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Abstract: lon mobility measurements have been used to examine helix formations in the gas phase for a
series of alanine/glycine-based peptides that incorporate a glutamic acid (E) and lysine (K) at various
positions along the backbone. Incorporation of an EK pair lowers the percent helix for all positions
(presumably because hydrogen bonding between the backbone and the E and K side chains stabilize the
nonhelical globular conformations). The largest percent helix is found when the EK pair is in an /,i+5
arrangement, which suggests that the preferred helical conformation for these peptides is a z-helix. This
conclusion is supported by comparison of cross sections deduced from the ion-mobility measurements to
average cross sections calculated for conformations obtained from molecular dynamics simulations.

The glutamic acid and lysine may form an ion pair that i
dipole.

s stabilized by interactions with the helix macro-

Introduction

Thea-helix is by far the most common helical motif in pro-
teins. The more tightly wrappedghelix with i,i+3 hydrogen
bonds (compared tigi+4 in thea-helix) also occurs frequently,
particularly at the ends afi-helices. On the other hand, the
more loosely wrapped-helix (with i,i+5 hydrogen bonds) is
rarel=3 It has been suggested thathelices only form when
stabilized by very specific interactions (for example, side chain
metal ion interactions have been tailored to stabilize an isolated
a-helix in solutiort:9. There have been several reports of
st-helical conformations in molecular dynamics simulations of
peptide 10 However, Feig et al. have recently suggested that
these are the result of force field artifaétdn this paper, we
report experimental studies of helix formation in a series of
alanine/glycine-based peptides (AG peptides) in vacuo. Our
results suggest that the unsolvated AG peptides prefenelical
conformation, despite the absence of specific stabilizing interac-
tions.

Studies of unsolvated peptides and proteins provide informa-
tion about their intrinsic intramolecular interactions and the role
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they play in defining secondary and higher order structure. A
wide variety of environments are important in biological sys-
tems, ranging from aqueous solution to the hydrophobic interior
of membranes. Studies of unsolvated peptides are the natural
starting point for efforts aimed at understanding how the
environment influences the structure and properties of proteins.
Recent studies have demonstrated that the helix-forming tenden-
cies of at least some of the naturally occurring amino acids are
significantly different in aqueous solution and in the gas phase.
While glycine is usually thought of as a helix-breaker in solution,
in the gas phase (and presumably also in transmembrane helices
which can contain up to 20% glycii® it appears to be near
helix-neutral. Unsolvated glycine-rich peptides, such as Ac-
A3G1K+HT, can have a significant helix content in vacido'6
It also appears that amino acids with bulky nonpolar side chains
(like valine) have a stronger tendency to form helices in vacuo
than in solution because the bulky side chain destabilizes the
globular state (a compact, random-looking three-dimensional
structure that competes with the heli¥)'8 In the gas phase,
peptide ions form a compact globule instead of the random coil
that is ubiquitous for small peptides in solution. The random
coil is stabilized by interactions with the solvent. In vacuo, van
der Waals interactions and electrostatic interactions (particularly
the self-solvation of the protonation site) drive the collapse of
the random caoil into a globule.

In this study, we use ion mobility mass spectrometry to
examine the conformations of unsolvated peptide ions generated
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Figure 1. Side-chain orientations fari+4, i,i+5, andi,i+6 positions of the E and K residues in an ideahelix (top) ands-helix (bottom). Aliphatic
hydrogens are not shown for clarity.

by electrospray. The mobility of an ion (how rapidly it travels has recently been shown to be partially hel#aBoth helical
through an inert buffer gas under the influence of a weak electric and globular conformations are present at low temperatures, so
field) depends on the ion’s average collision cross section, which the amount of helix can be compared for the peptides with E
in turn depends on its conformation. lons with open structures and K residues in different positions along the backbone. In all
have more collisions with the buffer gas and travel more slowly the peptides studied, the N terminus is protected with an acetyl
than ions with compact structurés?! Conformations are group and a lysine or arginine residue is placed at the C terminus
assigned by comparing average cross sections calculated for triato help stabilize the helix through electrostatic interactions with
structures (often derived from molecular dynamics simulations) the helix dipole (see below). Two of the glycine residues in the
to cross sections deduced from the measurements. Two mainAc-AsGi2K peptide were replaced with E and K residues. The
conformations have emerged as being important for peptidesk was placed as the 7th residue in the 16 residue peptide, and
ions of the size range examined here: helices and globules.the K was placed at different relative positions to the E residue
Helices have the larger cross sections and are easily resolvedrom i+2 to i+6.
from the more compact globulé%;2¢ The orientation of the side chains of the E and K residues
The AG peptides studied in this work incorporate E (glutamic with relative positionsi,i+4, i,i+5, andi,i+6 in an ideal
acid) and K (lysine) at various positions along the backbone. a-helical conformation and an ideathelical conformation are
We chose the sequence Ag@yK for these studies because it shown in Figure 1. The side chains of the E and K residues
placed at the,i+4 positions are oriented on the same face of
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favorable for these positions for anhelix. o-Helix stabilization Table 1. Percent Helix Content (See Text) for Peptides 1-10 at
through many interactions such as salt bridge, hydrogen bonding 213K
and hydrophobic interactiori$ as well as through linke®,has peptide name peptide sequence % helix at 213 K
been examined using this design strategy. 3A12G (1) Ac-AAAGGGGGGGGGGGGK 30
In aqueous solution, the E and K residues positioned-ad E7K13 @) AC-AAAGGGEGGGGXK GGK 0
: qh y ¢ hvd bonded i POSItY Tﬂ' i E7K12 @) Ac-AAAGGGEGGGEK GGGK 24
in an a-helix can form a hydrogen-bonded ion pair. This type  g7x17 g Ac-AAAGGGEGGCK GGGGK 12
of interaction has been used to stabilizénelices and coiled- E7K10 ) Ac-AAAGGGEGGK GGGGGK 5
coils2%-34 It is not clear that the charges on the EK ion pair E;gl(%) ﬁcﬁxgggigé%gggggg 8
B . - C-
will remain separated in _the absence. of a solvent. However, - ® ACAAAGGGOEGGGGGGRGK 14
neutral E and K may still interact, albeit less strongly, through  gopule @) Ac-KAAAGGGEGGGK GGGG 0
hydrogen bonds. E7K11R (0) Ac-AAAGGGEGGGK GGGGR 15

From the preceding discussion, favorable side-chain interac-
tions in ani,i+4 orientation should stabilize aw-helix and a

m-helix, while favorable side-chain interactions in &5 273K 300K
orientation will stabilize ar-helix (but not ano-helix). So the
relative abundances of the helical conformations with different L [\
E and K orientations will provide information about which type . BRIy E7K13
of helix is preferred. g 2
2 2
Materials and Methods ﬁ M ﬁ ‘/\‘/\_—‘
>
The peptides were synthesized usiRgstMoc chemistry on an E E7RI12 % E7K12
Applied Biosystems 433A peptide synthesizer. After synthesis, they & &
were cleaved from the HMP resin using a 95% trifluoroacetic acid
(TFA) and 5% water (v/v) mixture, precipitated using cold diethyl ether, ‘/\’ﬂ —
and lyophilized. The peptides were used without further purification.
Solutions of 1 mg of peptide in a mixture of 1 mL of TFA and 0.1 mL
of water were electrosprayed. 09 10 11 12 13 L A
Mobility measurements were performed using a home-built ion Drift time (ms) Drift time (ms)

mobility mass spectrometer, which is described fully in a previous
paper‘* Electrosprayed peptide ions enter a differentially pumped region
through a heated capillary (38@00 K) which helps to desolvate the
ions and reduce the abundance of multimers. The ions are focused intoyg average collision cross sections calculated for conformations derived
the drift tube using electrostatic lenses. The drift tube is 30.5 cm long from molecular dynamics (MD) simulations.

and filled with 2.5-5.0 mbar of helium gas. The drift-tube temperature The MD simulations were performed using the MACSIMUS suite
was varied between 173 and 400 K in these studies. The drift voltage f program@ with the CHARMM 21.3 parameter set and a dielectric
was 280 V. Experiments were performed with an injection energy of constant of 1.0. The 960 ps simulations were started from either fully
500 eV. Collisions with the buffer gas cause a transient heating of the extended or fully helicald and ) conformations. Simulations were
ions as they enter the drift tube, but once the kinetic energy is ther- performed with a variety of basic sites protonated and acidic sites
malized, their internal degrees of freedom are rapidly equilibrated to ynprotonated as described in more detail below. Average collision cross
the buffer-gas temperature. Because of this rapid collisional heating sections were calculated using the empirically corrected exact hard
and cooling cycle the conformations probed in these studies are due tospheres scattering modélrom 50 snapshots taken from the last 35 ps
unsolvated peptide ions. There should not be a memory of the solution-of the simulations. If the structures sampled in the MD simulations
phase structure. After the ions exit the drift tube, they are passed throughmatch those present in the experiment, the measured and calculated
a quadrupole mass spectrometer and are then detected with a collisiorgross sections are expected to agree within 2%. All MD simulations

dynode and two stacked microchannel plates. The time taken by the terminated at room temperature, and the cross-section calculations were
ions to travel across the drift tube (the drift time) is determined using performed at room temperature.

an electrostatic shutter to permit 128 packets of ions to enter the
drift tube and recording the arrival-time distribution at the detector using Results
a multichannel scaler that is synchronized with the electrostatic shutter.
Peaks in the drift-time distributions are assigned by comparing their
collision cross sections (which are proportional to their drift tirffes)

Figure 2. Dirift-time distributions measured at 213 and at 300 K for peptides
2—4.

The specific peptides studied in this work are listed and
labeled in Table 1. Peptides-7, which have the general se-
quence ACAGSE(G)K(G)rK (n+ m=7), are identical except

(27) Andrew C. D.: Penel, S.; Jones, G. R.; Doig, APthteins: Struct., Funct., for the relative positions of the E and K residues. In all cases,
Genet.2001, 45, 449-455. ) drift-time distributions were recorded for the singly protonated
(28) Schafmeister C. E.; Po, J.; Verdine G.1. Am. Chem. SoQ00Q 122, . . .
5891-5892. peptide ions that are completely desolvated. Either one or two
(29) gfslfggusee, S.; Baldwin, R. Broc. Natl. Acad. Sci. U.S.A987, 84, 8898~ main peaks are present in the drift-time distributions for the
(30) Lyu, P. C.; Gans, P. J.; Kallenbach, N.RMol. Biol. 1992 223 343~ peptides listed in Table 1.
350. i ift-ti istributi
(31) Scholtz, J. M.; Qian, H.; Robbins, V. H.; Baldwin, R.Biochemistry1993 Flgure 2 shows the drift-time d|§tr|but|0ns measure.d at 213
32, 9668-9676. K and room temperature for peptid@s-4. The peaks in the
(32) Huyghues Despointes, B. M. P.; Baldwin, R.Biochemistryl997 36 drift-time distributions at around 1 ms are assigned to globular
(33) Shi, Z.; Olson, C. A.; Bell, A. J., Jr.; Kallenbach, N. Blopolymers2001, conformations (see below). These are observed for all three pep-
60, 366-380. ; ; ;
(34) Litowski, J. R.; Hodges, R. S. Biol. Chem2002 277, 37272-37279. tides. The peaks at around 1.1 ms are assigned to a helix (see
(35) Mason, E. A.; McDaniel, E. WTransport Properties of lons in Gases
Wiley: New York, 1988. (36) Kolafa, J. http://www.icpf.cas.cz/jiri/macsimus/default.htm.
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lysine substituted by a more basic arginine residue. No helix
peak is observed for this peptide at room temperature. At 213
K, the helix content is similar to that for peptide(E7K11),
which also has the EK pair in the+4 positions. A small third
peak at a higher drift time (around 1.17 ms) appears around
213 K. This small third peak is only observed for peptides
and 10. For peptide4, the third peak appears below 193 K.

5 MD simulations were performed in order to obtain cross
sections for trial conformations to compare with the measured
cross sections. In the gas phase, protonation at the amide car-
208K bonyl group is expected to be competitive to that of a lysine
side chain and the proton may become mobile (rapidly jumping
from one site to another) when the internal energy of the ion is
high. At room temperature and below, however, if one site is
significantly more basic than the others, the proton is expected

173K
X5

7

213K

Relative Intensity
F %

0.90 1_:)0 1_'10 1"20 to be localized. The peptides studied here contain residues with
Drift time (ms) poth bgsic and aciqlic side chains, and t.here i§ the p.ossibility of
Figure 3. Drift-time distributions measured for peptid@at 173 and 213 lon-pair and Sf’zllt-b_rldge formation. Studies of ion-pair and salt-
K and room temperature. bridge formation in small peptides have shown that they are
often energetically competitive with the neutral forms. Since it
be|ow), and these peaks are observed for pepmd4 at is not pOSSible to pl’ediCt which forms will be energetically

213 K but not for2. Both sets of peaks are broader than expected favored (and this may well be a function of the conformation),
for a single conformation, indicating that a distribution of Simulations were performed with a variety of basic sites pro-
slightly different globular and helical conformations contribute tonated and acidic sites deprotonated: (i) both lysine residues
to the experimental measurements. At room temperature theProtonated and the glutamic acid residue deprotonated; (ii) a
helix peak at around 1.1 ms is observed only for pepide  neutral EK pair with the C-terminus K protonated; (iii) the C-ter-
(E7K12) where the EK pair is registered in gint+5 arrange- minus K and E neutral and the middle K protonated; and (iv)
ment. The helix peak was also observed for peptd@s7K11), the C terminus deprotonated and the two K residues protonated.
5 (E7K10),8 (E7), and10 (E7K11R) at 213 K but not at room  When the EK pair are neutral, they do not interact strongly
temperature. The helix for the unsubstituted peptidéso melts ~ enough in the simulations (they became uncoupled and uncor-
below room temperature. Pepti@éE7K12) is the only peptide  related). Since the experimental results clearly show evidence
studied here with a helix peak at room temperature. As the Of strong interactions between the residues in the EK pair, the
temperature is raised further, the helix for peptidaso melts. failure to observe these interactions in the simulations when
At 393 K, the drift time distributions for all the peptides consist the E and K residues are neutral either means that the E and K
of a single narrow peak. The room-temperature cross sectionsfesidues must form a more strongly interacting ion pair (in both

of the globular conformations of peptid@s-7 and 9 are all the simulations and the experiments) or that there is a deficiency
similar and lie between 238 and 244.A in the force field and the interaction between a neutral EK pair
Table 1 shows the helix content measured for peptldes) is underestimated. We discuss ion-pair formation in more detail

at a drift-tube temperature of 213 K, where the conversion below (there is some evidence in support of this). In the fol-
between the globular and helical structures is slow compared lowing we focus mainly on the simulations where the E and K
to the experimental time scale. The globule is present for all are in the ion-pair form and interact, because these seem most
peptides while the feature assigned to the helix is only presentrelevant to our experimental results.

for some of them. The percent helix in Table 1 is the area of Two main types of low-energy conformation were found in
the peak assigned to helical conformation divided by the areathe simulations: helices and globules. The relative energies of

of both peaks. For peptid&s(with the EK pair ati,i+6) and6 the lowest energy forms of these two conformations are within
(i,i+2) no helix is observed. These peptides have the EK pair 20 kJ moi? for peptides2—7. In view of the uncertainties
arranged so that any interactions between them are lebixd associated with force field calculations (see below for a dis-
) disrupting. The helix content for peptidBsi,i+3), 4 (i,i+4), cussion), we regard these conformations to be virtually isoen-
and3 (i,i+5) is 5, 12, and 24%, respectively. Thus, the highest ergetic and attempt to draw no conclusions from the energy
amount of helix is observed when the EK pair is inidr-5 differences. Figure 4 shows some representative snapshots of

arrangement. If the K residue of the EK pair is removed (peptide the low energy conformations found in the simulations for

8), the helix content decreases significantly compared to that peptide3 (E7K12), peptidet (E7K11), and peptid® (globule).

for peptide3. Note that no helix is observed for peptidenvhere For comparison, Figure 4a shows an ideathelix for peptide

the EK pair isi,i+4, but their positions are reversed. No helix 4 (E7K11) and Figure 4b shows an ideahelix for peptide3

is also observed for peptid® where the C-terminus lysine is  (E7K12). The calculated cross sections for the idehklix and

moved to the N terminus. Protonation at the N terminus is ideala-helix are 255 and 300 Arespectively. A representative

expected to destabilize the helical state through unfavorable snapshot from the lowest energy globule found in the simula-

electrostatic interactions with the helix dipole (see below). tions for peptide (the peptide that has the K at the N terminus)
Figure 3 shows the drift-time distributions measured for pep- is shown in Figure 4c. The average cross section for this globular

tide 10. PeptidelOis similar to peptidet but has the C-terminus  conformation (taken from the last 35 ps of the simulation) is

2780 J. AM. CHEM. SOC. = VOL. 126, NO. 9, 2004
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Figure 4. Representative structures for peptidsd, and9: (a) ideala-helix for peptide3 (calculated cross section, 30)A(b) idealz-helix (255 £2);
(c) snapshot from the lowest energy simulation for pepidglobule) (244 R); (d) snapshot from the lowest energy simulation for pepBgE7K12) (274
A?2); (e) snapshot from the lowest energy simulation for pepfidealculated cross section) (26)A

247 R2. This is slightly larger than the measured cross section (265 A?) is smaller than that for peptid®(274 A?2) because of
for the peak assigned to the globule (243).AThe discrepancy  the distorted N terminus as evident in Figure 4e. It is obvious
(which is attributed to MD not effectively locating compact low- from Figure 2 that the helix peak for peptidehas a cross
energy globular conformations) is discussed below. For peptidessection that is slightly smaller than that for pept&lehe helix
2—7 the measured cross sections for the globule were-238 peak for peptide4 melts below room temperature; however,
244 R, and the average cross sections from the lowest energythe cross section extrapolated to room temperature from the low-
simulations yielding globular conformations were 24261 A2, temperature measurements is 267 Fhis is in reasonably good

A snapshot of the lowest energy conformation found in MD agreement with the average cross section calculated from the
simulations for peptid® (E7K12) is shown in Figure 4d. This  simulations for this peptide. While we only discuss the lowest
conformation appears to behelical in the middle and-helical energy conformations found in the simulations here, there are
at the ends. The calculated average cross section (27Hed many slightly higher energy conformations (with slightly
between the values calculated for idealand a-helices (255 different structures) found in the simulations that also match
and 300 &), and it is in good agreement with the value the measured cross sections. The widths of the peaks in the
measured for the helix peak for this peptide at room temperaturedrift-time distributions indicate that more than one conformation
(273 A2). A snapshot of the lowest energy conformation found contributes to the experimental measurements.
in MD simulations for peptidel (E7K11) is shown in Figure The extrapolated cross section for the small low-temperature
4e. This conformation appears to tehelix with a distorted N peak observed in the drift-time distribution of peptidles 286
terminus. The calculated average cross section for this confor-A2. This peak was only observed at low temperatures for
mation is 265 & The calculated cross section for peptitle  peptides4 and 10 which have the EK pair in ari,i+4

J. AM. CHEM. SOC. = VOL. 126, NO. 9, 2004 2781
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arrangement. It is plausible that this peak corresponds to anglobules. A variety of different helical conformations were
a-helical structure: the measured cross section is close to thatfound, and we comment on this further below. At this point,
for the ideal (E7K11)p-helix (300 A?), and it is only observed  the important result is that the helices are expected to have larger
for peptides with an,i+4 arrangement of the EK pair. cross sections than the globules and that the calculated cross
sections for the helices are close to the measured values for the
second main feature in the drift-time distributiofisHairpins,

As indicated above, the two main peaks identified in the drift- a conformation that seems plausible for peptides in the size range
time distributions for the peptides in Table 1 are assigned to examined here, are not a favorable structure for charged peptides
globular and helical conformations. These assignments are basegh vacuo. We have not yet been able to design a sjabiairpin
on prior studies (for example, the two peaks present for un- or a stable S-shaped antiparajfiesheet, even when up to two
substituted peptidé were previously assigned to a helix and disulfide bridges are incorporatét For protonated peptides,
globule in ref 16) and on a comparison of measured and self-solvation of the charge drives the hairpin to collapse into
calculated cross sections performed as part of this work. The a globule. On the other hand, recent electric deflection measure-
globular conformation (a compact random-looking three- ments suggest thgtstructures are the preferred room-temper-
dimensional structure) is the only one that has a cross sectionature conformations for neutral (i.e. uncharged) alanine-based
small enough to match the cross section for the peak at shortpeptides in the gas pha%eOnly the g-structures have low
drift times in the drift-time distributions. MD simulations have enough dipole moments to match the measured values.
trouble finding compact low-energy globular conformations, and |y symmary, all the available evidence is consistent with the
the low-energy globular conformations derived from MD  ggsignment of the two main features observed in the drift-time
simulations often have cross sections that are slightly larger thangistriputions of the peptides studied here to a globular confor-
the measured quantities. In the present case, the average Cros$ation and a helix. The nature of the helia, (z, or some
section from the lowest energy simulation for peptRi¢the combination thereof) still needs to be resolved.

peptide tgat has thet_ K "_’“ ;Tg_ g\/te;mmm) IS t2|427§“d t?ﬁ i Table 1shows the helix content measured for the peptides
Measured cross section Is € haverecently shownthat 44 a¢ 4 drift-tube temperature of 213 K, where the conversion

a genetlc. algorithm can find compact low-energy globular between the globular and helical structures is slow compared
conformations that have cross sections that closely match the

. . to the experimental time scale. The globule is present for all
experimental value¥. However, these calculations are compu-

tationall . dth t perf d here b (%Jeptides while the helix is only present for some of them. At
ationally €xpensive, and they were not performed here becaus igher temperatures the peak due to the helix melts and a single
the assignment to globular conformations is not in question.

The larger cr tions for th nd main feature in th peak is observed in the drift-time distribution for most peptides.
1€ 1arger cross sectons for the seco ain feature eOnly peptide3 (the substituted peptide with the largest percent
drift-time distributions indicates an extended structure (or a

. helix at 213 K) shows a helical peak at room temperature. At
famlly of closely related extepded strgctures). Peptitied are 393 K, the drift time distributions for all the peptides consist
identical except for the relative positions of E and K residues.

Th lative intensity of th K with the hiaher drift ti of a single narrow peak, indicating that there is only one
€ refative intensity ot the peak wi € higher drifttime -,y tormation present or that rapid conformational averaging
varied from 0 to 24% for these peptides. The variations in the

. _occurs. If the time scale for isomerization is much shorter than
abundance of this peak suggests an extended structure WhlcrEhe drift time, the measured drift time is a time average of the

allows favqrable |'n.teract|ons. petween the E and K residues atcom‘ormations sampled during transit through the drift tube. The
some relatl\_/g positions such !asi-S be_tter thar_l fqr othgrs, such measured cross section for peptRiat 373 K is 246 &, while
asi,i+6 andi,i+2. The peak V.V'th the hlgher dr_|ft time disappears for the other sequence isomers it is 2288 A2, suggesting a
completely when _the terml_nal K reS|dl_Je is moved from C significant helix content for peptid&even at high temperatures.
terminus to N terminus (peptid®, suggesting that the extended . . .
structure is stabilized by a positive charge at the C terminus. The resul@s in Table 1 clearly S,hOW that the |ntroduct|or1 of
Switching the position ba K residue between the C terminus E and K_re5|dues reduces the helical content (_)f the subs_t|tuted
and the N terminus should not make much difference to the AG peptu_jes cqmpared to that_ of the unsubsytuted p(_annde
Even a single isolated glutamic acid placed in the middle of

stability of ag-hairpin or-sheet conformation. In a helix, the . S :
C terminus is the negative end of the helix macro-dipole, and peptide8 significantly decreases the amount of helix present.
In solution, the helix propensities for E and K are higher than

a positive charge near the C terminus stabilizes the helix byf G 4344 This is evidentl h h E and K learl

favorable interaction with the macro-dipcf&° Thus a basic ors. h i ('js IS evi enthy noét eEcasg Kerbe. h ?qn arel Ce"?‘;y

residue (such as K or R) at the C terminus is expected to stabilizeMOr® Nelx- |srupt|r_19 than - Eand 1 oth have polar sice
hains and can disrupt helix formation by competing for

the helical state, and a basic residue at the N terminus is eXpeCte@aCkbone hydrogen bonding sites and by helping to stabilize

to destabilize the helix through unfavorable interactions with . -

the helix macro-dipole. the globular conformation. In the case of pep@jéhe E residue
Two main conformations have emerged from the MD and the K at the C terminus arg+9 which is not favorable

simulations performed on the peptides studied here: helices anafhOr helix formation, so this interaction could also help disrupt

elix formation. Capping the side chain of the glutamic acid in

(37) Damsbo, M.; Kinnear, B. S.; Hartings, M. R.; Ruhoff, P. T.; Jarrold, M.  peptide8 with a benzyl group increases the helix content at
F.; Ratner, M. A. An Application of Evolutionary Algorithm Methods to

Discussion

Polypeptide Folding: Comparison with Experimental Results for Unsolvated

Ac-(Ala-Gly-Gly)s-Lys+H™. Proc. Natl. Acad. Sci. U.S.Asubmitted for (41) Sudha, R.; Schneider, J.; Jarrold, M. F. Unpublished results.

publication. (42) Dugourd, Ph.; Antoine, R.; Breaux, G.; Broyer, M.; Jarrold, M. F. Entropic
(38) Blagdon, D. E.; Goodman, MBiopolymers1975 14, 241—-245. Stabilization of Isolate@-SheetsPhys. Re. Lett, submitted for publication.
(39) Ihara, S.; Ooi, T.; Takahashi, Biopolymers1982 21, 131-145. (43) Chakrabartty, A.; Kortemme, T.; Baldwin, R. Protein Sci.1994 3, 843—
(40) Shoemaker, K. R.; Kim, P. S.; York, E. J.; Stewart, J. M.; Baldwin, R. L. 852.

Nature 1987, 326, 563-567. (44) O'Neil, K. T.; DeGrado, W. FSciencel99Q 250, 646-651.
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213 K to 19%. This helix content is still significantly less than pair. Thei,i+4 arrangement also allows favorable interactions
for unsubstituted peptide presumably because of the presence between the EK pair in a-helix.
of a bulky benzyl group. However, the observed increase in  Because of the size of the systems studied here, the MD
helix content on blocking the E residue is consistent with the simulations must be performed with a classical force field. Force
explanation given above that the polar side chains disrupt helix fields are known to be deficient in a number of ways, so the
formation in vacuo. results must be treated with caution. In the present case we are
The helix content of peptid&0, which has an R residue at  concerned with identifying the main conformations (which have
the C terminus, is similar to that of peptidet 213 K. Peptides ~ been identified as helices and globules) and in interpreting the
4 and10 are identical except the C-terminal K 4his replaced cross section to obtain more information about the nature of
with R in peptidel0. Arginine is significantly more basic than  the helices that are present:helices andr-helices are expected
lysine. Hence, in peptidelO, the protonation site should to have significantly different collision cross sections. Note,
definitely be the R residue at the C terminus and not the lysine however, that there is already a strong indication that there is a
residue at the 11th position. In the helical form of peptide  7=-helix preference for these peptides from the studies of the
the protonation site is still expected to be the C-terminus lysine, percent helix as a function of the relative positions of the EK
because protonation at this site allows favorable interactions pair. The cross sections for the helical peaks of peptiiasd
with the helix macro-dipole that stabilize the helical state. The 4 lie between those calculated for ideal and 7-helices. For
experimental observation that the helix content of peptitles peptide 3 (the peptide with the largest percent helix) the
and10 are similar supports this idea. As we discuss below, the conformation in the lowest energy simulationsishelical in
EK pair in peptidegt and 10 may form an ion pair (at least in ~ the middle ando-helical at the ends. The calculated average
the helical conformations); thus, it is possible that both K cross section for this conformation is in good agreement with
residues in peptidd are protonated. the measured cross section. The presence of-tirgical section
Formation of a zwitterion in the gas phase is known to be in the middle of this conformation is consistent with the percent
marginal with argininé>47 so formation of an unsolvated EK  helix measurements that indicaterdnelix preference for these
ion pair seems unlikely (because lysine is considerably less basidPeptides. For peptidd, the measured cross section is slightly
than arginine). However, in the present case the ion pair may smaller than for peptidg; the simulations suggest that this may
be stabilized by interactions with the helix macro-dipole. When be due to a distortion of the N terminus. The average cross
the positions of the E and K are reversed in pepfideo that ~ Section from the lowest energy simulation for peptid@atches
interactions with the helix macro-dipole destabilize the ion pair), the cross section for the helix peak of this peptide (extrapolated
no helix is observed. This observation is consistent with ion- t0 room temperature). There is also a substantidlelical
pair formation in the E7K12 peptide, but not proof. In the component in the simulations for peptide Thus, it appears
simulations, the EK pair did not couple in their neutral forms, that even when the EK pair aig+4 there is still az-helix
and it was necessary to assume that the EK pair formed an ionpreference. Small low-intensity peaks emerge at large drift times
pair in order to get them to interact significantly (as indicated for peptides4 and10at low temperatures. Both these peptides
by the experimental results). However, the fact that the neutral have the EK pair in ani+4 arrangement that can stabilize both
EK pair do not interact strongly enough may be due to a ©-andz-helices. The extrapolated cross sections for these peaks
deficiency in the force field rather than an indication of ion- are close to the value expected for an idestelix. Thus, it
pair formation. seems likely that these peaks are due to conformations that are
The helix content of AG peptides in Table 1 varies from 0 predominantlya-helical and that these conformations pecome
to 24%, depending on the relative position of the E and K frozen in at low temperatures. The abundance ofdtHeelical

residues. The highest amount of helix is observed when the EK c0MPonent is significantly smaller than the abundance of the
pair is in ani,i+5 arrangement. Fari+2 andi,i+6 no helix is s-helical component that occurs at shorter drift time. This is

observed. If the K residue of the EK pair is removed, the helix consistent with the idea that tlehelix is the preferred helical

content decreases significantly. Finally, no helix is observed conformation for the alanine/glycine peptides.
for peptide7, where the EK pair is,i+4, but their positions

are reversed. All these observations are consistent with the
notion that some arrangements of the EK pair are helix-  lon-mobility measurements, substitution studies, and molec-
stabilizing and some are helix-destabilizing. The fact that the ular dynamics simulations have been used to probe helix for-
largest percent helix is observed where the EK pair are registeredmation in a series of alanine/glycine peptides. Incorporation of
i,i+5, rather thani,i+4, suggests that the preferred helical residues with polar side chains into the Ag&\.K-+H™ peptide
conformation is ar-helix rather than aw-helix (at least in the reduces the amount of helix present, presumably because hydro-
center of the peptide where the EK pair are located). As gen bonding between the backbone and the polar side chains
described above, for an idealhelix thei,i+5 arrangement has  stabilizes the nonhelical globular conformations. Glutamic acid
the E and K side chains on opposite faces of the helix and and lysine may form an ion pair that is stabilized by interactions
pointing away from each other, while for an ideahelix the with the helix macro-dipole.

i,i+5 arrangement allows favorable interactions between the EK  pgrcent helix measurements performed as a function of the

relative positions of an EK pair indicatesahelix preference

Summary and Conclusions

45) gg*c‘”liggap-l?g Price, W -+ Jockusch, R- A.; Williams, EXRm. Chem. for these peptides. The largest percent helix is observed for the

(46) Strittmatter, E. F.; Williams, E. RJ. Phys. Chem. 200Q 104, 6069- E7K12 peptide which has &@r+5 EK pair. This peptide is the
6076 ; ; ;

(47) Julian R. R.: Hodyss, R.: Beauchamp, JJLAM. Chem. So001, 123 only one studied here where the helix survives to_ above room
3577-3583. temperature. Cross sections measured for the helical conforma-
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tions of peptides with ani+4 andi,i+5 EK pair lie between preference for a-helical arrangement is residue-dependent. We
those calculated for ideal- and -helices and are in agree- are currently examining-/-helix preferences for other resi-
ment with average cross sections derived from molecular dues, particularly those that are abundant in transmembrane
dynamics simulations. In the molecular dynamics simulations helices whereo/r transitions could have important conse-
the E7K12 peptide has a centrahelical region witha-helical guences.

ends. There is evidence for the formation of a predominantly Acknowledgment. We gratefully acknowledge the support
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