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Abstract: 1on mobility measurements and molecular dynamics simulations were performed for unsolvated
A4G7A, + HT and Ac-AsG7A, + H (Ac = acetyl, A = alanine, G = glycine) peptides. As expected, AsG7A4
+ H' adopts a globular conformation (a compact, random-looking, three-dimensional structure) over the
entire temperature range examined (100—410 K). Ac-AsG7A, + H* on the other hand is designed to have
a flat energy landscape with a marginally stable helical state. This peptide shows at least four different
conformations at low temperatures (<230 K). The two conformations with the largest cross sections are
attributed to a- and partial 7-helices, while the one with the smallest cross section is globular. The other
main conformation may be partially helical. Ac-AsG7A4 + H™ becomes predominantly globular at intermediate
temperatures and then becomes more helical as the temperature is raised further. This unexpected behavior
may be due to the helix having a higher vibrational entropy than the globular state, as predicted by some
recent calculations (Ma, B.; Tsai, C.-J.; Nussinov, R. Biophys. J. 2000, 79, 2739—2753).

Introduction The helix is the dominant secondary structure element in
The conformations adopted by a protein, or indeed any proteins, and so it is impqrtant to h_ave ath_o_rough understanding

macromolecule, depend on its potential energy surface. The®f the factors responsible for its stability throughout the

topology of the potential energy surface determines whether aPiclogical milieu. _ o _

polypeptide folds into a unique conformation or becomes trapped Algnlne has a h.|gh helix propensny n solutidrf? and

in a series of local minimums. In solution, intramolecular 2/anine-based peptides are usually helical in the gas phéSe.

interactions and interactions with the solvent are both important G'Y¢ine has a low helix propensity in both environmefts;

in defining the energy landscape. It is the complex interplay and !t is often considered to be a hel_lx breaker. Glycine-based
between them that makes protein structure and folding suchPEPtides adopt globular conformations (compact, random-
difficult problems to understand. One approach to untangling Iookl_ng, th_ree-dlme_nsmnal structu_res) in th? gas phase.
these interactions is to examine the conformations and propertie§3 eptides with marginally stable helical states in vacuo can be

of unsolvated and partially solvated peptides and proteins in

the vapor phask.® Understanding the energy landscape for

unsolvated peptides provides a natural starting point for : ‘
¢ studies of the conformations of unsolvated AgahA4 + H*

understanding their behavior in the different environments tha

are important in real biological systems. This includes environ-
ments (such as the inside of membranes) that are very differen
from aqueous solution where many studies have been per-

formed in the past. In this work, we focus on helix formation.
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produced by mixing glycine and alanine residieshese
peptides have a flattened energy landscape where the helix and
globular conformations have similar energies. Here we describe

and AG7A, + HT (Ac = acetyl, A= alanine, G= glycine)

{peptides over a wide temperature range (1800 K). On the

basis of our previous studié$!416.17 Ac-A,G/A4 + HT is
expected to have a marginally stable helical state whj@;A4

-+ HT is expected to have a globular conformation. The different
conformations are believed to result because of different
protonation sites in the two peptides. Protonation at or near the
N-terminus destabilizes the helix through unfavorable interac-
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Energy Landscape of Unsolvated Peptides

tions between the charge and the helix macrodipole while
protonation near the C-terminus stabilizes the helix by favorable
charge-dipole interactiond-21

The unsolvated Ac-4G;A4 + H™ peptide displays a remark-
ably complex behavior. At low temperatures, it is found to be
trapped in several different conformations ranging from an
o-helix to a globule. At intermediate temperatures, AMGAA 4
+ H™ becomes globular and then it becomes more helical as
the temperature is raised further. Normally, ordered states give
way to disordered ones as the temperature is raised; thus, helical ®
peptides are expected to denature as the temperature is increasedg
The preference for the helical state at high temperature and the .8
denatured state at low temperature is reminiscent of the cold €
denaturation of proteins in solution. This phenomenon has been g
known for many years and is attributed to the solvation of
hydrophobic groups becoming less entropically unfavorable at
lower temperature®. With the unsolvated peptides studied here,
it appears that cold denaturation is driven by the difference in
the vibrational entropy of the helical and denatured states. Some &<
recent calculations suggest that helices have higher vibrational
entropies than globules because they have low-frequency

AcAG,A+HY

133K 203K

143K 212K

152K 232K

Sy
S

longitudinal modes for which there are no counterparts in the 193K 253K 388K
compact globulé3
In the studies described here, the unsolvated peptide ions are
generated by electrospray and information about their conforma-
tions is obtained from gas-phase ion mobility measurements. o |
. - - . . I ] 1 I
The ion mobilities depend on the collision cross sect|o.n, WhICh 40 50 60 7.0 40 50 60 7.0 40 5!0 e!o 70
in turn depends on the geometfy2® Structural information is . .
; . i : Drift Time, ms
obtained by comparing the cross sections derived from the
Figure 1. Drift time distributions measured for Ac#&;A4 + H over

mobilities to cross sections calculated for trial geometries
obtained from MD simulations. This approach can easily
distinguish helices and globulés.

the temperature range examined (3@10 K). The measurements were
performed with an injection energy of 400 eV and a drift voltage of 380 V.

voltages (the voltage across the drift tube) of 2880 eV. AG7A,

and Ac-AG7A4 were synthesized using FastMoc (a variant of Fmoc)
chemistry on an Applied Biosystems model 433A peptide synthesizer.
The peptides were electrosprayed from solutions prepared by dissolving
~2 mg of peptide in 1 mL of trifluoracetic acid and 0.1 mL of water.

Experimental Methods and Materials

The experiments were performed on a new temperature-variable
injected ion mobility apparatus which has been described in detail
elsewheré? Briefly, the apparatus consists of an electrospray source
with a heated capillary interface, a 30.5-cm-long, temperature-variable Experimental Results

drift tube, a quadrupole mass spectrometer, and a detector. The drift . o o
tube contains helium buffer gas at-8 Torr (depending on the Figure 1 shows drift time distributions recorded for Ac-

temperature). A short (50100 us) pulse of electrosprayed ions is A4G7A4 + HT with a range of driﬁ tube temperatures. These
injected into the drift tube; they travel through the drift tube under the measurements were performed with an injection energy of 400
influence of a weak electric field and exit through a small aperture. eV and a drift voltage of 380 V. Up to four peaks can be
The ions that exit the drift tube are focused into a quadrupole mass discerned in the lower temperature distributions. Below 133 K,
spectrometer, and the arrival time distribution of the mass-selected ionsthe distributions remain essentially unchanged. There are two
is re_corded at_ thg detgcto_r. T_he arrlva_l time dlstrlbL_mon is then corre_cted poorly resolved peaks with long drift times and a broad feature
to give the drift time distribution (the time that the ions spend traveling at short drift times. As the temperature is raised from 133 to

across the drift tube) by accounting for the flight time outside the drift 152 K. the abundance of the peak with the longest drift time
tube. Measurements were performed with injection energies (the energy ’ P 9

used to inject the ions into the drift tube) of 26600 eV and drift
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increases, and then the relative intensities of the different
components stay about the same until the temperature ap-
proaches 253 K. At-193 K, the broad feature at short drift
times starts to separate into two poorly resolved peaks, and at
212 K, there are clearly four peaks in the drift time distribution.
Between 193 and 253 K, the two inner features appear to move
toward the center and coalesce, so that at 253 K there are three
peaks present. Between 253 and 273 K, the peak with the longest
drift time disappears, and at 273 K, only two poorly resolved
peaks remain. As the temperature is raised to 293 K, the peak
with the longer drift time again disappears leaving behind a
single broad peak, which becomes narrower as the temperature
is raised further. At~343 K, this peak has narrowed to the
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O Figure 3. Plot of the cross sections for the main features in the drift time
[ distributions for AG7A4 + HT (filled points) and Ac-AG7A4 + H* (open
o | 400eV points) as a function of drift tube temperature. The results shown here were
recorded with an injection energy of 400 eV and a drift voltage of 380 V.
The thin vertical lines connect features that are not really resolved in the
drift time distributions. The dashed line shows the expected behavior for
the Ac-AsG7A4 + HT a-helix. This was derived by fitting and scaling the
cross sections for the features assigned-teelical conformations for Ac-
AsGsAs + H' and Ac-AG3As + H. For these peptides (which have more
450eV alanines and fewer glycines), tehelix persists over virtually the entire
temperature range studied. The large pluses show cross sections recorded
for the Ac-KG;s + HT peptide which is expected to be globular throughout
the entire temperature range studied.
| T results shown in Figure 2 were recorded with the temperature
40 50 6.0 7.0 of the block surrounding the capillary interface lowered to 80
Time, ms °C. With this temperature set at 100G, the substantial changes

Figure 2. Drift time distributions measured for Ac#8&7A4 + H™ at 243

K as a function of injection energy. The results shown here were recorded
with a drift voltage of 380 V and with the temperature of the block
surrounding the capillary interface lowered to 8G from its normal
operating temperature of 10C.

point that it is close to the peak shape calculated for a single
component® This indicates that there is either only a single

structure present or rapid conformational averaging occurs so
that all ions sample the same time-averaged structure during

their drift time. The latter interpretation is the more likely.

In the experiments, the ions are injected into the drift tube
from the outside and as they enter the drift tube they undergo
a series of collisions with the buffer gas, which thermalizes their
injection energy. During this process, the ions are collisionally

heated and then once their injection energy is thermalized, they

are rapidly cooled by further collisions with the buffer gas!
Raising the injection energy increases the collisional heating,

and the injected ions can be heated to the point where they are
hot enough to undergo conformational changes before they

rapidly cool to the drift tube temperature. As illustrated in Figure
2, the drift time distributions depend on the injection energy.
Conformational changes may also be induced in the heate
capillary interface of the electrospray souféé? Indeed, the
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evident in the drift time distributions as the injection energy
was lowered (see Figure 2) were not observed, presumably
because the conformational changes were already induced in
the heated capillary. At the lowest injection energy in Figure 2
(250 eV), there is a low-intensity shoulder at drift times between
4 and 5 ms; this is due to a doubly charged dimer (which has
the same mass-to-charge ratio as the singly charged monomer).
As the injection energy is raised above 250 eV, the relative
abundance of the peak with the longest drift time increases.
These results suggest that this feature is not present in solution
but is formed in the gas phase. As will become evident, this
feature is assigned to arrhelix. Thea-helix is not expected

to be abundant for the Ac/&7A4 + H™ peptide in solution
because of the large block of glycines in the middle.

The measured drift times are easily converted into collision
cross section® Figure 3 shows a plot of the cross sections
determined for the main features observed in the drift time
distributions for AG7A4 + H' and Ac-AG7A4 + H™ peptides
as a function of drift tube temperature. The results shown here
were recorded with an injection energy of 400 eV and a drift
voltage of 380 V. Only a single peak is observed foGM 4

dt H™ over the entire temperature range studied @400 K).

At room temperature and above, this peak has a width close to
that calculated for a single componéhindicating that there

is either only a single structure present or rapid conformational
averaging occurs so that all ions sample the same time-averaged

(33) Li, J. W.; Taraszka, J. A.; Counterman, A. E.; Clemmer, DnE.J. Mass
Spectrom1999 187, 37—47.
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structure as they travel through the drift tube. As the temperaturetemperature was maintained by rescaling the kinetic energies
is lowered below room temperature, the peak gradually broadensevery 0.1 ps. Several different types of simulations were
beyond that expected for a single component. This indicates performed for both peptides: 960-ps simulations at 300 K
that the ions are becoming trapped in slightly different confor- starting from an idead.-helix and simulated annealing with a
mations during their time in the drift tube. As will become clear schedule of 240 ps at 600, 500, and 400 K and 480 ps at 300
below, the feature observed fors&A;s + H™ is due to a K starting from an ideabi-helix and an extended string. The
globular conformation. The systematic decrease in the crosslatter usually yielded globular conformations. The linear-stepped
sections for this feature with increasing temperature (see Figureannealing schedule employed here seemed to provide consis-
3) results because (i) the long-range attractive interactionstently lower energy structures in our previous work on similar
between the peptide ion and the buffer gas become lesspeptides® For the Ac-AG/A; + H' peptide, simulated
important with increasing temperature and (ii) the collisions ride annealing and 960-ps 300 K simulations were also performed
further up the repulsive repulsive part of the intermolecular starting from the “special” helical structure recently found in
potential at higher temperature, leading to a shorter distance ofsimulations for Ac-(AGGK + H™ (a partially untwisted helix
closest approach. This systematic decrease in the cross sectionsith predominantlyi, i + 6 hydrogen bonding and a row of

is always expected to occur, though it may be combined with hydrogen bonds that point backward with respect to those in a
changes in the cross section that result from conformational conventional right-handed heli%§ We usually run many (often

changes with temperature. up to 50) simulations starting from the same conformation.
For the Ac-AG;A4 + H* peptide, four features are shown Ideally, one would like to run the simulations for as long as
in Figure 3 at temperatures less thaB30 K. Below~200 K, possible, but the simulation times employed here are a com-

the two peaks with the shortest drift times are not really resolved promise that takes into account their computational expense.
in the drift time distributions (see Figure 1), and in recognition Average potential energies and average collision cross sections
of this, the points for these features are joined by a line. We were obtained from the final 35 ps of each simulation. Cross
show two sets of points here because there is clearly more tharsections were calculated using an empirical correction to the
one feature present at short drift times in the low-temperature €xact hard-spheres scattering modelaveraging over 50
distributions (see Figure 1). Below250 K, the smallest cross ~ snapshots taken from the final 35 ps of each simulation. If the

sections for Ac-AG7A4 + HT are close to those for thes&7A, conformation is correct in the simulation, the calculated cross
+ H* peptide, and so they are assigned to a globule. The crosssections are expected to be within 2% of the measured values.
sections for the Ac-4G7A4 + H™ globule are slightly larger In addition to the simulations described above, a number of

than for the AG7A4 + H* globule because of the acetyl group simulations were performed for the Acs®7A4 + H* peptide

in the former. The largest Ac-£&57A4 + HT cross sections are  with different terminal temperatures. A series of 10 960-ps
(based on our previous work) close to the values expected forsimulations, starting from an ideathelix, were performed at

an o-helix (this assignment will be confirmed below). As the 150, 200, 250, 300, 350, and 400 K. We also did a series of
temperature is raised above 230 K, a series of changes occursimulations where the final conformation from one simulation
Above ~230 K, the middle two features for Ac#&7A, + H was used as the initial conformation for the next lower
coalesce. At-265 K, the feature with the largest cross section temperature one. Thus, 10 960-ps simulations were performed
(assigned to the-helix) disappears. Then at275 K, the middle at 400 K, starting from an ideak-helix, and then the final
feature also disappears, apparently leaving behind the oneconformations were used as the initial conformations for 10 350
originally assigned to the Ac-#&,A4 + H™ globule. As the K, 960-s simulations, and so on down to 150 K. As in the other
temperature is raised further, the cross sections for the remainingsimulations, the average potential energies and average collision

feature shift further and further away from those of th&AA 4 cross sections were obtained from the final 35 ps. But here the
+ H* globule. At~400 K, the cross sections for this feature cross sections were calculated using the trajectory method,
are quite close to the values expected for thénelical averaging over 50 snapshots from the final 35 ps of each

conformation of Ac-AG;A4 + H™, which is represented by the  simulation. In the trajectory method, the cross section (or more
dashed line in the figure. The dashed line was derived by fitting correctly the collision integral) is calculated by averaging a
and scaling the cross sections for the features assigned tdunction of the scattering angle (the angle between the incoming
o-helical conformations for Ac-AGsAs + HT and Ac-AG3A¢ and outgoing trajectory in a collision between the ion and buffer
+ H™. For these peptides (which have more alanines and fewergas atom) over relative velocity and collision geometry. The
glycines), theo-helix persists over virtually the entire temper- scattering angles are determined from trajectory calculations

ature range studied. using a summed Lennard-Jones plus charge-induced dipole
. . . potential between the ion and buffer gas afdnfihe trajectory
Molecular Dynamics Simulations: Methods calculations consume large amounts of computer time, but this

A series of m0|eiU|ar dynamlcs Slmu"’itlons \_/vere_performed (36) Mesleh, M. F.; Hunter, J. M.; Shvartsburg, A. A.; Schatz, G. C.; Jarrold,
for the A\G;A4 + HT and Ac-AG7A4 + H peptides in order M. F. J. Phys. Chem1996 100, 16082-16086.
i i H i ; (37) The Lennard-Jones parameters employed wgre 0.65 meV ands =
to obtain conformations for comparison with the expenmentql 2.38 A for H-He interactions and, = 134 mev and = 3.042 A for
results presented above. The simulations were performed using  C—He and all other atoms. Hesg is the depth of the potential andis

; ; the distance where it passes through zero. TheéH€ parameters were
t_he MACSIMUS suite of prograrrffé‘,wnh .the CHARMM force obtained by fitting the mobility for " over a broad temperature range.
field (21.3 parameter séBand a dielectric constant of 1.0. The The same parameters account for the mobilities of carbon chains and rings.

For H—He, thee, is an average from ab initio calculations and thés
from fitting mobilities of GH¢™ and other hydrocarbon ions. The-ie

(34) Kolafa, J. http:/lwww.icpf.cas.cz/jiri/macsimus/default.htm interactions are by far the most important, because hydrogen covers most
(35) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan, of the surface of the peptides. For the charge induced-dipole part of the
S.; Karplus, M.J. Comput. Chenl983 4, 187-217. potential, the partial charges from the CHARMM force field were employed.

J. AM. CHEM. SOC. = VOL. 124, NO. 16, 2002 4425



ARTICLES Kinnear et al.

approach is necessary to correctly account for the temperature
dependences of the cross sections.

We have not yet addressed the issue of the protonation sites
in the AG;A; + HT and Ac-AG;A; + HT peptides. For
reasons that will be discussed below, we assume thG@yAy
+ HT is protonated at the N-terminus. For Ag@yA, + HT,
the N-terminus is blocked by acetylation and so the amide CO
groups are probably the preferred protonation sites. In principle,
any one of the amide CO groups may be protonated; however,
protonation near the C-terminus will be preferred for the helices.
We performed simulations with the protonation site at the amide
CO nearest the C-terminus, nearest the N-terminus, and in the
middle. After the amide CO groups, the carboxyl CO group is
expected to have the next largest proton affiftye performed
some simulations with the carboxyl CO protonated because this
protonation site may be preferred for Ag®@yA4 + HT helices.
The charge is closer to the C-terminus than when the amide
CO nearest the C-terminus is protonated, which may allow for
more favorable interactions with the helix dipole. The results,
however, were not substantially different from those for Ac-
A4G7A4 + HT protonated at the amide CO. The same three
main conformations were foundathelix, partial z-helix,
globule), and in particular, there was no significant enhancement
in the stability of the helices over the globule when the carboxyl
CO is protonated. This indicates that protonation at the carboxyl Figure 4. Examples of helical conformations found in the molecular
CO does not stabilize the helix significantly more than proto- dynamics simulations for Ac-A5:A4 protonated at the amide CO nearest

. . . the C-terminus. All conformations are from 300 K simulations or simulations
na_t'c_m at the amide CO nea_lreSt the C-terminus. The p_rOtonthat terminated at 300 K. (a) shows arhelix with the C-terminus tucked
affinity of the carboxyl CO is expected to be substantially in, (b) shows ar-helix with the C-terminus extended, (c) shows a partial
smaller than for the amide C®and so protonation at the  a/partialz-helix, and (d) shows a-helix. The images were produced using
carboxyl CO seems unlikely even for helices. We will briefly the WebLab viewer (Molecular Simulations Inc., San Diego, @Aielical
. regions are red, ang-sheet regions are blue.

mention these results further below.

The simulations reported here were performed with a classical

; . ) ) ) X globule). Indeed, the work presented here provides an example
force field. Even single-point energy calculations using either ot here the force field calculations appear to get the ordering
density functional theory or quantum chemistry methods are 4t ,ch gifferent conformations wrong (see below). We should,
not really feasible for peptides of the size considered here |, ever note that the Aca87A4 + H peptide was designed
because in order to get a reasonably accurate representation of; have a flat energy landscape, and a reversal in the ordering
the weak interactions responsible for defining their conforma- ¢ tvo confomations that have almost the same energy is not
tions, very large basis sets are required. Since it is also necessaryneypected. As with other methods, the energy differences
to consider the dynamic aspects of these floppy molecules, there,sqqciated with small variations around a particular conformation
is really no alternative to using a classical force field along with 50 probably more reliable than those involving large confor-
MD simulations. There is a concern that a classical force field ational differences. It is still possible to get the geometries
is not accurate en_ough. Whlle_ _the force fel_d employed h.ere, almost right even if they have the wrong energy ordefig.
CHARMM, was calibrated specifically for peptides and proteins, ,qeeq; this is often observed with other methods. In this regard,
it is a relatively simple one, incorporating only electrostatic, g force field may fare better than many more sophisticated
Lennard-Jones, and internal bonding terms (hydrogen bonds,heqretical approaches. It is difficult to get all the weak
which are primarily electrostatic in nature, are included in the a4 ctions that define a conformation right from first principles,
electrostatic term). The force fleld used here is not polarlz?&ble but the force field is parametrized to give the right average bond
and does not account for environment effééShere is also @ o gths and angles. In other words, the force field may get the
concern tha't it may overemphasize some interactions, while .o5tive energy of ami-helix wrong, but it will probably get
other weak interactions, such as the-&1---O=C hydrogen  yhe sirycture right in an average sense because of the way it is

41 ieq]
bond" are missing. For these reasons, the accuracy of the h,rametrized. Where the force field may fail to get the structure
energies and conformations obtained from the force field should right is if an unusual bonding scheme plays an important role

bg considered. Like all other methodg, a classical force field in defining the conformation. Such behavior is obviously
will probably fare worse when the energies of two conformations iyt to predict without the benefit of high-level calculations.

that are quite different are compared (for example, a helix and
Molecular Dynamics Simulations: Results

(38) Zhang, K.; Cassady, C. J.; Chung-Phillips, A.Am. Chem. Sod 994 . . .
116 11512-11521. Figure 4 shows examples of some of the helical conformations
(39) Banks, J. L.; Kaminski, G. A.; Zhou, R. H.; Mainz, D. T.; Berne, B. J,; i ; i _ +
Friesner, R AJ Chem. Phys1999 110, 741754, found in the MD simulations for Ac-4G7A, + H™ protonated
(40) Rick, S. W.; Cachau, R. B. Chem. Phys200Q 112 5230-5241.
(41) Vargas, R.; Garza, J.; Dixon, D. A.; Hay, B. R.Am. Chem. So2000 (42) Jensen, Antroduction to Computational Chemistryohn Wiley and Sons
122, 4750-4755. Ltd.: Chichester, England, 1999.
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Figure 5. Plot of energy against cross section for Agg%A, + H* and AG7A4 + H™ simulations. All results are from 300 K simulations or simulations
that terminated at 300 K. The upper plot shows results for AG-A4 + HT protonated at the amide CO nearest the N-terminus (red), the middle amide CO
(green), and the amide CO nearest the C-terminus (black). The lower plot shows resuli&#ai A H* protonated at the N-terminus. Key: filled square,
simulated annealing from linear start; open diamond, simulated annealingofiioefical start; open circle, 960-ps 300 K MD froozhelical start; open
triangle, 960-ps 300 K MD and simulated annealing from special helix (see text) start.

at the amide CO nearest the C-terminus. Conformations a andThe couple of points with cross sections a239 A2 and

b in Figure 4 arex-helices; (a) is close to an ideathelix while energies at~—2870 kJ mof?! are also partial-helices, but

in (b) the C-terminus is twisted out and the protonated amide they have the C-terminus carboxyl group folded in, and so they
CO group is twisted around so that it can hydrogen bond to are slightly more compact. The group of points with energies
other carbonyl groups. In the simulations, (b)i¢1 kJ moi? around—2850 to—2870 kJ mot! and cross sections between
lower in energy than (a), and their calculated cross sections are252 and 258 Aarea-helices. The points with the smaller cross
significantly different (see below). Conformations ¢ and d in sections and higher energies have conformations like Figure 4a,
Figure 4 are partial-helices. They have conformations that while the points with lower energies and larger cross sections
lie between an ideat-helix and idealr-helix. A a-helix has i, have conformations like Figure 4b. In contrast to the results
i + 5 hydrogen bonds (4.4 residues/turn) whilecahelix has described here, only a single type @fhelix was found in the

i, i + 4 hydrogen bonds (3.6 residues/turn). Figure 4c is an simulations for Ac-AG7A4 + H™ protonated at the carboxyl
a-helix at the N-terminus end and=ahelix at the C-terminus CO. These helices have cross sections 252 A2, which is at
end. Ther-helix may be favored at the C-terminus because it the low end of the range mentioned above. Clearly, the
provides an extra carbonyl group to hydrogen bond to the conformation at the C-terminus is affected by where the ion is
protonated CO, while ther-helix persists at the N-terminus  protonated. Partiat-helices are also observed when the carboxyl
presumably because it has one fewer danglinrgNyroup than CO is protonated; however, here the and partialz-helices

the r-helix. Figure 4d is closer to an ideathelix, but (c) and are almost isoenergetic.

(d) have similar cross sections and energies. The partiglices Figure 6 shows examples of some of the other conformations
have energies that are10 kJ moi?® lower than the lowest  found in the simulations for Ac-#G7A4 + H™ protonated at
energya-helix found in the simulations. the amide CO nearest the C-terminus. Figure 6a shows a typical

Figure 5 shows plots of the energy against cross section for conformation from simulations started from a geometry close
all the 300 K simulations and the simulations terminating at to the “special” helical structure of A(AGG)K + H™ (a
300 K (except for Ac-AG7A4 + HT protonated at the carboxyl  partially untwisted helix with predominantlyi + 6 hydrogen
CO). The upper plot shows results for Ag@A,; + H bonding and a row of three backward-pointing hydrogen
protonated at one of the amide COs. The black points show thebonds)?® While this is the lowest energy conformation found
results obtained with the amide CO nearest the C-terminusin the Ac-(AGG)K + HT simulations, it is not particularly low
protonated. The group of points with energies~at2875 kJ in energy for Ac-AG7A4 + HT. The open triangles clustered
mol~1 and cross sections at243—-248 A2 are partiatz-helices. around—2845 kJ mot! and 237 & in Figure 5 are from 300
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in the globules (jumping between different carbonyl groups),
which is a possibility that is not incorporated in the MD
simulations. A “mobile proton” model has been proposed to
account for the apparent mobility of the protons in the
dissociation of some collisionally excited peptide iédghe
fragmentation of protonated peptides is believed to be charge-
induced. A strongly localized charge leads to only a few
fragment ions, while a large number of fragments indicates either
a heterogeneous mixture where the peptide is protonated at
different site4* or a mobile proton hopping between the different
protonation sites. It is usually assumed that there is an energetic
penalty associated with mobilizing the proton from a basic site
and that the proton is only mobile when the ion is collisionally
heated. In the Ac-4G;A4 + H™ peptide, where any one of the
backbone CO groups could be protonated, it is in principle
\ possible that the proton is mobile under the conditions in the
\ - drift tube (where the maximum temperature is not substantially
*\3\ above room temperature). On the other hand, the simulations
. show that the protonated CO becomes surrounded by, and
Figure 6. Examples of partially helical and globular conformations found hydrogen bonded to, other backbone CO groups. If the proton
in the molecular dynamics simulations for Ac®@yA4 protonated at the hops to another site, this “self-solvation shell” must be
amide CO nearest the C-terminus. All conformations are from 300 K reorganized. The activation energy associated with this reor-

simulations or simulations that terminated at 300 K. (a) shows an example o4 ni7ation may severely restrict or even prohibit proton mobility.
of what results from starting the simulations from a conformation close to

the “special” Ac-(AGG)K + H* helix (see text), (b) shows the lowest The lower half of Figure 5 shows results obtained faGA4
energy globular conformation found in the simulations, and (c) shows one + H* protonated at the N-terminus. All these simulations
of the most compact globular conformations found in the simulations. Small collapsed to a globule, including the 300 K simulations started
arrows indicate the “backward” pointing carbonyl groups in (a) and (b). from an idealo-helix. The arrow in the figure shows the
The images were produced using the WebLab viewer (Molecular Simula- ) :
tions Inc., San Diego, CAjx-Helical regions are red, arfitsheets regions measured cross section for the@A4 + H* peptide at 300 K.
are blue. The cross sections calculated for the globular conformations
. ) . from the MD simulations are close to the measured value,
K simulations started from a geometry close to the “special’ indicating that AG7A4 + H* is globular at 300 K. The measured
Ac-(AGG)sK + H™ structure. The conformation at the end of e section for the #5,A, + H* peptide is on the low end
these simulations is significantly removed from the starting  the range of calculated cross sections. This may result because
conformation, providing more evidence that the "special” Ac- ot the difficulty in finding compact low-energy globules in the
(AGG)sK + HT structure is not a favorgd structure er AC-  simulations (see below¥.There is, however, no ambiguity about
A4G7A4+ HT. The geometry at the C-terminus is quite different the assignment of a globular conformation taGAA; + H*
from that found for Ac-(AGGK + HT, though there are still because the globule is the most compact state.
two backw_ard-_pointing hydrogen bonds, which are indicated Figure 7 shows cross sections calculated for AGA, +
by arrows in Figure 6a. _ H* helices as a function of temperature. The final conformations
_Figure 6b shows the lowest energy globule found inthe MD e senarated inta-helices and partiak-helices. The circles
simulations for Ac-AG:A4 + H™ protonated at the amide CO o resent simulations performed at a single fixed temperature,
nearest the C-terminus. This conformation has an energy of yhije the triangles are for simulations started at 400 K and
—2865 kJ mot* and a cross section of 228°Alts geometry stepped-down in 50 K increments. For the latter, the partial
has some features in common with that shown in Figure 6a: it ;. hejiy is the dominant conformation at all final temperatures.
is partially helical and has two backward-pointing hydrogen eq; the simulations performed at a single fixed temperature,
bonds. Figure 6¢ shows an example of a more compact globular,e nartialz-helix is the dominant conformation at the upper
conformation. This conformation has an energy-d828 kJ end of the temperature range, while thenelix (the starting
mol™ and a cross section of 217_2AThe cross section of the o, tormation) persists at low temperatures. As mentioned above,
more compact conformation is in better agreement with the {1 ore are two types af-helix for Ac-AsG7A4 + H* protonated
measured value for the Aca@-As + H™ globule extrapolated ¢ the amide CO nearest the C-terminus corresponding to (a)

to 300 K (~219 ,Az)'_ . and (b) in Figure 4. At low temperatures, most simulations
+The green points in Figure 5 show results for AgiAs + remain trapped in the slightly higher energy (a) form, which is
H™ protonated at the amide CO in the middle, while the red ¢jnser 1o the ideab-helical starting point. At higher tempera-
p0|_nts show results for AC'@7A4 + H+ protonated at the tures, the (b) form, which has the larger cross section, becomes
amide CO n_earest the N-terminus. Movmg_the charge away from Gominant. The transition from the (a) form to the slightly lower
the C-terminus and toward the N-terminus destabilizes the energy (b) form occurs within the 960-ps time frame of the

helices. With the charge at the N-terminus, only globular g jations at 206250 K, while theo-helix converts into the

conformations are found. While there is a definite preference

for protonation at the C-terminus for the helical conformations, (43) Dongre, A. R.; Jones, J. L.; Somogyi,; AVysocki, V. H.J. Am. Chem.
: : : i : Soc.1996 118 8365-8374

there is no obvious preference for a particular protonation site ) giie° o’ Grkiszewski, R, S.: Ballard, K. D.: Gaskell, SRapid Commun.

for the globular conformation. The proton may even be mobile Mass Spectronil992 6, 658-662.

¢)
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300 = . T - s T T T sections for the 4G;A, + H™ peptide closely track those for
o Ac—A,GA, < Ac—AGyA, Ac-KG;s + H*T. This provides a strong indication that the
S 28010 ofy a—helices o [© o8  m—helices - A4G7A, + HT peptide also retains the same conformation
N e o S a throughout the whole temperature range. Since th@/A4 +
S 260 | %o ‘b%ﬁ& 4 L% Cbocb%% i H* peptide has already been shown to be globular at 300 K, it
et oo C'bg ] oo Otb .
Q e %, o 8 &, % 4 must be globular at all temperatures studied.
Dosl Gt d L & mg o In solution, the most basic site in the@yA,4 peptide is the
a “PW @w N-terminus. In the gas phase, the proton affinities of the amide
2 ¢ * CO groups and the N-terminus are expected to be close, and it
S 220 “one, 4 F Sone, - . . = oo
\-— '\\. is possible that the N-terminus is not the most basic site. In
| | | ™ | | | i recent density functional theory calculations fog & H™,
200 06200 300 400 100 200 300 400 several low-energy structures were found with the proton located
Temperature, K Temperature, K at the N-terminus and at the amide CO group nearest the

Figure 7. Comparison of measured cross sections (black points) with cross N-terminus®® The lowest free-energy structure found in this
sections calculated for helical conformations of Age4A4 4+ H* protonated study is protonated at the N-terminus amide CO and has an
at the amide CO nearest the C-terminus (red points). The red circles showQ—H...N hydrogen bond to the nitrogen atom at the N-terminus.
the results for 960-ps simulations performed at 150, 200, 250, 300, 350, . . . .

and 400 K starting fr%m an ideal-hel?x. The red triangles show the results _Conformat!on_s with the N't(:_"rm'nus protonated are gssennally
for 960-ps simulations where the final conformation from one simulation isoenergetic in the calculations. However, protonation at the
was used as the initial conformation for the next lower temperature (starting other amide CO group was found to be significantly less

at 400 K with an ideabi-helix). The first set of simulations (red circles) favorable. So, according to the most recent calculations, the
may become trapped in higher energy helical conformations while the second ’ ! ’

set (red triangles) should anneal into the lowest free energy helix at each preferr_ed protonation sites forsGare either at or near the
temperature. The dashed line shows the expected behavior for the N-terminus.

Ac-AsGrAs + H' achelix, which was derived by fitting and scaling the The failure to observe any helical conformations for the
cross sections for_the AceSsAs + HT and Ac-AsGsAs + HT a-hellces_. AGAs+ H tide i istent with i fi ¢
The thin vertical lines connect features that are not really resolved in the 42774 pepude Is consistent with prgtonation at or near
drift time distributions. the N-terminus where unfavorable interactions between the
charge and the helix macrodipole disrupt helix formation. The
slightly lower energy partiai-helix at 300-350 K. There is A4G7A4 + HT ions remain in a globular conformation even
no evidence in the experimental results for the two types of when injected into the drift tube with injection energies of up
a-helix found in the MD simulations. It is possible that the rate to 600 eV (which is well above the injection energy required
of interconversion between the two forms is fast on the to induce conformational changes in the AgadA, + H*
experimental time scale, even at low temperatures. peptide). In the experiments, the ions are collisionally heated
The calculated cross sections do a reasonably good job ofand then rapidly cooled as they enter the drift tube. This transient
reproducing the measured temperature dependences (see Figutteeating and cooling cycle is fast and occurs close to the entrance
7). The small discrepancies that are present (the temperatureof the drift tube3%:31 At high injection energies, the 4&7A4 +
dependences for the-helix seem to be slightly underestimated) H* ions may become hot enough that the proton becomes
may result from inadequacies in the summed Lennard-Jones plusmobile. However, if this happens, the proton must return to be
ion-induced dipole potential used to model the intermolecular near the N-terminus when the ions cool, because there is no
interactions between the ion and the buffer a®n the other sign of the helical conformations that should result from
hand, the discrepancies may indicate that a more complexprotonation near the C-terminus. Similar behavior has been
behavior (such as a conformational change) is occurring. For observed for a wide range of unacetylated peptides, including,
example, the cross sections for the larger type-blix shown for example, protonated polyalanfiewhich only becomes
in Figure 4b appear to fit the measured cross sections better athelical when the N-terminus is acetylatéd’he most reasonable
low temperature, while the cross sections for the smaller type explanation for this behavior is that the proton is pinned to the
of a-helix shown in Figure 4a are a better fit at the middle of N-terminus in the unacetylated peptide.
the temperature range studied. So a gradual transition from the  For Ac-AsG;A4 + H*, where protonation at the N-terminus
larger type of helix to the smaller with increasing temperature is blocked, at least four different conformations are observed
would provide an excellent fit to the experimental data. There at low temperatures(230 K). The one with the smallest cross
is, however, no other evidence to indicate that this is occurring. section is globular, from comparison with@;A4 + H*, while
the two conformations with the largest cross sections are
attributed toa- and partialzz-helices from comparisons with
The AG7A4 + H* peptide shows a single peak throughout  the results of the MD simulations. Both types of helicesafd
the temperature range examined, and as described abovepartial 7) have been found before in different peptidés?
comparison with cross sections from MD simulations shows however, this is the first time that they have both been found
that AG7A4 + H™ is a globule at 300 K. The large pluses in iy the same peptide. The structure of the other main AG-A4
Figure 3 show cross sections measured for the Agg<GH" + H* conformation (the one with a cross section slightly larger
peptide as a function of temperature. Glycine has low propensi- than the globule) is not known at present. The fact that there is
ties to form eithen-heliced? or -sheet$® and so the Ac-KGs no analogue of this feature for thes@A, + H* peptide is

+ H* peptide is expected to adopt a globular conformation consistent with it having some helical character. It may have a
throughout the whole temperature range examined. Cross

Discussion

(46) Rodriquez, C. F.; Cunje, A.; Shoeib, T.; Chu, I. K.; Hopkinson, A. C;
(45) Smith, C. K.; Regan, LAcc. Chem. Red.997 30, 153-161. Siu, K. W. M J. Am. Chem. So001, 123 3006-3012.
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structure close to that shown in Figure 6b, this partially helical interconversion between different conformations is starting to
conformation is both low in energy and has close to the right occur on a time scale that is fast compared to the time spent in
cross section to match the measured values. the drift tube. Thus, the position of the peak reflects how long

For the two features assigneddeand partiatz-helices there  the peptide spends in each conformation. As the temperature is
appear to be no other viable candidate structures, at least fromraised, the peak moves close to the position expected for the
the MD simulations. Most of the more extended conformations helix, indicating that the helix is the preferred conformation at
(cross sections 240 A?) found in the MD simulations for Ac- the higher temperatures. It is not possible to say from our results
A4G7A, + HT are helical or partially helical. These higher Whether this helix is predominantly arhelix, is predominantly
energy helices often have one of their ends trapped in an a z-helix, or represents a conformational equilibrium of both.
unfavorable arrangement.#hairpin may have a cross section The idea that the helix is the favored conformation at high
close to those assigned to the heliceg3-Rairpin, a fragment  temperature while the globule has the lower free energy at low
of a f-sheet, consists of a turn and two short antiparallel temperature is sufficiently radical that we should consider other
B-strands. However, this conformation has not appeared to bepossible interpretations of the results. It seems very unlikely
viable in the gas phase for peptides in the size range studiedthat the large cross sections for the AgghA, + H* peptide
here, even when the peptide in question has a large proportionat 400 K could be due to some sort of distorted globule state.
of amino acids with high propensities to foyfrsheets’” Both The globule is close to spherical because this maximizes its
B-hairpins ands-sheets need to be stabilized by side-chain bonding interactions; to account for the measured cross sections,
interactions. Neither glycine nor alanine is a good sheet foffner, a distorted globule would need to have an aspect ratio like the
and so theg-hairpin is not a viable structure for Aca&7A4 + helices in Figure 4. It also seems very unlikely that the increase
H*. in the cross section for the Aca#&7A4 + H peptide at the

The observation of several distinct conformations at temper- higher temperatures is due to a nonspecific unfolding process
atures below 230 K is consistent with the view that at low to a less compact random coillike structure. This behavior is
temperatures the rate of interconversion between the differentnot observed for the £G7A, + H™ peptide, for the Ac-KGs +
Ac-A;sG7A, + HT conformations is slow compared to the H* peptide, or in the simulations. Finally, we have now
experimental time scale: the different conformations are ef- examined a number of related peptides designed to have
fectively “frozen-out”. As the temperature is raised, the con- marginally stable helical states. The increase in the helical
formations start to interconvert. First, the middle two peaks content at high temperature is not just restricted to the
coalesce. If the assignments given above are correct, thisAc-A;G;A4 + HT peptide but appears to be a fairly common
represents the onset of rapid interconversion between-tredix phenomenon.

and the partially helical structure. At a slightly higher temper-  The transition from the globule being the preferred conforma-
ature, the peak attributed to thehelix disappears. It is not  tjon at low temperatures to the helix at high temperatures is
clear what thex-helix converts into, partly because at slightly presumably driven by entropy: the helix must be favored
higher temperature the feature resulting from the coalescenceentropica”y over the globule. Since the globule is expected to
of thes-helix and the partially helical structure also disappears payve a higher configuratiohantropy than the helix, the helix

or coalesces leaving behind the peak originally assigned to themyst have an enhanced vibrational entrépyhe globule is a
globule. However, this peak is slightly displaced from the compact and constrained geometry, and indeed, some recent
position expected for an ideal globule, suggesting that the c5icylations by Ma et al. suggest that the helix has a larger
resulting conformation may incorporate some helical character. yiprational entropy than the globule because the helix has low-
Ultimately, all the different conformations that are “frozen-out” frequency longitudinal modes for which there are no counter-
at low temperatures convert into this conformation when the parts in the globul@ While it is generally assumed that the

temperature is raised. globule should have a higher configurational entropy than the
At this point it is useful to consider the origin of tieehelical helix, the magnitude of the globule’s configurational entropy
conformation observed at low temperature. The AGM4 is not known. The globule has a compact structure so its

peptide is not expected to be helical in solution (it contains too configurational entropy will be much less than for a random
many glycine residues and it is in a strongly acidic solution), coil; there may well only be a few low-energy (enthalpy)
so it seems that the helix must form in the gas phase. Raisingglobular states. So it is plausible that the enhanced vibrational
the capillary temperature and raising the injection energy both entropy of the helix could overcome the larger configurational
lead to more helix. The effect of raising the injection energy entropy of the globule. If this occurs (and the globule is slightly
on the abundance of the helix is evident from Figure 2. These |ower in energy than the helix), then the globule will be preferred
results suggest that the helix forms when the AGM, + at low temperature and the helix will be favored at high
H ions are hot from being injected into the drift tube, and itis temperature. This seems to be the most plausible explanation
“frozen-out” when the peptide ions are rapidly cooled to the for the experimental observations. Note that, if the preceding
buffer gas temperature shortly after entering the drift tube.  explanation is correct, there should be a helix-to-coil transition
Additional evidence that the helix is the preferred conforma- at significantly higher temperatures, where the random caoil is
tion at high temperature is evident in Figure 3. As the an unfolded structure (unlike the globule) with a very large
temperature is raised above 250 K, the peak assigned to theconfigurational entropy.
Ac-A,G;A4 + HT globule moves further away from the position
expected for a globule (close to the@yA4 + H™ cross sections) (47) By vibrational entropy we mean the vibrational entropy for a single well-
to the position expected for a helix. The narrowing of the peak defined structure (like the helix). The configurational entropy is the entropy

. . resulting from the fact that a number of significantly different structures
that occurs in this temperature range (see above) suggests that are accessible for some conformations (like the globule).
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The complex conformational changes that occur with the Ac- globular conformation. As the temperature is raised further, the
A4G7A4 + HT peptide as the temperature is changed seem to cross sections increase to become close to the values expected
be poorly reproduced by the simulations. There is a transition for helices. The only reasonable explanation for this increase
from ana-helix to az-helix as the temperature is raised, but in the cross sections with temperature is that it results from an
the transitions to the globule that are present in the experimentsincrease in the helical content. The increase in the helical content
are not evident in the simulations. The short time scale of the with increasing temperature is attributed to the helix having a
simulations may be at least partly responsible for the discrep- higher vibrational entropy than the globular conformation, as
ancies. However, the globule is slightly higher in energy than predicted by the calculations of Ma etZal.
the helices in the simulations (see Figure 5), and in order to  Only a globular conformation was observed for the unacety-
explain our experimental observations (specifically that the lated AG;A4 + H* peptide throughout the whole temperature
globule is preferred at intermediate temperatures), the helicesrange examined. The persistence of the globular conformation
should be slightly higher in energy than the globule. It is possible for this peptide is accounted for by it being protonated at the
that there are lower energy globules that have not been foundN-terminus; this destabilizes the helix by unfavorable interac-
in the simulations. As we have discussed elsewhere, it is difficult tions between the charge and the helix macrodipole.
to find compact low-energy globule states by simulated anneal- The results presented here show that even unsolvated peptides
ing because significantly raising the temperature tends to drive can display remarkably complex structural behavior. Indeed,
the peptide to less compact conformations. In an effort to the complex behavior found here could not easily be unraveled
overcome these problems, we are currently implementing morein conventional solution studies using, for example, cirular
sophisticated search methods based on evolutionary algorithmsdichroism as the structural probe. The challenge now is to
discover how the individual amino acid building blocks and
their precise sequence influence the conformations observed for

In this paper, we have reported studies of an unsolvated unsolvated peptides and to learn how to transfer this knowledge
peptide designed to have a flat energy landscape with ato other environments.
marginally stable helical state. Several different conformations
are “frozen-out” for the Ac-AG;A; + H™ peptide at low
temperatures. These have been assigned.-tand partial
m-helices, possibly a partially helical state, and a globule. As
the temperature is raised, the different conformations begin to
interconvert, and ultimately they all appear to convert into the JA012150V

Conclusions
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