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ABSTRACT. Salt bridges between oppositely charged side chains are well-known to stabilize protein structure,
though their contributions vary considerably. Here we study-G&lys and Lys-Glu salt bridges, formed

when the residues are spadeidt 4 surface of an isolated-helix in aqueous solution. Both are stabilizing

by —0.60 and—1.02 kcal/mol, respectively, when the interacting residues are fully charged. When the
side chains are spaced + 4,1 + 8, forming a Glu-Lys—Glu triplet, the second salt bridge provides

no additional stabilization to the helix. We attribute this to the inability of the central Lys to form two salt
bridges simultaneously. Analysis of these salt bridges in protein structures shows that th@llLys
interaction is dominant, with the side chains of the Glys pair far apart.

Proteins are stabilized most commonly by hydrogen bonds, thermophilic proteins is high, suggesting an association with
van der Waals packing, and hydrophobic and electrostaticincreased protein stabilityl{, 12).

interactions. The amino acid side chains interact within a  \jany attempts have been made to evaluate the strength
complex network of multiple noncovalent bonds, which may  of multiple salt bridges, particularly in proteins. A coupling
reinforce or weaken each other. Salt bridge interactions, in jhteraction of an Asp8Arg110-Aspl2 triplet on the surface
particular, are found in-60% of protein structures. One-  of harnase stabilizes the triplet by 0.8 kcal/mol relative to
third of the charged amino acids participating in salt bridge the sum of isolated paird). A salt bridge and a hydrogen
formation are found as complex salt bridges (with three or pond in an Asp14 Ser77-Arg17 triplet in theA repressor
more amino acids), where triplet salt bridges are the most gre stabilizing by 1.5 and 0.8 kcal/mol, respectively)(
abundant. Approximately 20% of the total salt bridges found Kallenbach and co-workers reported that a GCN4 leucine
in proteins reside i-helix secondary structure in either an zipper is stabilized by 1.7 kcal/mol upon introduction of an
i,i+ 3 orani,i+ 4 spacing ). Arg—Glu—Arg triplet at the helix surface2j. The presence

The energetic role of salt bridges in protein structure of many additional side chains close to the sites of interest,
stability has been found to vary. Solvent-exposed salt bridgeshowever, complicates the generalization of the energetic role
contribute only marginally to protein stability2{4). In of the salt bridge network in proteins. For this reason, we
contrast, a buried salt bridge stabilizes the native state byhave studied a simple salt bridge network in a more isolated
up to 5 kcal/mol §, 6). Theoretical studies of solvation environment, i.e., in a short peptide.

suggest that internal or external salt bridges contribute only  The first evaluation of the strength of an engineered
marginally to protein stability, because of the high-energy complex salt bridge in a peptide was reported by Mayne et
penalty of dESO|Vating ions within the interior or near the al. (14) after Studying a mu|tip|e-sa|t br|dge invo|ving Glu3g,
surface of a protein, thus diminishing the expected gain in Asp4, and Arg7 in an 11-mex-helix. The triplet contributes
strength of ionic interactiong). The strength of salt bridges  substantially to the-helix stability with aAG of —1.2 kcal/
has been found to be determined by several factors: (a) themol. A triplet of charged Arg-Glu—Arg residues spaceid
geometry and distance of the interactio8ls (b) the degree |+ 4,i + 8 ori, i + 3,i + 6 also stabilizes-helical peptides
of exposure to solven®j, and (c) the effect of neighboring by —1.5 or—1.0 kcal/mol, respectively, which is more than
residues 10). The frequency of salt bridges in proteins from  the additive contribution of two single salt bridgeisy. A
similar stabilizing effect in an ArgPhe-Met triplet ini, i
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Most triplet salt bridges studied so far were found to be to a HendersonHasselbach equation. For one apparét p
cooperative; i.e., the free energy of the pairs present[6].2, as a function of pH is given by
simultaneously is greater than the sum of the individual pairs.
It is thus interesting to study a triplet salt bridge in an isolated [6],,,= [6] _ _ 1
a-helix having the opposite effect. In this study, we examine - 222 222NghPH\ ™ 4 4 g pH-PKa
Glu—Lys—Glu interactions when present simultaneously in 1
ani, i + 4,i + 8 spacing. The free energies of Gluys [0]222,Iopr(W)
and Lys-Glu interactions spacedi + 4 in isolatedu-helical
peptides have previously been found to be stabilizing by
approximately—0.4kcal/mol in both orientationsl9). In a
Glu—Lys—Glu triplet, the central Lys side chain cannot point
toward both Glu side chains simultaneously. The-Glys—
Glu triplet may therefore be less stabilizing than the sum of
the two individual interactions, giving rise to anticooperat- 1
ivity. We have recently demonstrated that strong cooperat- [0]22,= [0]222,mid—pH(l - W)
ivity in Arg —Phe—Met triplets can be attributed to a shared 1
preference for the trans rotamer in the central Phe. The (6152, Iow—pH(ﬁ) +
energetic cost of restricting the Phe residue is only paid once ’ 1+ 10°7 Py
in the triplet, rather than twice when the interactions are [6] _ _ 1— 1
separateX6). We consider whether rotamer preferences can 222 (mid-pH—high—pH) 1 + 10PHPKaz
also help explain the energetics of the Gluys—Glu triplet.

where P22z nigh-pn @and [0]222,10u-pH @re the molar ellipticities
measured at 222 nm at the titration end points at high and
low pH, respectively.

The equation for two differentiy’s is given by

where K1 and K2 are the [Ky's measured for the acid

MATERIALS AND METHODS base equilibrium at low and high pH, respectivelofz nigh-pHs
[0]222,mic-pr, @nd Plozziowpn are the molar ellipticities
Peptide Synthesi®eptides were synthesized by the solid- Measured at 222 nm at the titration end points at high,
phase method on an Applied Biosystems 433A peptide intermediate, and low pH, respectively] {22 mid-pH-nigh-p
synthesizer on a 0.1 mmol scale using Fmoc (9-fluorenyl- iS the change in molar ellipticity associated witkap
methoxycarbonyl) chemistry. C-Terminal amides were made _ Fitting of Helix—Coil Parameters for Side ChairSide
using Rink amide resin (CN Biosciences). N-Termini were Chain Interactions (palues).A simplified explanation of
acetylated with a 4% (v/v) acetic anhydride/5% (v/v) pyridine P Values in helix-coil theory is as follows. LifsorRoig-
dimethylformamide mixture for 30 min at room temperature. based models2@) describe the helixcoil transition as a
Peptides were cleaved from the resin using a mixture of 95% two-state model on the level of individual amino acids, as
trifluoroacetic acid, 2.5% triisopropylsilane, and 2.5% water. €itherh (helix) orc (coil) according to its backbone dihedral
Peptides were purified by greverse-phase HPLC, and angles_ % ano_l¢)_. Each_ residue in a hell_cal sequence has a
their molecular weights were checked by MALDI mass nonunity statlst!cal we_lght ba.‘SEd upon its own state and_ the
spectrometry. Final purity was checked by analyticag C states of the nglghborlng resldues. The model now considers
HPLC. Peptide concentration was determined by measuringnOt only the original nucI_eatmg;I and propagating param-
the tyrosine UV absorbance of aliquots of a stock solution eters @) but also N—cappmgr() anq C.'Capp'ngq)’ N1 (n.l)’
dissolved in water using afs of 1450 M-t cm-t (20). N2 (n,w), N3 (nzw), and side chairside chain interactions

ircul ichroi h q (for review, see re23). When ani, i + 4 interaction occurs
Circular Dichroism MeasurementShe secondary struc- o yeen the residues at both ends of a helibahhstretch,
ture of each peptide was checked using circular dichroism

b d2 ilibri the residue in the middle of the quintet is mathematically
etween 190 and 250 nm. Equilibrium CD measurements ,qqjaned weighpw. Thep value shows how the weight for

for a-helical strrc'gure were made a'il_22_2_nm with a Jasc(cj) forming the helical stretch is perturbed by the side chain
J810 spectropolarimeter at 273 K. Ellipticity was measured a4 ction across the quintet. It can then be used to calculate

in 10 mM NaQI af.“?' 5 mM sodium phosphate at pH 2.9 "?‘”d the free energy of interaction @85 +4) = —RTIn p (24).
8.2. CD data in millidegrees were converted to mean reS|dueThe p values for thei, i + 4 side chairside chain

ellipticity using the relation{]zz = 6/(molar concentration a4 tions were determined using a modified Lifs@toig-
x 18 residuesx 10), in degrees square centimeter per paqeq helix-coil theory, implemented in Scint24). The
decimole. Helix content was calculated &bz onserved) inputs to the program are the peptide sequences and
[0)222ma [0]222maxis given by—40000(1~ 2.5N), where corresponding experimental helix contents, a librarywpf
N is the number of amino acids in the peptids) n-cap, c-cap, andy? values for each amino acid, ancap

pH titrations were performedhia 3 mL 1.0 cnpath length  value for acetyl and &-cap value for amide25), and a
quartz cell at 273 K. The buffer used for pH ftitrations |iprary ofi, i + 4 interactions. The values for EK and KE

contained 10 mM NaCl, 1 mM sodium phosphate, 1 mM j i 4 4 interactions were calculated from the interaction free
sodium borate, and 1 mM sodium citrate. The pH meter was energies of Smith and Scholtd9) as AG = —RT In p.

calibrated for measurements at 273 K. The pH was adjustedy/alues used for side chaini + 4 interactions for EK*

during the titrations with aliquots of dilute HCI or NaOH.  and K'E~ were 2.15 and 2.09, respectively, and fOKE

The volume of HCI or NaOH added was used for concentra- and K'E° were 1.50 and 1.45, respectively. When the

tion correction. values needed refitting, parameters were varied until they
Depending on the number of apparent titratable groups in converged on essentially unchanging values in agreement

the curve, the ellipticity data from the titrations were fitted with experimental helicities.
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Table 1: Peptides Used To Measure EKE Triplet Interactions

predicted helicity (%)

parameter values  parameter values experimental helicity (%)
peptide sequence of E- and K™ P of E°and K" ¢ pH 8.2 pH 2.9
ES5K5E Ac-AAAEAAAA KAAAA EAKGY-NH, 50 57 51 56
ES5K4E Ac-AAAEAAAA KAAA EAKAGY-NH ; 56 59 67 65
E4K5E Ac-AAAAEAAA KAAAA EAKGY-NH, 59 61 63 63
E4K4E Ac-AAAAEAAA KAAA EAKAGY-NH ; 64 63 60 61

a Predicted using Scint2. Parameter values,af w, andc were taken from re25. ° p values for EK* and K'E~ were 2.15 and 2.09, respectively
(19). ¢ p values for EK* and K'E° were 1.50 and 1.45, respectivelid).

Database SearchA survey was conducted on a data set and N3, as well as with the helix macro dipole at the
obtained from a set of crystal structures in the ASTRAL N-terminus.

database (SCOP 1.63 Sequence Resoureé}) Which is Gly is a helix breaker and was placed between Tyr and
based on domains rather than entire structures. Each domairﬂhe rest of the sequence to prevent Tyr perturbation on the
in the data set represents one superfamily and is the membegircular dichroism signal32). Tyr was introduced at the

of that superfamily with the best SPACI score. The SPACI C-terminus to allow the concentrations of the peptides to be
score is a measure of the reliability and precision of a determined. The N- and C-termini were blocked with an
Crystallograph_ically determined SIErUCtUre in a PDB file. The acety| group and an amide group, respective|y, m|n|m|z|ng
data set contained 1135 chains with a total of 195 875 aminothe destabilizing interactions that may occur with the charged
acid residues, and there was less than 20% sequence identityermini. This also creates an extra hydrogen bond at each
between any pair. These were processed using the DSSRerminus. Acetyl groups also substantially stabilize the helix
algorithm to give secondary structure information as imple- (33).

mented in SSTRUCZY).

First, the data set was probed for helices of at least five
helical residueshhhhb for pairwisei, i + 4 EK and KE
interactions. EK and KE were categorized as pairs in coil
when they, and the three intervening residues, were not all
in helical conformations. A GhkiLys—Glu helical triplet
requires at least nine consecutive helical residues, fiot-

4,1 + 8 interactions to be present. The rotamerand y.
preferences for Glu and Lys residues were then determined
Definitions ofy; andy, rotamer angles for an $psp* bond

are as follows: gaucHe(g*) y1 = —60 % 60°, trans ) 1

= 180+ 60°, and gauche(g~) y1 = 60 + 60°.

The frequencies and errors were further calculated ac-
cording to the following equation28):

All peptides were monomeric between 5 and 100 as
shown by invariance of CD molar ellipticity with concentra-
tion (data not shown). E4K4E, however, showed a change
in secondary structure from entirely helical to a mixture of
helix andj-sheet when left for a prolonged time 48 h).
This was observed by running analytical HPLC followed by
MS analysis on the peptide after incubation for 48 h. HPLC
analysis showed a tailing in the pure E4K4E peak, but both
'species gave identical masses when checked by MALDI. The
CD spectra in range of 19250 nm showed a conforma-
tional shift from a-helix to 5-sheet (data not shown). Data
on the E4K4E peptide were thus collected solely on freshly
dissolved pure lyophilized peptide. The reason behind the
delayed aggregation could be that the E4K4E peptide

p = n/N contains residues assisting solubilization (two Glu and three
! ! Lys residues) distributed on only one face of the helix. Two,
wheren; is the number of occurrences kobservations if not three, of the residues are also involved in side chain
interactions.
op; = [p(1— pi)/N]O'5 Refitting p ValuesThe Glu-Lys pair has previously been
studied for different spacings and orientations in isolated
whereop; is the standard deviation io. a-helices (9, 34). The stabilizing effect of EK and KE did

not vary significantly with orientation. We found dissimilar
RESULTS results, however, with Lysand Glui + 4 more stabilizing

Peptide DesignA series of intrinsically helical alanine- ~ than Glui and Lysi + 4. The ellipticities of all EKE peptides
based peptides with different spacing of the interacting Were invariant and within error at three different salt
residues was designed to allow the quantitative evaluationconcentrations, 0.01, 1.0, and 2.5 M NaCl (data not shown).
of the role of Glu-Lys—Glu triplets in helix stability (Table ~ This suggests that the interaction at high salt is not just a
1). E5K5E was the control peptide in the EKE series. The simple electrostatic interaction as the major component of
Lys—Glui, i + 4 interaction was achieved by swapping Ala the interaction between Glu and Lys cannot be screened by
at N5 with Glu at N4. Similarly, the GhaLys i, i + 4 external salts. Hydrogen bonding thus provides the major
interaction was achieved by changing AEAK to EAKA. An part of the stabilizing effect in the EK and KE pairs, as
Ala residue was placed between Glu and Lys to avoid any Proposed previously by Scholtz et aB4.
close-range charge effects. Theé + 2 spacing ensures the The helicities of the EKE series peptides were measured
residues are on opposite faces of the helix. Shorter helicesat a range of pH values (Table 1). The terms E and B in
that could be made by moving Glu toward the N-terminus EXKyE and BxKyB stand for Glu and GIU, respectively.
were prevented because Glu has unique preferences to be athe control peptides ESK5E and B5K5B show an excellent
N1 (29), N2 (30), or N3 31). The helicity would be perturbed  agreement between predicted and experimental helicity,
by Glu interacting with free amide NH groups at N1, N2, indicating that errors in previous parameter values used in
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Table 2: Energetics of Interaction in EKE Peptides

refittedp value multiplication factor (mf)  refittedp valuesx mfin AG anticooperativity
interaction (+3% helicity error) AGii+4) (kcal/molp (£3% helicity error) triplet (3% helicity error) (kcal/moly
KE 6.6 (4.4-11.7) —1.02 (-0.81t0—1.33) 2.6 (1.55.2)
EK 3.0(2.2-4.5) —0.60 (-0.43t0—0.81) 1.2 (0.8-2.0)
EKE —1.6Z(—1.24t0—2.15) 0.39 (0.34-0.45) 1.02 (0.871.16)
KB 2.5(1.9-3.6) —0.50 (-0.35 t0o—0.69) 1.6 (1.+2.6)
BK¢ 1.7 (1.3-2.4) —0.29 (-0.13 to—0.47) 1.1 (0.71.8)
BKB¢ —0.79 (—0.48 to—1.16) 0.65 (0.570.74) 0.47 (0.33:0.60)

a Calculated as-RTIn p using refittedp values in column 2° Calculated as-RTIn(mf)2. ¢ Additive AG of the individual pairs? B represents
Glu°.

the prediction for residues in the sequences are low and that (A) 80

the helix—coil theory that is used is accurate. The controls :
thus provide an independent system for measuring the 70 -
preferred interactions. There are, however, disagreements [
between predicted and experimental helicities whén- 4
interactions are present, particularly for the KEB orienta-

tion. The sequences of peptides previously used to obtain
the p values for EK-BK and KE-KB interactions are Ac-
AAQAAEAQAKAAQAAY-NH , and Ac-AAQAAKAQAE-
AAQAAY-NH ,, respectively 19). The GIn residues near the
helix termini in these peptides may interact with Glu and L
Lys in ani, i + 3 fashion that could give errors in the 30 [
estimation of the interaction energies. Our peptides do not
contain these, i + 3 interactions. In addition, GIn could

Predicted helicity = 74%

60 F |

Emor +3%

Expil. helicity = 60%
mf =0.389

% helix

form a significant interaction at the N3 position with the % i
peptide backbone3(). [

The originalp values of the EK* (2.15), K'"E~ (2.09), 1000' — '0'2' — '0'4' — '0'5' = '0'8' e
E°K™ (1.50), and KE° (1.45)i, i + 4 interactions were thus ’ ’ ) ‘ ' ’
refitted individually by varying them until the calculated Multiplication factor

helicity agreed with experiment. Refittimgvalues for EK*
and K'E~ gives values of 3.0 and 6.6, respectively, (B) 80
equivalent to—0.60 and—1.02 kcal/mol, respectively, giving [
an additiveAG of —1.62 kcal/mol. Refittingp values for 70 L Predicted hetictty = 69%
E°K* and K'E° gives values of 1.7 and 2.5, respectively, i
corresponding to-0.29 and—0.50 kcal/mol, respectively, !
giving an additiveAG of —0.79 kcal/mol (Table 2).  g&™ [ |
Using the refitted values, the predicted helicities are 74 \
and 69% for the corresponding E4K4E and B4K4B peptides, 50 !
respectively. These predictions are significantly higher than i
the experimental helicities of 60 and 61% for E4K4E and
B4K4B, respectively. These large differences prove quali-
tatively that there is a large destabilizing effect as a result
of pairwise coupling in the E4K4E and B4K4B peptides.
This is clear from the raw data, where there is remarkably a i
decrease in helix content in EAK4E compared to ESK4E and 20 [
E4K5E, despite the introduction of an additional salt bridge. "
For the predicted helicity to agree with experiment in the P
E4K4E-B4K4B peptides, thep value of each pair was 0.0 0.2 04 06 08 1.0
decreased by multiplication factors (mf) of 0.39 and 0.65
for E4K4E and BAK4B, respectively (Figure 1). This Ficure 1: Adjustment of p values for pairs when present
dgcreases the. Statls.tlcal ngght of all conformations within simultaneouslyjin the tripletpso that predict%d helicity ag?ees with
nine consecutive helical residues from (lidimto Gluc—em experiment: (A) EK* and K*E~ pairs in the EKE triplet and (B)
simultaneously by (mf) Thep values for EK*™ and K'E~ E°K* and K'E° pairs in the BKB triplet.
in the E4K4E peptide become 1.2 and 2.6, respectively,
equivalent to—0.09 and—0.51 kcal/mol, respectively. The  mol (0.9-1.2 kcal/mol) and 0.5 kcal/mol (0:30.6 kcal/mol)
p values for EK* and K'E° in the B4K4B peptide became  for E4K4E and B4K4B, respectively. These values show an
1.1 and 1.6, respectively, equivalent +®.05 and—0.26 anticooperativity effect in the triplet as they are positive,
kcal/mol, respectively. making theAG in the triplets smaller than the sum of the
The free energy resulting from the EK and KE coupling energies of the individual interactions. The errorpinvas
was calculated asRTIn(mf)?, giving AG values of 1.0 kcal/  calculated by repeating the fitting procedure using experi-

Error +3%
[~
(=]
T

Exptl. helicity = 61%
mi=0.647

a0 |

% helix

s0 [

Multiplication factor
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Ficure 2: pH titration of EKE peptides: (A) E5K5E, (B) E4K5E, (C) E5K4E, and (D) E4KA4E.

mental helicities increased or decreased by 3% to account Only one Glu transition was observed in the E4K5E and
for experimental error in the measurements of helicity. E5KA4E peptides. Theky, values for E4AK5E and E5K4E are

pH Titrations of EKE Peptideghe helicities of the EKE =~ 4-78+0.14 and 4.6} 0.45, respectively. It was expected
peptides were followed as a function of pH using far-UV that one of the Glu residues would have had a differé@t p

CD (Figure 2). K. values for the ionizable side chain groups value as it interacts with Lys. The difference in ellipticities
were evaluated between approximately pH 2 and 11 by curveYPon protonatior_l is very small, making it difficult to fit the
fitting the CD data to the Henderseiiasselbach equations ~data for calculation of thelfy values, however. When the

see Materials and Methods). The upper range of accessiblé.nter"’mtion iS. present, the destabilizing gffept of haying a
E)H is given by Lys deproto%ation, \t)vﬁich Iegds to peptide charged Glu in the helix is weakened, which is exhibited by

aggregation the low ellipticity difference between charged and uncharged
' ) ) Glu. The K, values in E4K5E and E5KA4E surprisingly
The K, values of the two Glu residues in ESKSE cannot appear to be shifted to higher values than in ESK5E, though
be separated. Only one observable transition across the pHhe experimental errors in th&pvalues make this conclu-
range is present as th&pvalues of the two Glu residues  sjon uncertain. A decrease in GliKpwould be expected
are similar. The [, of 4.29 & 0.06 is comparable to the  within a salt bridge, as the nearby positive charge would
PKa value of Glu of 4.5 in a model compoumdtacetyl acid  favor Glu . The transition above pH 10 can be attributed to
amide @5). The unperturbedk, value for Glu residues is  protonation of Tyr.
reasonable, as the side chains are not involved in any The titration curve of the E4AK4E peptide may have a weak
interactions, yet the helix content is strongly influenced by transition between pH 4 and 6, similar to that observed in
the ionization state. Protonation of Glu residues increasesFigure 2B, though this is difficult to identify as the putative
the helix content of ESK5E by-7%. Previous work has  change inf; is very small. Repeating the titration three
found that helix propagation parameters of a single Glu in times did not convincingly show that this transition was real.
the helix interior give a difference in energy between Data fitting when using equations for two or three apparent
protonated and unprotonated Glu of 0.15 kcal/n2&, 34). pKa values gave large errors of up to two pH units in the
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Table 3: y1 Rotamer Population of Glu and Lys o-Helices

rotamer distributiof

residue g t gt no. of observations
Glu 0.04+ 0.003 0.39+0.01 0.57+0.01 5947
Lys 0.03+ 0.003 0.44+ 0.01 0.53+ 0.01 4409
Glu in Glu—Lys paif 0.05+ 0.01 0.47+0.02 0.48+ 0.02 468
Lys in Glu—Lys paif 0.02+ 0.01 0.37+ 0.02 0.61+ 0.02 468
Lys in Lys—Glu paif 0.02+0.01 0.62+ 0.02 0.36+ 0.02 411
Glu in Lys—Glu pair 0.03+0.01 0.27+ 0.02 0.70+ 0.02 411

aData were from a domain search of 1135 nonredundant proteins containing 4778 helices with a total of 65 472 residues in the ASTRAL
database (SCOP 1.63 Sequence Resources). Rotamer defirgtionben —120° < y; < 0°, g~ when 0 < y; < 120°, andt when—120° < y;
< 24C. P Errors were calculated ag; = [pi(1 — p))/N]]¥2, wherep; is the rotamer population and is the total number of observatiorfsThe pairs
were observed ithhhhhconformations.

pKaVvalues. The data were therefore fitted using the equation Table 4: y, Rotamer Distribution of the Interacting Residues in the

for one apparentlf.. In general, thed,», does not signifi- ~ Glu—Lys—Glu Triplet ini, i + 4,i + 8 Spacing
cantly vary from pH 2 to 9, showing that the helix content  y;rotamer combinatich total no. observed
of the peptide does not change when either Glu side chain Glu Lys Glu in thehhhhhhhhitonformation %
is protonated. This is due to a decrease in helix content when + - +
. . 9 9 9 1 2
Glu is deprotonated, as Glihas a weaker helix preference g~ g g 1 2
than GIW, which is counteracted by stronger salt bridges 9" gi g 12 21
with Glu™ in the helix. These two effects are close to equal ¢ ) t > 9
o L. . g* not defined g" 1 2
and opposite in sign, giving no net changefin.. gt g 2 3
Rotamer Distributions of Glu and Lys Residué& have g : Ef 2; ig

previously demonstrated that rotamer preference was helpful t
in explaining cooperativity in an RFM triplet in a-helical total 58 100
peptide 6). This triplet only needs to pay the cost of 2 Data were from a domain search of 1135 nonredundant proteins
restricting the central Phe residue into a trans conformation 30?;%:;9(‘;273391"%35é\’eithuz ;?:tg\' Ig;ggu“;zgsrfsli:\?;f&:grﬂéz ?%ET@!—
once, rather than tvylce when the interactions are separatew"’r‘]en_lzoo << o . V(\?lhen 5 < 7 cos). Rotamer defryons:
We therefore examined thea rotamer preferences of Glu <, < 240,

and Lys. This PDB-derived rotamer analysis is based on the
assumption that the rotamer distributions determined in the

presence of tertiary contacts in proteins can be applied to
peptides. We only analyze the rotamer a2 is predomi-  oqjqes is very similar in simple and complex salt bridges
nantly in thet rotamer in all cases. _ (1). The authors proposed that adding one residue to a simple
~ x1 Rotamer Preference of Glu and Ly&s summarized interaction shows a minor change in geometry, in terms of
in Table 3, the Gluy; population in an EK pair is spread atomic distance, partly because half of the salt bridge

Our rotamer analysis contradicts the previous finding that
the geometry of the interactions between acidic and basic

almost equally betweeg" (48%) andt (47%). The Lysy: interaction is already constrained in a geometry that satisfies
tends to be irg" (61%). In the KE pair, the Lyg; favors a complex salt bridge. The KE pair is indeed constrained,
the t rotamer (61%). The Gly, is overwhelmingly ing*. but the rotamer preferences in EK pairs change when in the
Individual Glu and Lys rotamer preferences in the helix were triplet. Examples of triplet interactions are shown in Figure
included for comparison. 3. Figure 3C shows a typical example of an EKE triplet,

1 Rotamer Preference of Glu and Lys in the EKE Triplet. showing how the KE interaction dominates, confirming the
We found 58 helices containing the EKE triplet spaced ~ rotamer analysis above, and that essentially only a single
+ 4, + 8 in our data set (Table 4). This number is not Salt bridge is present.
large, making quantitative conclusions about rotamer prefer-
ences in the triplet difficult. Almost half thg, rotamer DISCUSSION
combinations wergt, t, g* for the corresponding Glu, Lys, The salt bridges in the-helical peptides studied here are
and Glu residues in the EKE triplet, while one-fifth were in  solvent-exposed and in isolation from interactions with
ag", g, g* combination. This suggests that the N-terminal neighboring residues. The EKE series peptides are a useful
Glu in the EK pair switches from equally g* (48%) and model for studying solvent-exposed salt bridges as they
t (47%) to mostlyg™ when in the EKE triplet. The Lyg: simplify the energetic role of the interacting pairs. The
also switches from mostlg™ (61%) tot in the triplet. The E4K5E peptide has a lower helix content than E5K4E,
Glu and Lysy; preference in the KE pair seems to be retained suggesting that the EK interaction is weaker than that of KE.
in the triplet. The majority of Lyg; in the EKE triplet adopt ~ This is confirmed by helixcoil theory analysis, which gives
thet conformation, as for Lys in the KE paifhe preference  free energies of-1.02 and—0.60 kcal/mol for KE and EK,
of Glu y1 g" in the EKE triplet is also comparable to that of respectively, and by structural analysis of triplets. When the
Glu y1 gt in the KE pair. Overall, this suggests that within EKE triplet is present, KE dominates so the Lys predomi-
the EKE triplet, the KE interaction is present, while the EK nantly adopts the rotamer that points it towardithe4 Glu
interaction is not. The central Lys cannot adopt the preferred (Figure 3C). Previously reportefiG values show that the
rotamers for both salt bridges simultaneously. stabilizing free energies for EK and KE pairs are fairly
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(A)

Ficure 3: Examples of structure: (A) EK interaction between
Glu62 and Lys66 in PDB entry 1A48, (B) KE interaction between
Lys175 and Glul79 in PDB entry 1AOP, and (C) EKE interaction
involving Glu110, Lys114, and Glu118 in PDB entry 1L2P.

Biochemistry, Vol. 44, No. 31, 2009.0455

similar (19, 34), contradicting the findings in this study. It
appears that in the E4K4E peptide the Lys can interact with
only one of the Glu residues. Thus, when we compare E4K4E
to E5K4E, the addition of the second Gluys salt bridge
has little stabilizing effect. In fact, there is a slight decrease
in stability that can be attributed to moving a Glu further
from the N-terminus of the peptide, weakening any helix
dipole interactions. Glu is a strongly favored residue at the
N1, N2, and N3 positions, which it can populate if the helix
frays. The lower helicity in EAK4E compared to E4K5E is
more difficult to explain. We suggest that when this change
is made, the Lys moves to form a KE interaction, rather than
the weaker EK in E4K5E. In addition, the Glu is moved
further from the C-terminus, where it will form a destabiliz-
ing interaction with the helix dipole. The combination of
these three effects, which are difficult to separate, results in
a small decrease in helix content.

CONCLUSIONS

Variations in the strength of salt bridges have been noted
before and attributed to solvation effects. On the surface of
a helical peptide, changes in solvation are minor, however.
We have shown that the addition of a salt bridge can be
worth essentially nothing. We attribute this to the inability
of the central Lys to form two interactions simultaneously.
Even in the simplest systems, noncovalent interactions are
nonadditive and can be cooperative or anticooperative,
depending on how compatible the conformational preferences
of the interactions are. Rotamer analysis is useful in
rationalizing these effects.
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