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The cations interaction has recently emerged as a potentially ~ To determine the strength of the W32/K36 catioimteraction,
important member of the noncovalent forces involved in the a double-mutant cycle (DM&3was constructed by measuring
structural and functional properties of proteiio investigate the  the global stability AG) of four proteins: asW, two single-site
free energy contributions made by catiomteractions to the global ~ variants in which either K36 was changed to an Ala (W32/A36) or
stability of proteins, this type of interaction has been studied in a W32 changed to a Val (V32/K36), and a double-site variant in
number of model systems including monomesichelices? a which W32 and K36 were changed to a Val and an Ala, respectively
B-hairpiné and a coiled-coil peptide These studies have shown (V32/A36). The W32/K36 interaction energAQAG) was deter-
that stabilizing catione interactions may or may not be formed Mmined to—0.73+ 0.08 kcal mot™ by subtracting the stability of
depending on the specifics of the engineered catigrair and the the single-site variants W32/A36 and V32/K36 from the stability
peptide scaffold used. For those combinations in which stabilizing ©f W and the double-site variant V32/A38:
interactions are formed, the bond energies tend to be weak. The
strength of various cation-interactions placed on the surface of AAGysaikas =

monomerica-helices are al= —0.4 kcal moft,45 except for a AGw32/K35 + AGvgz/Age - AGWSZ/A36 - AGvgz/K35

W/H pair in which the interaction energy was reported to be ca.

—1 kcal molt2 Similarly, the bond energies of four different The W32/K36 interaction is salt insensitive, which is consistent
cationst interactions (F/K, F/R, W/K, and W/R) studied in a with earlier studied:#13Only a —0.14 kcal mot? increase in the
B-hairpin are in the—0.20 to —0.48 kcal mot?! range® For the interaction energy was observed as the KCI concentration was raised
three combinations (R/F, R/Y, and R/W) engineered in a coiled- from 15 mM to 1.0 M. Table 1 lista\G values ofasW and the

coil system, only the R/F pair provided a stabilizing fofce. W32/A36, V32/K36, and V32/A36 variants obtained at pH 5.5, in

A feature common to the catiampeptide model systems is that 15 mM or 1.0 M KCl, and the deriveddAGwszikss energiesAG
the engineered aromatic and basic residues are fully or highly values were acquired by chemical denaturation. Figure S1 (Sup-
solvent exposed. This is however not the case for a typical protein Porting Information) displays typical data and provides experimental
cations interactior®® Although these interactions are often found ~ details. . _ _ o .
near the protein surface, the exposure of the interacting residues 1he effects of changing the interacting cationic residue were
varies. The solvation of cation- interactions is intermediate  nvestigated. ADMC based on the W32/R36, W32/A36, V32/R36,
between the solvation of aromatic residues, which tend to be buried,@"d V32/A36 proteins, provided AAGwaszirss 0f —0.71+ 0.06
and the solvation of cationic residues, which in contrast tend to be K@ mof™ (Table 1). There is no significant change in the strength

highly solvent exposetlin an effort to characterize a system that ?f th; Cﬁ;%?ﬁélge\;\?gg?:g? \Igg/:jgcghangde\%g /2%6“96 V‘?"”es
more closely mimics the properties of naturally occurring cation- orthe ’ ! , an proteins were

interactions, we determined the interaction energies between aobtalned atpH 5.5 and 9.0 (Table 1; Supporting Information, Figure

. . ; S1). A pH titration of the W32/H36 protein provided a H3B A4
.burled.Trp anq partly solvated yys, Arg, and His resplues. Changes of 7.2+ 0.1 (not shown). The interaction energy derived from the
in the interaction energy upon increasing the solvation of the W/K

. . . . H 5. .0 DM I W32 pai
cationst pair were also investigated. Our results suggest that pH 5.5and 9.0 C data sets consequently represents W32 paired

. : . . with protonated H36 and neutral H3% respectively.
changes in solvation can tune the interaction energy between a Trp The W32/H36 interaction is stronger at lower pH and overall

and a Lys by at least 0.9 kgal mél ) weaker than the W32/K36 and W32/R36 interactioAAG is
The structurally characterizexkWW model protein was used for determined to—0.48 + 0.08 kcal moft for the W32/H36

these studie¥ The peptide chain ofi3W contains repeating-g pair and—0.32 + 0.02 kcal mot* for the neutral W32/H3Bpair
heptad segments and it folds into three interactinbelices in (Table 1)

water! The protein sequences oW and variants used in this Modulation of the W/K interaction as a function of solvent
work are listed in Table S1 in the Supporting Information. The exposure was investigated. To make more solvated W/K pairs in
central helix ofasW contains the W32-E33-E34-L35-K36-K37- .\ the Trp was moved to heptdmlposition 33 to pair up with
K38 heptad in which a cation-interaction is present between heptadf residue K37 (Figure 1B), and to heptacposition 34 to
heptada residue W32 and heptad residue K36° A solvent pair up with heptady residue K38 (Figure 1C). The aim was to
accessible surface area (ASA) analysis ofdké/ NMR structuré® rotate the Trp around the axis of the central helix from the protein
shows that the protein strictly follows the expected heptad repeatinterior to the exterior (Figure 1). Increases in the overall solvation
pattern with buried residues in heptaéndd positions and more  of the W33/K37 and W34/K38 pairs, relative to the W32/K36 pair,
solvent exposed residues in the heptad, e, f, andg positions are predicted to arise mainly from a change in the Trp environment.
(see Supporting Information, Table S2). The average ASA of W32 As noted above, thesW structure displays a tightly preserved
and K36 across the family of NMR structures are 2.8.4% and helical heptad pattern (Supporting Information, Table S2). The
24.2 + 1.9%, respectively. average ASA of heptad residues irW are 3+ 2% and heptad
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Table 1. Thermodynamic Properties of asW and Variants?

J,+4 pair? AG (pH 5.5)¢ AG (1L MKCI) AAG
W32/K36  —3.39£0.05  —4.71+£0.02  WS32/K36
W32/A36  —2.90+001  —4.28+0.01
V32/K36 ~468+002  -567+001  —0.73+0.08
V32/A36 —-4.93+0.06  —6.11+0.01  —0.87+0.03
W32/R36  —3.42+0.02 W32/R36
V32/R36  —4.73+£0.01 0.71+ 0.06

AG (pH 5.5F AG (pH 9.0f
W32/H36  —2.66+0.04  —244+001  W32/H36
W32/A36  —2.90+0.01  —3.01+0.02
V32/H36  —4.20+0.03  —3.61+£0.02  —0.48+0.08
V32/A36 ~493+0.06  -451+001  —0.32+0.0Z
W33/K37  —4.67+0.01 W33/K37
W33/A37  —4.40+0.01
E33/K37 —4.93+ 0.02
E33/A37 ~4.72+0.01 —0.06+ 0.0Z
W34/K38  —4.42+0.01 W34/K38
W34/A38  —4.56+0.01
E34/K38 —4.93+ 0.02
E34/A38 ~4.93+ 0.06 0.15+ 0.07

a AG (kcal mol1), global protein stability AAG (kcal mol1), interaction
energy derived from double mutant cycle analy$iAG values were derived
from 2 to 3 separate experimentsSee Supporting Information, Table S1,
for complete protein sequencésSample conditions: 10 mM sodium
acetate, 15 mM KCI, pH 5.8! Sample conditions: 10 mM sodium acetate,
1.0 M KCI, pH 5.5.¢ Sample conditions: 10 mM TRIS/HCI, 15 mM KCI,
pH 9.0.

-JJ Y
Figure 1. Investigating the strength of a W/K cationinteraction as a
function of solvent exposure. (A) The central helixa@fW contains the

a-g heptad segment, W32-E33-E34-L35-K36-K37-K38, in which a cation-
interaction is present between heptatesidue W32 and heptagresidue
K36. W32 is essentially completely buried in the hydrophobic core;df.

To make more solvent exposed W/K pairs, the tryptophan was moved to
(B) heptadb position 33 to pair up with heptafdresidue K37 and to (C)
heptadc position 34 to pair up with heptagl residue K38.

b and c residues 3%+ 11%. K36, K37, and K38 are all partly
exposed (ASA being 24, 45, and 29%, respectively). Major
differences in the solvent exposure of W33 and W34 relative to
W32 are consistent with their fluorescence spectra (Supporting
Information, Figure S2). The emission maxima of the W33/K37,
W33/A37, W34/K38, and W34/A38 spectra are 2&9.5 nm red-
shifted relative to the Eppy of the oW spectrum. Large changes

in quantum yields are also observed. We note that these spectral

changes are not due to an overall destabilization of the helical
scaffold. The helical contents of the four W33 and W34 proteins
are close to that ofisW (73 £ 5% vs 76% based ok, values),

and they are all more stable thagW (Table 1).

Interestingly, DMC analyses provide an interaction energy of
—0.06 + 0.02 kcal motf! for the W33/K37 pair and predict a
nonstabilizing interaction between W34 and K38 (Table 1; Sup-
porting Information, Figure S3). These results are in agreement with
the data obtained from the peptide model systems in which the
engineered cation-interactions are either nonstabilizing or wéak.
Since cationz interactions have no or very minor salt dependencies
(Table 1)2413 the one order of magnitude difference in the
interaction energy between W32/K36 and the W33/K37 and W34/
K38 pairs appears not to arise from a change in the electrostatic
milieu. Thus, the main parameter modulating the W/K interaction
energy is most likely differences in solvation.

W32/K36 represents the first W/K cationinteraction for which
both the structuf® and the interaction energy are known. This
allows us to test theoretical methods developed to identify cation-
interactions. The CaPTURIBPprogram correctly identifies W32/K36
as an energetically significant catiandinteraction although it
overestimates the bond energy by a factor@&

In summary, the strength of cationinteractions formed by a
buried Trp and a partly solvated Lys, Arg, or His range frei.8
to —0.5 kcal mot! and rank as W/K~ W/R > W/H. Upon
increasing the solvent exposure of the W/K pair, the interaction
energy drops from-0.73 to—0.06 and+0.15 kcal mot!. These
results suggest that changes in solvation can tune the W/K
interaction energy by at least 0.9 kcal molThe observed solvation
dependence in the interaction energy further suggests that values
derived from highly solvent exposed peptide model systems
represent lower limit estimates for the free energy contribution of
cationst interactions to the stability of proteins.
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