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Gas Phase Polyalanine: Assessment bf~1 + 3 andi — i + 4 Helical Turns in
[Alan + 4H]*" (n = 29-49) lon

Anne E. Counterman’ and David E. Clemmer*
Department of Chemistry, Indiana Umirsity, Bloomington, Indiana 47405
Receied: June 6, 2002; In Final Form: September 4, 2002

The structures of a series of quadruply protonated polyalanine peptides {[A&l]*", n = 29—49) have

been examined in the gas phase using high-pressure drift tube/mass spectrometry and molecular modeling
techniques. The results indicate that [Ata 4H]*" ions favor stretched helices:— i + 3 andi — i + 4
hydrogen-bonding interactions are significant in stabilizing the extended structures. Experiment and theory
indicate that the fraction df— i + 4 interactions increases with increasing polymer length. It appears that

i — i + 3 interactions stabilize smaller polymers, where repulsive Coulombic interactions are greater. For
[Alags + 4H]*", ~35% of hydrogen-bonding interactions are associatediwith + 3 contacts, while~65%
correspond to — i + 4 associations. In the larger [Atat+ 4H]*" polymer,~85% of residues are involved

ini — i + 4 hydrogen-bonding interactions.

Introduction 3 ,-helix

n-helix

Since Pauling’s original prediction of-helices (networks of N-terminus
i — i + 4 hydrogen bonds along a polypeptide chain, where
corresponds to each residue along the polymer ledgth),
significant effort has been made to understand factors that
influence helix formation. Figure 1 illustrates three types of
helices that are found in the architecture of proteinsjoalilix,
characterized by— i + 3 interactions; am-helix, havingi —

i + 4 hydrogen bonds; andrahelix, withi —i + 5 interactions.
Relative to the &- anda-helices, ther-helix is less common, 4
typically established only for short regions of sequence. For a C-terminus » s
given polymer length, the;3-helix allows one more hydrogen i i3 i—>itd

globule

bond to be formed than ar-helical configuration. Howeve, Figure 1. Schematic of &, a-, andz-helical conformations and a
— i + 3 hydrogen bonds are strained relativeite~ i + 4 representative globular conformer obtained for pAla- H]* by

bonds? Studies of alanine-rich peptides in solution by NMR Samuelson and Martyna (ref 4). Dotted lines are used to represent
suggest thai — i + 4 hydrogen-bonding networks unfold hydrogen bonds.
through structures that are stabilized by networks-efi + 3

hydrogen bonds3y¢-helical intermediated Theory also sup- | + 4 hydrogen bonding). This study is related to our recent
ports this mechanisrhAlthough the relationship af- and 3¢ report of several conformer families of gas phas_e pon_aIanlne
helices in folding is emerging, the intrinsic properties associated Peptides ([Ala + zH]*"; n = 5-49, z = 1-4), including
with the polypeptide chain are not resolv&d® Molecular extendedo-helices and a family of folded states attributed to
dynamics (MD) studies of Ala(n = 8, 10, and 11) in vacuo  hinged helix coils? . _ _
indicate thata-helical forms should be more stable thagp-3 Assessment of peptide structure in the gas phase is possible
helices by at least-1 kcal mol? residue,31%while higher ~ because of key advances in biological ion souteEsor MS
level quantum chemical calculations suggest that ten8lix and the development of structural techniques, including several
should be more stable by 6.5 and 4.9 kcal Tdbr 6 and 10 ion molecule reactivity probes, such as hydrogdauterium
residue polymerét exchangé?® small molecule adductiof¥;'”and gas phase basicity
Here, we report combined drift tube/mass spectrometry (MS) Measurements;:1e determination of collision- and photon-
and molecular modeling studies of [Ala- 4H]** (n = 29— induced fragmentation pattertfsinetic energy release distribu-
49) ions. These results indicate that in the gas phasej + tions2% microscopy studies of surfaces exposed to high-energy

3 andi — i + 4 hydrogen-bonding interactions are important 10N impacts;* and measurements of collision cross-sections by
in stabilizing extended structures for polymers containing 29 10N scattering’ and ion mobility*>2°techniques. It is noteworthy

to ~49 residues. For small sizes suchras: 32—36, ~30— that in some cases, gas phase ions appear to retain some
40% of alanine residues participate iin— i + 3 hydrogen elements of structure found in solutiéfr?® in other cases, it
bonding; for larger polymers (e.gn = 48), conformers are ~ @ppears that it is possible to stabilize structures in the gas phase

mostly a-helical (~85% of alanine residues participateiin- that have not been observed in solutih. _
The current studies are also related to a number of studies of

* Current address: Department of Chemistry, Pennsylvania State Uni- N€lix stability in gas phase alanine-based PeF)ﬂéQ?%QC'3932
versity, University Park, PA 16802. Despite the high helix propensity of alanine in soluti8fila,
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+ HJ]*™ (n ~ 10-20) ions produced by electrospray ionization be precisely measured. The reproducibility of measured cross-
favor roughly spherical, globular states, in which the protonated sections is excellent; the percent relative uncertainty of any two
N-terminal amino group is solvated by electronegative backbone measurements is typically less tha.0%. Measurements were
carbonyl group$%31This type of structure is also illustrated in  performed at lowE/N such that mobilities are independent of
Figure 1. Several other studies of peptide ion conformation the applied drift field, and drift velocities are small compared
report evidence for helicé89-2°°Hudgins, Ratner, and Jarrold  with the thermal velocity of the buffer gas. Under these
found that by adding a single basic lysine residue as the conditions, ions are not expected to align in the drift tube and
C-terminal residue (i.e., Alays sequences),— i + 4 helices we assume that collision cross-sections correspond to an average
were stabilized for singly charged iofs.The C-terminal of all possible orientations.

location of a proton allows favorable interaction with the helix ~ To emphasize structural differences between different con-
macrodipole. Other studies have examined the stability of former families and remove the molecular weight dependence
alanine helices with respect to number and position of substitutedof cross-section, we previously defined an effective asphericity
glycine residues (which are helix destabilizifg)ror example, scale!? Effective asphericities for different peptide lengting (
recent gas phase studies show evidence that[AGG)sK + are determined from experimental or calculated cross sections
H]™ peptides unfold through an untwisted helical state that (Q) using

involves somé — i + 6 hydrogen bonding*
Qaspz Q- Qsphergl(glinear_ Qspher; 3)

whereQsphere@Nd Qjinear are cross-sections calculated from fits
to globular and extended linear geometigéghe asphericity

of an ion provides insight about how closely the geometry
resembles a tightly packed spherical conformation. A tightly
folded compact globular family is defined to hav&aspvalue

of 0.0, and a completely extended linear string geometry is
assigned2;sp= 1.0.

Information about the number of different conformations that
are present within a resolved peak can be obtained by comparing
experimental peak shapes to the peak shape that is calculated
from the transport equatict:

Experimental Section

lon Mobility/Time-of-Flight Measurements. lon mobility/
time-of-flight methods for analyzing peptide mixtures have been
described previousl§E—37 only a brief description is given here.
Solutions of polyalanine (Sigma, nominal 1668000 mol wt
range; 5.6x 107° to 2.8 x 10% M in a 49:49:2 water:
acetonitrile:acetic acid mixture) were electrosprdyed atmo-
spheric pressure into a differentially pumped desolvation region,
and ions were introduced into the drift region through an ion
channeP® Pulses (30Qus in duration) of ions were gated into
the drift region, where the ions drift58.23 cm through-160
Torr of He buffer gas under the influence of a uniform 137.4 V
cm~1 field. lons exiting the drift region were focused into the 2
source region of an orthogonal reflectron time-of-flight mass ¢ t) = f _C [vp + (L/D)] ’1 - ex;(—o)] x
spectrometer. Here, high-voltage pulses synchronous with the (Dt)ll2 4Dt
initial drift gate pulses were used to initiat®z measurements. —(L—v t)z
Because flight times in the mass spectrometer are much shorter ex;{—D) P(t) dt. (4)
than drift times in the drift tube, hundreds of flighime 4Dt P
distributions can be recorded for each pulse of ions that is gated
into the drift tube. Data were acquired using a nested acquisition
system that was developed in-house and described previusly.

Experimental Collision Cross-Sections and Asphericities.
The measured arrival times include the time required for ions
to travel through drift gas as well as other regions of the
instrument. To determine mobilities and cross-sections, it is
necessary to correct the arrival times by the time ions spend in
other regions of the instrument. These corrections are sma#l (80
140us) relative to the 1620 ms drift times. The drift velocity
(vp) of an ion is related to the mobilityk) and electric field
strength E) by vp = KE. Measurements are typically derived
from the corrected arrival times and reported as reduced
mobilities (Kg) or collision cross-sectionsQY), given by the
following relations®”

Here, ®(t) is the intensity of ions passing through the exit
aperture as a function of time, is the entrance aperture radius,
vp is the measured drift velocityC is a constantP(tp) dt, is
the distribution function for the pulse of ions entering the drift
tube, andD is the diffusion constarf€ When the experimental
arrival time distribution is broader than the calculated distribu-
tion, at least two conformer types having similar collision cross-
sections must be present or conformers must be interconverting
over the time scale of the experiment. In cases where the
experimental and calculated distributions are essentially identi-
cal, the agreement suggests that a single conformer type may
be present. However, we cannot rule out the possibility that
two conformers have identical cross-sections.
Molecular Modeling. The [Ala, + 3H]*" (n = 18, 24, 27,
30, and 36) and [Ala+ 4H]*" (n = 32, 36, 44, and 48) ions
— were modeled with the Insightll molecular modeling software
Ko = (L/t5E) (P/760) (273.2T) (1) using the extensible systematic force field (ESER} described
previously!? In most casesg-helical starting conformations
were used (i.e., all torsion angles were fixedte= —57° and
12 = —47°). MD simulations were performed at 300 K for 0.25
Q :(1871') z€ [l+i]1/2E@Ll ) 1I’/I)S (and l)Jp to 1.0 ns), with 1 ?s time step. A number of
16 kn¥2|m mg] L P 273.2N simulations were also run usingghelical and extended starting
structures.
wheretp is the drift time (determined from the maximum of As in simulations of [Alg + 3H]*" ions, consideration of
each peak)T and P are the temperature and pressure of the many different initial charge site configurations is imperative.
buffer gas, respectively; is the drift tube lengthzeis the ion’s For the [Alas + 4H]*" ion, there are 58 905 [36!/(4k (36-
charge;N is the neutral number densitk, is Boltzmann’'s 4)1)] possible charge assignments, assuming that protonation
constant; andn and mg are the masses of the ion and buffer sites are fixed at the N terminus or amide groups on the polymer
gas, respectively. All of the parameteks,L, P, T, andtp, can backbone”* To sample many different conformations, at least

and
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Figure 2. Plot of drift and flight times for a small region (corresponding

fo mz 675-825) of a polyalanine mixture. The data have been Fidure 3. Effective asphericities for [Alat+ 3H*" (n= 24-41, open
normalized to a)buffer gpasypressure of 163.5 Torr and electric field Q|amondsn = 18-39, open circles) and [Alat 4HI™ (open "'a.”g.'_es)
strength of 137.4 V ct-. All peaks assignable to polyalanine peptides 10nS @s a function of polymer length. See text for the definition of
are labeled using the notatiof* (wheren is the number of alanines  €ffective asphericity. Calculated asphericities are sh03v+vn for model
in the polymer chain and is the protonation state). Unlabeled peaks Structures obtained from MD simulations for [Ale 3HF" hinged
correspond to unassignable features that are obsenrad=at4 units helix coil (solid diamondsn = 24, 30, 32, 36, and 40) and helical
above each major peak. The mass spectrum shown on the left Wasconzgrmers (solid circlesn = 24, 30, and 36) (ref 12) and [Ala-
obtained by summing intensity information across all drift times for 4H] elongated_h(_allcal conformers (solid trlangles::_&_?_, 36, 44,
each flight time. On the right are drift time distributions for [Adat- and _48)- Uncertgmnes correspond to one standard deviation of the cross-
4HJ*, [Alago + 4H]*, and [Alas, + 4H]*" obtained by taking slices section calculations for the range of_st_a}ble states found from _rnolecular
through the two-dimensional data set. Arrows indicate the drift time M°deling. Also shown are asphericities for [Mays + H]" ions
positions expected for ideak-helical (left) and Z-helical (right) containing 5-19 Ala residues (denoted as), derived from relative
geometries. cross-sections rep_orted previously by I—!udglns et _al. (ref 31), Whlch
have been normalized to account for differences in mass associated
. . . . with the Lys residue. The solid and dashed lines correspond to
10 widely different charge site assignments were chosen for ¢4 iculated values for 650 residue ideabi-helical @=-57 9=
each polymer size modeled. —47) and 3¢helical ¢ = —4%, v = —26°) Ala, geometries,
Calculation of Cross-Section for Trial Conformers. We respectively.

have calculated collision cross-sections for all trial conformers

as described previousl.These values were calculated using for the [Alaso + 4H]** ion is nearly identical td, = 3091 n?

the exact hard spheres scattering method (EF3I®)t has been -1 51 for [Alago + 3H]3.

normalized to values expected from a more rigorous trajectory  Figure 2 also shows drift time distributions for the [4dar
calculatiort® based on a comparison of values obtained by the 4H)**, [Alas + 4H]*", and [Alay, + 4H]*" ions (z = 681.0,

two methods for Algo-helices fromn = 10 to 503! Drift times 716.5, and 752.1, respectively) obtained by integrating the two-
expected for calculated geometries can be derived for compari-dimensional data set over narrow regions of flight time. As
son with experimental drift time distributions using the experi- indicated in the figure, the drift time distributions for the [Ala

mental conditions, calculated cross-section, and eq 2. + 4H]** ions are dominated by narrow peaks having drift times
that are intermediate between times expected for ideand
Results and Discussion 3io-helical model geometries. In each distribution, an additional

broad, lower intensity feature is observed at lower drift times
Experimental Data and General Trends.Figure 2 shows  than the main peak; drift times of these features are similar to
a two-dimensional plot of nested ion mobility/time-of-flight data those that we calculated for the ideahelical conformer. The
recorded for a small region of the distribution of electrosprayed full widths at half-maximum (fwhm) of the main [Ala- 4H]**
polyalanine ions. The peaks that are observed fall into severalpeaks are narrowcomparable to those expected for the presence

types of conformer families: well-separated [Ata H]*, [Ala, of a single conformer typ&. The narrow width of the peaks
+ 2H]?*, and [Ala, + 3H]*" families and a low intensity series  can also be explained by the presence of multiple states that
of peaks corresponding to [Ala+ 4H]*" ions®*’ For example, interconvert rapidly as compared with the experimental time

peaks observed at flight times of 28 82 (m/z= 681.12), 29.65 scales.

us (m'z=716.71), and 30.02s (mz = 734.37) are assigned Experimental Asphericities. Figure 3 shows a region of

to [Alagg + 4H]** (having calculatedz.,cq= 680.95, isotopic effective asphericities derived from experimental cross-sections
average), [Algo + 4H]*" (Mzcq = 716.50), and [Alg + for the [Ala, + zH]?" (n = 18—49,z = 3 and 4) ions. On this
AH]* (m/zeaica = 734.28), respectively. Two discrete series of scale, individual [Ala + H]* ions, which have previously been
peaks are observed for [Ala- 3H]*" ions: a family having shown to be globular and tightly packéé3thaveQasp,values
higher mobilities than observed for the [Ala 2H]?+ family of ~0. The [Ala, + 2H]?" ions are also relatively compact and
and a family of lower mobility ions. We have previously haveQas,values that fall below the 0.15 limit shown. Several
assigned these families to folded hinged helix coil and extended general trends for the= 3 and 4 polymer families are apparent.

a-helical structured? For [Ala, + 3H]*" and [Ala, + 4H]** First, we note that within a family, asphericities appear to
ions having similamvz ratios, mobilities for [Ala + 4H]** increase with polymer length except at short polymer chain
ions are similar to those of the low-mobility [Ala+ 3H]* lengths. At these small sizes, the polymers are more aspherical

ions. For example, the value Kf = 3128 n¥ V1 s™1 derived than the average asphericity of the family. One expects that the
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Figure 5. Low energy geometries for salt bridge configurations of
[Alass + 4H]** in which the C terminus is deprotonated at the acidic
proton of the carboxylic acid moiety € 36), and protons are located

at 9, 18, 27, 35, 36 (calculated total energy-df11.4 kcal mat?); 12,

18, 24, 33, 35{94.2 kcal mot?); and 32, 33, 34, 35, 36+39.7 kcal
mol~1); these conformers were obtained from simulations initiated from
ideal a-helical geometries. Part (d) shows a representative low energy
geometry for the 32, 33, 34, 35, 36 (and deprotonated at carboxylic
acid group on 36) charge configuration (calculated total energyréf9

kcal mof?) obtained using an extended starting geometry.

of a mixture of 3¢ (i — i + 3) anda-helical { — i + 4)
hydrogen bonding. It is also possible that the presence of an
additional proton in [Ala + 4H]*" completely destabilizes the
helical forms found for the [Ala+ 3H]** conformers. Molec-
a-helix 3 o-helix extended ular modeling simulations were employed to investigate these

. . possibilities.
Figure 4. Part (a) shows four typical [Ak + 4H]*" conformers . . 2t .
resulting from 300 K MD simulations of the 1, 12, 24, 36 (calculated MD Simulations of [Alan + 4H]*" lons. Figure 4 (part a)

Q.spand total energy of 0.449 and68.2 kcal mot?, respectively); 1, shows the Io_vvest energy conformers obtair_led for_ four different
18, 27, 36 (0.467--78.6); 9, 18, 27, 36 (0.4406;96.2); and 9, 26, 31, charge configurations of [Alg + 4H]*" (simulations were

36 (0.449,-95.4) charge assignments in which calculations were started froma-helical structures). The overall appearance of
initiated from completelyo-helical starting structures. Calculated the conformers shows a high helical content, similar to results
asphericites of these conformers are in agreemeqiwith the experimentalyhtained for [Alag + 3H]3" ions12 However, because of the
value of 0.455. Part (b) shows typical [Alat 4H]* conformers for increased Coulombic repulsion between charges, initial i

the 1, 18, 27, 36 charge assignment obtained from simulations initiated . . . !
from a-helical (calculatedaspand total energy of 0.467 and78.6 + 4 helices unravel slightly. In particular, protonation at the N

kcal mol4, respectively), &-helical (0.463~78.3), and extended linear ~ terminus (e.g., the 1, 12, 24, 36 and 1, 18, 27, 36 conformers
starting structures (0.46%28.9). All other conditions of the simulation ~ shown) destabilizes both— i + 3 andi — i + 4 hydrogen
were identical to those used in part (a). The locations of N and C termini bonding in the N-terminal residues. Throughout the remainder
are indicated by “N” and “C", respectively#” symbols are used to of the polymer chain, a mixture of— i + 3 andi — i + 4
indicate the charge site positions. bonding is observed. This result is not unique to simulations
started frono-helical structures. Figure 4b compares conformers
larger coulomb repulsion associated with shorter chain lengths obtained for the 1, 18, 27, 36 charge assignment usihglical,
(for high charge states) may force these small polypeptide chains3;¢-helical, and extended initial structures. The lowest energy
to adopt more extended structures. For the low-mobility JAla conformers obtained fromyghelical starting structures contain
+ 3H]3* family, the asphericity of small polymers decreases almost identical fractions df— i + 3 andi — i + 4 hydrogen
fromn =18 ton = 22. Above this size, the asphericity increases bonds as those conformers obtained fromhelical starting
and values of2,spbecome similar to the calculated values for ~ structures. Examination of many replicate simulations started
ideal a-helices. As we reported previoudty(and as shown in  from ideala- or 3;¢-helices shows that the exact positions of
Figure 3), molecular modeling simulations lead to structures — i + 3 hydrogen bonds vary. Thus, we have not found the
that are dominated biy— i + 4 interactions and have calculated lowest energy conformers but appear to have found representa-
QaspValues that are in good agreement with experiment. Also tive low energy states. Conformers obtained by starting from
shown on this plot are asphericity values calculated from the an extended structure are less ordered and have higher calculated
relative cross-sections reported by Hudgins, Ratner, and Jarroldenergies; however, by 0.25 ns of simulation, nascent regions
for helical [Ala,Lys + H]* peptides’? These values agree with  of helical conformation usually become apparent. Simulations
asphericities that we calculated for ideathelices but are started from extended structures are limited by the ability of
substantially belovf2,s,values calculated for ideakg@helices. the calculations to sample different conformations over the time
Asphericities of the [Ala+ 4H]*" are intermediate between scale of the simulation. It should be noted that throughout the
calculated values fan- and 3g-helical forms. This implies that ~ simulations, it does not appear that the helix unravels from one
these ions may form stretchedhelices or may be comprised of the termini. Instead, the locations iof> i + 3 perturbation

MD starting
structure:



Gas Phase Polyalanine: Assessment of Helical Turns J. Phys. Chem. B, Vol. 106, No. 46, 20022049

22
- A
1.8 1

16{i5isd M
[ SRR e sssssslassssssssassnsanansnansnnn

1.4 A
12_5—)!“1*5

+
o
helix length per residue (A)

K‘gﬁ; 20 25 30 35 40 45 50

5

, .‘g

i
ey 1

-

l‘;

[= T =

o
Il

!
[Alay+4H*™  [Alay+4H]*  [Ala+4H]*  [Ala,+4H]*
8,16, 24, 32 9, 18, 27, 36 10, 20, 30, 40 11,22, 33, 44

Figure 6. Low energy geometries for [Afa+ 4H]*t (8, 16, 24, 32
proton configuration), [Alg + 4H]** (9, 18, 27, 36), [Ala, + 4H]**

(10, 20, 30, 40), and [Ala + 4H]*" (11, 22, 33, 44). All of these
[Ala, + 4H]*" conformers have proton configurations of the general
form n/4, n/2, 3n/4, n. Calculated asphericities for these conformers
are in good agreement with experiment (within the uncertainties shown
in Figure 3).
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or regions of extended structure (no backbone hydrogen
bonding) are variable, although there is a higher probability of
distortion near a charge site.

Consideration of Salt-Bridged Configurations.Our previ-
ous simulations indicated that [% 3HET e>'<tend9d hqlices. number of Ala residues
Gould not be_ represented by salt bridge Conflgura_tlons in which Figure 7. (a) Helix length per residue (A) as a function of polymer
the C terminus was deprotor_lated and four sites along the gi;a for model geometries of [Alar 3H]* and [Ala, + 4H]** that
backbone (including the N terminus) were protonafteBecause show good agreement with experimental collision cross-sections. The
salt-bridged forms are believed to be more prevalent for higher estimated uncertainty is less than 1.0 A over the entire helix length.
charge state ions, it is important to test this possibility for the The solid line is intended as a visual guide. Dashed lines show helix
[Ala, + 4H]** ions. We examined simulations for 10 salt- length per residue for ideal—i + 3 (3i), i — i + 4 (), andi — i

; . ; 4+ ; ; + 5 () helices. (b) Fraction of — i + 3 andi — i + 4 hydrogen
bridged Corjflguratlons of [Alg + 4HI™, in WhI.Ch f!ve bonding found in [Ala + 4H]*" conformations obtained from MD
backbone sites were protonated and the carboxylic acid 9rOUPg1 dies of thev4, 2, Av4, n (solid diamonds); 1rv2, 34, n (open

on the C terminus was deprotonated. Figure -5c ashows diamonds)n/3, n/2, 5n/6, n (solid triangles); and/6, n/3, 23, n (open
representative low-energy conformers obtained from simulations triangles) charge assignments. Solid lines are intended as a visual guide.
(started froma-helical structures) for three of the charge site Values shown are an average for the lowest energy 20 structures for
assignments. The two lowest energy geometries from the manyeach charge assignment.

salt-bridged configurations sampled during the calculations were

obtained by placing protons at= 9, 18, 27, 35, 36 (e.g., thatis substantially smaller than experiment. We concluded that
conformer 5a) of = 12, 18, 24, 33, 35 positions (conformer  Zwitterionic forms are not favored for [Alat 4H]*" ions.

5b) and removing the acidic proton on the carboxylic group of ~ Fraction of i —i + 3 andi —i + 4 Hydrogen Bonding in

the C terminus ait= 36. These low-energy conformers are not [Ala, + 4H]*" lons. We have also examined different charge
consistent with experiment; they have calculated cross-sectionssite configurations for [Ala + 4H]*" alanine polymers of
that are significantly higher (12 and 27%, respectively) than different lengths. Figure 6 shows representative low-energy
the experimental value. The conformers that showed the closesiconformers obtained for several polymer sizes: [AtadH]**
agreement with the experimen@ks, value were obtained by  n= 32, 36, 40, and 44. The simulations show thatithei +
placing protons at = 32, 33, 34, 35, 36 (and removing the 4 andi — i + 3 content of [Ala + 4H]*" conformers varies
acidic proton at 36) on am-helical starting structure; the  over the size range = 32—48. For small values of, high
resulting conformers (part ¢) have calculated cross-sectionsCoulombic repulsion between sites on [Ata4H]*t ions causes
slightly lower (~3%) than the experimental value. However, the system to utilize a higher fraction of~ i + 3 hydrogen

we feel that this structure is unlikely based on comparison of bonding. Thei — i + 3 networks allow the polymer chain to
calculated energies; conformer 5c¢ is higher in energy than 5aextend; this reduces coulomb repulsion while retaining many
and 5b by~71.7 and 54.5 kcal mol, respectively. Additionally, hydrogen-bonding interactions. These charge site configurations
5c is higher in energy than other geometries for the 32, 33, 34, have calculated asphericities that are in good agreement with
35, 36 (-36) charge configurations that were obtained using experiment; average calculated values are shown in Figure 3.
completely extended starting structures for simulations (5d). The A measure of the changesiia>i + 4 andi — i + 3 helical
globlike conformer shown in 5d was obtained under identical content that occur with polymer size can be obtained by
simulation conditions (except starting structure) as conformer examining the average length of the helix per residue (measured
5c but is 37.2 kcal mol lower in energy and has a cross-section along the helix axis) and the fraction iof>~i + 3 andi —i +

extended
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4 hydrogen bonding observed for each polymer length. Figure
7 summarizes these results. For [Al& 3H]*™ helices, the

conformer length per residue is essentially constant at a value

that is close to the 1.5 A value of an ideshelix. This value

is consistent with our previous simulations that showed that
conformers for each polymer size are comprised-60%i —

i + 4 hydrogen bonding). For [Alat- 4H]*" helical conformers,

Counterman and Clemmer

(7) Tirado-Rives, J.; Maxwell, D. S.; Jorgenson, W.JLAm. Chem.
Soc.1993 115 11596-11593.
(8) zZhang, L.; Hermans, J. Am. Chem. So&994 116, 11915-11921.
(9) Sheinerman, F. B.; Brooks, C. L., Il0. Am. Chem. Sod 995
117, 10098-10103.
(10) Wang, Y.; Kuczera, KJ. Phys. Chem. B997 101, 5205-5213.
(11) Topol, I. A.; Burt, S. K.; Deretey, E.; Tang, T.-H.; Perczel, A,;
Rashin, A.; Csizmadia, I. GI. Am. Chem. SoQ001, 123 6054.
(12) Counterman, A. E.; Clemmer, D. E.Am. Chem. So2001, 123

the length per residue is intermediate between those calculated 490,

for ideal o- and 3¢-helices. Values decline from = 32—36,
consistent with the relaxation of helical turns irite> i + 4
configurations with increasing polymer length.

Figure 7 also shows the average fractiori ef i + 3 andi
— i + 4 hydrogen bonds observed for various sizes of jAta
4H]*" model conformers having general protonation schemes
where charges are placed at approximatelyitke n/4, n/2,
3n/4, n; 1,n/2, 3n/4, n; n/3, n/2, 5n/6, n; andn/6, n/3, 2n/3, n.
Different polymer sizesn(= 32, 36, 44, and 48) were simulated
multiple times starting from completelg- and 3¢-helical

(13) Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C.
M. Sciencel989 246, 64.

(14) Karas, M.; Hillenkamp, FAnal. Chem1988 60, 2299-2301.

(15) (a) Winger, B. E.; Light-Wahl, K. J.; Rockwood, A. L.; Smith, R.
D. J. Am. Chem. So&992 114, 5897. (b) Suckau, D.; Shi, Y.; Beu, S. C.;
Senko, M. W.; Quinn, J. P.; Wampler, F. M.; McLafferty, F. \Rroc.
Natl. Acad. Sci. U.S.A1993 90, 790. (c) Wood, T. D. Chorush, R. A;
Wampler, F. M.; Little, D. P.; O’'Connor, P. B.; McLafferty, F. VIProc.
Natl. Acad. Sci. U.S.A1995 92, 2451. (d) Cassady, C. J.; Carr, S. R.
Mass Spectroml996 31, 247—254.

(16) Fye, J. L.; Woenckhaus, J.; Jarrold, MJFAm. Chem. So4998
120, 1327.

(17) (a) McLuckey, S. A.; Goeringer, D. Bnal. Chem1995 67, 2493.

structures. The averages of results are in good agreement withp) stephenson, J. L., Jr.; McLuckey, S. A.Am. Chem. Sod996 118

experimental asphericity values and have relatively low calcu-
lated energies (see, for instance, the conformers shown i
Figures 4 and 6). Ah = 32, the fraction of — i + 3 bonding

is ~25—40%; the number of residues not involvediif> i +

3 ori — i + 4 hydrogen bonding is also significant (up to
~18%). Asn increasesi, — i + 4 hydrogen bonding becomes
more favorable. By = 48, ~85% of residues are involved in

i — i + 4 hydrogen-bonding interactions. This is consistent with
a model in whichi — i + 3 hydrogen bonding is important in
stabilizing helices that are disrupted by Coulombic repulsion.
As the polymer length increases, Coulombic repulsion between

7390. (c) Stephenson, J. L., Jr.; McLuckey, S.Akal. Chem.1996 68,

n4026. (d) McLuckey, S. A.; Stephenson, J. L., Jr.; Asano, KA@l. Chem.

1998 70, 1198. (e) Stephenson, J. L., Jr.; McLuckey, S.JAAm. Soc.
Mass Spectroml998 9, 585.

(18) (a) Ogorzalek Loo, R. R.; Smith, R. D.Am. Soc. Mass Spectrom.
1994 5, 207. (b) Ogorzalek Loo, R. R.; Winger, B. E.; Smith, R.DAm.
Soc. Mass Spectroml994 5, 1064. (c) Schnier, P. F.; Gross, D. S;
Williams, E. R.J. Am. Chem. S0d.995 117, 6747. (d) Williams, E. RJ.
Mass Spectroml996 31, 831. (e) Rodriguez-Cruz, S. E.; Klassen, J. S.;
Williams, E. R.;J. Am. Soc. Mass Spectrotf97, 8, 565. (f) Zhang, X.;
Cassady, C. 1. Am. Soc. Mass SpectrodB96 7, 1211. (g) Sterner, J.
L.; Johnston, M. V.; Nicol, G. R.; Ridge, D. B. Am. Soc. Mass Spectrom.
1999 10, 483.

(19) (a) Loo, J. A;; Edmonds, C. G.; Smith, R. Bciencel99Q 248

charge sites also decreases. The system is further stabilized by01. (b) Wu, Q.; Van Orden, S.; Cheng, X.; Bakhtiar, R.; Smith, R. D.

incorporatingi — i + 3 interactions. This model is similar to
results from solution-based studies in whictr i + 3 hydrogen
bonding is implicated as an intermediate in foldingoahelix.*8

Summary and Conclusions

lon mobility measurements and molecular modeling tech-
nigues have been used to examine conformations of,[Ala
4H]* (n = 29—-49) ions. The ion distribution is dominated by
a family of extended conformers. Simulations indicate that the
[Ala, + 4H]*" ions are stabilized by a significant fraction iof
— i+ 3 andi —i + 4 hydrogen bonds. The fraction of residues
involved ini —i + 4 hydrogen bonding increases with increased
polymer length and reaches35% for polymer lengths of48
residues. The increased fractionie® i + 3 hydrogen bonding
in small [Ala, + 4H]*" conformers helps to relieve repulsive
Coulombic interactions while still maintaining many hydrogen
bonds.
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