set are reported for these
systems. Unfortunately, the large number of compensating
effects and their interdependency (magnitudes of partial
charges on peptide and probe, screening effect of water,
solute/solvent boundary) make it difficult to pinpoint sources
of discrepancies in shifts calculated using different parameter
sets.

Contribution of the random coil peptide

Two sets of pK, shifts labelled 1 and 2 are reported in Table
2, corresponding to two different methods of calculating the
U peptide contribution. In method 1, the unfolded peptide
was assumed to contribute zero to the net shift. In method 2,
the random coil contribution was estimated by calculating the
potential due to the charged arginines with the peptide in the

Ahy, ApK,
Peptide Probe crg/rad Calculated Experimental Calculated (1) Calculated (2)* Experimental
F, - U, MABA PARSE —1.61 —1.60 —0.51 —0.43 —-0.45
CHARMM -1.51 —0.48 —0.41
OPLS -1.26 -0.43 -0.36
CVFF —0.62 —0.46 —0.38
FR5 — URS MABA PARSE -1.63 -1.67 —0.65 —0.50§ —0.49
F,- U, TPA PARSE -0.43 -035 -0.28
F, - U, SuC PARSE —0.39", —0.98! —-0.31%, ~0.90' —0.55

*Calculations assume the random coil peptide does not induce any shift, unless otherwise specified. Experimental values were measured relative to an unfolded
control. Ahv,, calculated or experimental helix-induced Stark shift; ApK,, calculated or experimental helix-induced pK, shift. Free energies are in kcal/mol,
pK, shifts are in pH units. Stark shifts are for the absorption transition. Experimental values are from Lockhart and Kim (1992, 1993).

*Includes a nonzero shift contribution due to Arg 9, 14 and 19 in random coil structure modeled by (¢, ¥) = (—120°, 120°) and extended side chains.

*Includes a nonzero shift contribution due to Arg 5, 10, 15, and 20 in random coil structure modeled as in the preceding footnote.

Assumes values of —120° and 120° for torsional angles x1 and x2, defined as the angles about the bonds between the acid group carbon and the first
methylene, and the first and second methylene groups of the SUC probe, respectively, in both neutral and charged forms, attached to the F, and U, peptides.
lAssumes values of —67° and —47° for torsional angles x1 and x2 for the neutral SUC probe attached to the F, peptide; otherwise conformation is as in
the preceding footnote.
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extended B sheet conformation as described above. Overall,
the latter has the effect of reducing the shift magnitude, due
to the partial cancellation of the effect of the arginines in the
helix by their effect in the random coil state. For MABA
attached to the F, and U, probes, the pK, shifts calculated by
both methods reproduced the experimental value almost
equally well (maximum errors of 0.06 and 0.09 pH units).
When alanine S was replaced by arginine, and when MABA
was replaced by TPA, however, method 2 produced signifi-
cantly better agreement with the experimental pK, shifts than
did method 1. The combined contribution of arginines 5, 10,
15, and 20 to the pK, shift in the MABA-U_RS system is 0.15
pH units. The combined contribution of arginines 9, 14, and
19 in the TPA-U, system is 0.08 pH units.

SUC probe

Calculated pK, shifts for SUC are presented in Table 2 for
two structures of the probe. In the first, the carbon backbone
was extended into solvent in both probe ionization states for
both the F and U peptides. In the second, the neutral SUC
attached to the F peptide was modeled as an extension of the
peptide o helix, which permits a hydrogen bond to be formed
between the C=0 group of SUC and the backbone NH of
alanine 3 (structures are described in detail in Theory and
Methods section). The calculated pK, shifts for the two cases
were slightly too small and too large in magnitude, by ~0.2
and 0.4 pH units, respectively. This may indicate that the
neutral SUC group exists in either a single intermediary con-
formation or in a mixture of extended and a-helical geom-
etries when it is attached to the F peptide.

Solute dielectric constant

The Stark and pK, shifts for the MABA probe attached to
the F, and U, peptides were recalculated using values for the
solute dielectric constant between € = 1 and € = 88. The
results are shown in Table 3. Shifts using the PARSE pa-
rameter set are reported (calculations using other parameter
sets showed the same qualitative trends). The pK, shifts are
relatively insensitive to the solute dielectric constant. The
Stark shifts showed significantly better agreement with the
experimental value when a constant of 2, a value typical of
small molecules, was used. This result should be contrasted
with previous FDPB calculations on whole proteins in which
a dielectric constant higher than 2 (e = 4) was adopted (Yang
et al., 1993). The latter treats, in an implicit and average way,
the effect of nuclear reorganization during the process being

TABLE 3 Effect of altering solute dielectric constant*
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studied (e.g., ionization or binding). The absorption/emission
process, however, is on a time scale too short for nuclear
reorganization to occur.

Calculated contributions to shifts
Residue contributions

The incremental shift induced by each residue in the helix
was computed by calculating the shift for a progression of
partially helical peptide structures generated by switching the
&/ angles in the U, peptide to a-helical values, stepwise
along the peptide chain from the N- to the C- terminus. Re-
sults for the MABA probe are depicted in Fig. 4 and Table
4. The first turn contributes 88% of the total backbone-
induced Stark shift, and the first two turns contribute ~85%
of the total backbone-induced pK, shift. The results clearly
demonstrate that, with regard to electrostatic interactions at
the helix terminus, helix length is largely insignificant be-
yond the first two turns, and the magnitude of the total helix
dipole moment (the macrodipole) is not an important deter-
minant of the interaction energy. This result is in agreement
with other recent calculations of electrostatic effects at helix
termini (Aqvist et al., 1991; Tidor and Karplus, 1991).

Solvent screening

The screening effect of the solvent can be determined by
comparing the Stark and pK, shifts calculated for MABA in
water and in vacuum (solvent dielectrics of 88 and 1, re-
spectively). Results are displayed in Table 4. The Stark shift
due to the peptide backbone is reduced by solvent screening
to 15% of what its value would be in vacuum. The pK, shift
is reduced even further, to 1.4% of its vacuum strength. The
results demonstrate that charge-dipole interactions near sur-
faces are screened much more effectively than dipole-dipole
interactions, in agreement with previous work (Gilson et al.,
1985; Lockhart and Kim, 1993).

Charged residues

As shown in Table 4, the charged arginine side chains of
residues 9, 14, and 19 contribute very little to the Stark effect
shift of MABA in both the F_ and U, peptides. In contrast,
interactions with arginines are an important contributor to the
pK, shift; the arginine side chains donate 0.22 and 0.08 pH
units to the shift in the F, and U, peptides respectively, and
the net effect represents V5 of the total pK, shift. In the F.R5
and URS peptides, the contributions of arginine 5 alone to

Shift 11 (1, 88) (2, 88) (4, 88) (10, 88) (40, 88) (88, 88) Experimental
Stark shift —-20.53 -292 —1.61 -0.95 -0.55 -0.31 -0.24 -1.60
pK, shift —46.55 -0.53 -0.51 -0.51 -0.50 -0.49 —-0.49 -0.45

*Shifts are for the MABA probe attached to peptide F, relative to U,. The field and potential due to the U, peptide were assigned to be zero. Numbers in
parentheses indicate solute and solvent dielectric constants used in the FDPB calculation. Calculations were performed with PARSE charges and radii. Stark
shifts are in kcal/mol; pK, shifts are in pH units.
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FIGURE 4 Contributions from residues to the helix-induced Stark effect
and pK, shifts. Plotted are the total shifts relative to the U, peptide for the
MABA probe attached to peptides that are helical through residue n (x axis).
(O) Calculated pK, shift. ((I) Calculated Stark effect shift. (@,B) Experi-
mental values. Increases in the pK, shift at residues 9, 14, and 19 are due
to contributions from arginine side chains.

the pK, shifts are 0.14 and 0.08 pH units, respectively, in
close agreement with the experimentally measured values
(0.14 and 0.10 pH units, respectively; Lockhart and Kim,
unpublished data). The results are consistent with the general
rule that charge-charge interactions persist at larger distances
than do charge-dipole interactions; this follows from the dis-
tance dependence of the interaction energies (1/r and 1/72,
respectively).

A significant point is that these interactions occur over
relatively large distances, particularly when compared with
nonbonded cutoffs of ~10 A frequently used in molecular
dynamics methods. The breakdown of contributions and dis-
tances for each arginine residue is as follows. In the F, pep-
tide, arginines 9, 14, and 19 contribute 0.10, 0.08, and 0.04
pH units, respectively, at distances of ~20, 23, and 33 A
measured from the CZ atom of arginine to the nitrogen in
MABA. In the U, peptide, distances between the arginines
and the MABA group are 38 A and greater (in reality, con-
formational fluctuations will permit much smaller distances
to occur). Arginine 5 is located at distances of 17 and 25 A
from the probe in the FR5 and URS peptides, respectively.
The results demonstrate that electrostatic effects from
charged residues >10 A away can be significant, particularly
when several such groups are present.

For the case of the unfolded state, we additionally tested
the adequacy of a simple Coulomb’s law interaction modi-
fied by a Debye-Huckel term to calculate the arginine con-
tributions to pK, shifts. To obtain the shift at probe p due to
arginine i, we used the equation

_ 332e™qiq,
APK, = = 303RTer, @
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where « is the inverse of the Debye length (Debye length is
55.63 for an ionic strength of 0.003 M); ¢; and g, are the
charges on arginine i and probe p, respectively (1.0 electron
unit placed on the CZ atom in arginine and on the nitrogen
atom in MABA); r;, is the distance between arginine i and
the probe (measured in A between the two charged atoms);
and e is the dielectric constant (88 at 0°C). Eq. 4 is sufficient
to reproduce the charge-charge interaction energies between
the arginines and probe to within experimental error, prob-
ably due to the full exposure of the probe and side chains and
extension of the peptide (this equation also provides a good
estimate of charge-charge interaction energies in the helical
folded state, although this is not expected to be the case for
proteins in general, and particularly for interactions involv-
ing buried charges). It may therefore be easy to estimate
interaction magnitudes in the unfolded state of a peptide or
protein by building simple models, measuring distances be-
tween charges, and using Coulomb’s law combined with
simple Debye-Huckel theory.

Probe reaction field

When the peptide is in a helical conformation, solvent is
displaced from the vicinity of the probe molecule. This leads
to a reduction in the reaction field induced by the probe
charges, and thus contributes to the helix-induced shift. The
effect is to reduce the Stark shift by 0.2 kcal/mol (see Table
4). In the case of the pK, shift, the ionization site on the
MABA probe is far enough away from the peptide that
the helix does not significantly disturb the solvation of the
charged MABA atoms. The contribution due to the reaction
field of the probe to the pK, shift is thus effectively zero.
While the contribution of the probe reaction field to the
Stark effect shift is relatively small in the case of absorption,
it is expected to be larger for the fluorescence transition. The
excited state of MABA is considerably more dipolar than the
ground state; therefore its interaction energy with solvent is
stronger. Also, recall that the instantaneous nature of the
electronic transition means that both ground and excited
states interact with the solvent orientation around the initially
populated state, the ground state for absorption and the ex-
cited state for fluorescence. Results for the fluorescence tran-
sition are included in Table 4. To obtain the reaction field due
to the probe excited state (E,, ) an approximate excited state
charge distribution was created from the ground state dis-
tribution by adding and subtracting charges over the ring
such that the net change in dipole moment of the probe was
8 D, in the appropriate direction (see Theory and Methods
for details of the charge distribution). As expected, the cal-
culated probe reaction field contribution was much larger for
the fluorescence than for the absorption transition. Interest-
ingly, the calculated probe reaction field nearly cancels the
peptide contribution to the shift (Table 4), in agreement with
the experimental observation of a very small helix-induced
shift in fluorescence. The difference in the contributions of
the probe reaction field to the absorption and fluorescence
transitions can be interpreted as a measure of the change in
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TABLE 4 Contributions to Stark effect and pK, shifts*
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Residues Solvent Peptide vs. probe
First Backbone Backbone Probe
Total Total 6 Rest of  arginines arginines in in Fraction  Screened reaction
experimental calculated residues' backbone®  in F! inU] vacuum!  water**  screened® peptide®®  field™
Stark effect
(absorption) —1.60 —1.61 -1.55 -0.04 -0.02 —0.00 —12.39 —1.80 0.85 -1.82 0.21
Stark effect
(fluorescence) ~0.00 —0.38 —1.82 1.44
pK, shift —0.45 —0.43 —0.22 -0.07 -0.22 ~-0.08 -21.31 -0.30 0.99 —0.44 0.01

*Shifts are for the MABA probe attached to peptide F; relative to U_. The field due to the U peptide was assumed to be zero; the potential due to the U,
peptide was estimated using a 3 sheet structure (¢, ) = (—120, 120) (see Theory and Methods). Calculations were performed using PARSE charges and
radii. Stark effect shifts are in kcal/mol and pK, shifts are in pH units. Contributions to the helix-induced shifts are as follows.

*Peptide backbone of first 6 residues including solvent screening effects and induced changes in reaction field of the probe.

$Peptide backbone of residues 7-21 including solvent screening effects.

YCharged side chains of arginine residues 9, 14, and 19, including solvent screening effects.

iEntire peptide backbone in the absence of solvent (solute and solvent dielectric constants of 2 and 1, respectively).
**Entire peptide backbone in water (solute and solvent dielectric constants of 2 and 88, respectively).

HFraction by which interaction energy with the peptide backbone is reduced due to presence of water.

$¥Whole peptide (backbone and side chains), including solvent screening, excluding induced changes in probe reaction field.

™Helix-induced changes in the probe reaction field.

the Stokes shift of the probe molecule due to the displace-
ment of solvent by the helix.

lonic strength effects

The helix-induced pK, shift was strongly damped by the
presence of salt, as shown in Fig. 5. At 1 M NaCl [In(ionic
strength) = 0], the pK, shift is reduced to ~30% of the initial
value. The Stark shift was damped by salt to a much lesser
extent; the experimental shift at 1 M NaCl is ~80% of the
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FIGURE 5 Ionic strength effects on the helix-induced Stark and pK,

shifts. (O, @) Calculated and experimental pK, shift. ((J, B) Calculated and
experimental Stark effect shift. (x) Experimentally measured Stark effect in
the presence of 1 M MgSO, (ionic strength of 4 M). All other data are for
NaCl. The calculated Stark shift as a function of ionic strength is the same
for both NaCl and MgSO,.

initial value. The results indicate that, as with the pure solvent
effect, charge-dipole interactions are more effectively
screened by salt than are dipole-dipole interactions.

The calculations reproduce most of the experimentally
measured salt effects well. However, while an ionic strength
effect on the Stark shift is observed, the calculated salt effect
is 0. The deviations become significant above 0.2 M NaCl.
The discrepancy suggests that specific salt effects, which are
not considered in the FDPB method, may be present in the
system. Such effects could include a general destabilization
of the F helix, or specific ion interactions at the N-terminus
near the probe. The measured ionic strength effect was
smaller when MgSO, was used instead of NaCl, whereas the
calculated results were unchanged despite the use of a larger
Stern layer size. This supports the hypothesis that specific ion
effects are involved; e.g., the larger size of the sulfate ions
could preclude specific interactions that might be possible
with the smaller chloride ions.

DISCUSSION

The a helix-spectral probe system provides a particularly
well-defined system in which to study the factors that in-
fluence electrostatic fields and potentials in proteins. The use
of two peptides, one of which is almost fully helical as judged
by NMR and CD, the other in which the helix has been
disrupted by replacing four residues with proline, allows us
to examine explicitly the contribution of the a-helical con-
formation to the electrostatics. Also, because the helix is a
small system, electrostatic interactions depend significantly
on the detailed shape of the protein-solvent interface. Ad-
ditionally, the use of probes that are sensitive to the field and
the potential provides a more rigorous test of the electro-
statics calculational methodology than studying either po-
tentials or fields alone. The excellent agreement obtained
between experimental and calculated total shifts enables us
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to address, through an analysis of the contributions to the
fields and potentials at the probe, the importance of these
factors, as well as dielectric constants and charge-charge ef-
fects, to electrostatic interactions in proteins.

One important issue is the relevance of helix length to the
strength of interactions with the helix backbone. Our calcu-
lations provide a clear demonstration that only the residues
near the terminus (the first one to two turns) contribute sig-
nificantly to interactions with groups at the amino terminus
of an isolated peptide in water. The results from the simple
peptide system studied here, in which complex effects such
as tertiary interactions and protein relaxation are absent,
strongly reinforce similar conclusions that were reached re-
cently in theoretical studies on whole proteins (Gilson and
Honig, 1988; Aqvist et al., 1991; Tidor and Karplus,
1991). Additionally, the simplifying concept of a helix as
a macrodipole is only meaningful when considering in-
teractions at a distance several times the length of the
dipole, at which the ideal or point dipole approximation
is appropriate. Since it is generally impossible to have
interactions over the distance of several helix lengths
within a single globular protein, we can say that the ma-
crodipole effect, if present, is likely to have little rel-
evance for most intraprotein interactions.

Another important conclusion that can be drawn from the
results is that long-range charge-charge interactions within a
peptide or protein can be important to structural stability in
both the folded and the unfolded states. Frequently, molecu-
lar dynamics and free energy perturbation methods employ
a cutoff of 8-10 A in electrostatics interactions to make the
simulations computationally tractable. Several studies have
indicated that larger cutoffs are required to reproduce ex-
perimentally observed structures or stabilities in peptides and
proteins, however (Kitson and Hagler, 1988; Loncharich and
Brooks, 1989; Kitchen et al., 1990; Hamaguchi et al., 1992;
Schreiber and Steinhauser, 1992). Our results show that
charge-charge interactions can contribute significantly at dis-
tances even greater than 20 A (atotal of 0.22 pH units or 0.30
kcal/mol from three charged groups at distances of 20, 23,
and 33 A). Due to the highly solvated nature of the extended
conformation, energetic contributions in the unfolded state
from charged residues that are close in sequence can in gen-
eral be easily estimated by applying Coulomb’s law with a
Debye-Huckel term, thereby reducing the unfolded state
computational requirements.

Interactions between charges on the surface of proteins are
frequently quite insensitive to the internal dielectric constant
used in electrostatic calculations (Gilson and Honig, 1988).
This holds for the helix-induced probe pK, shifts (charge-
dipole interactions) studied here as well. The Stark shift re-
sults (dipole-dipole interactions), however, provide an ex-
ample of interactions near the solute surface that are sensitive
to the internal dielectric constant. Since the absorption/
emission happens on a time scale that is much faster than the
helix dipole and charge reorientation, the only expected con-
tribution to the dielectric response of the helix is electronic
reorganization. Based on the experimental high-frequency
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dielectric constants for small organic molecules this contri-
bution corresponds to a dielectric of ~2 (Sharp et al., 1992).
It is encouraging that the best results were obtained with this
value for the helix dielectric.

As our calculations show, the net field and potential at the
helix N-terminus depends on the balance between the Cou-
lombic interaction between probe and helix charges, the
screening of this interaction by the solvent, and the reaction
field induced in the solvent by the charges on the probe itself.
In the case of protonation, the reaction field is different
around the ionized and unionized probe forms. In the case of
the Stark effect, however, the reaction field component due
to solvent reorientation is effectively fixed because the
absorption/emission happens on a much faster time scale.
This leads to a different shift induced by the formation of the
helix in absorption versus fluorescence. This experimental
helix-induced Stokes shift is reproduced quite well in our
calculations, indicating that the method treats both solvent
screening and reaction field (solvation) interactions with
good accuracy.

The disagreement between experiment and calculation in
the one case, the Stark shift at high salt, is puzzling. However,
based on the success of our other calculations, we conclude
that the deviation is caused by a structural change at high salt
that is not included in our calculations, i.e., either slight fray-
ing of the helix or localization of ions at specific sites on the
helix. The improved agreement obtained when a different
salt was used supports this view, but further examination of
this point is necessary.

In summary, we have shown that the experimental Stark
and pK, shifts can be calculated with quantitative accuracy
in the solvated peptide-probe system using the FDPB
method. These calculations enable us to quantitate the con-
tributions of several important electrostatic factors including
the shape and charge distribution, the relative contributions
of solvent screening and solvent reaction field, and the di-
electric constant of the molecule. This opens up the possi-
bility of using this method to treat the effects of protein struc-
ture on the absorption and fluorescence of a variety of
functionally interesting chromophore-containing pro-
teins. Additionally, the results suggest applications to cal-
culating electrostatic effects near surfaces, where much
significant biochemistry occurs (e.g., enzyme-substrate
association, antibody-antigen binding), but where com-
plexity of solute-solvent boundaries frequently makes in-
teraction energies difficult to predict.

Note added in proof—In a recent publication (Antosiewitz, J., J. A.
McCammon and M. K. Gilson. 1994. J. Mol. Biol. 238:415-436) pK, shifts

were calculated using the FDPB method for a number of systems including
the probe-peptide unit. Results from both studies are in close agreement.
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