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Abstract: lon mobility measurements have been used to examine the conformations present for unsolvated
Ac-(AG);A+H™ and (AG);A+H" peptides (Ac = acetyl, A = alanine, and G = glycine) over a broad
temperature range (100—410 K). The results are compared to those recently reported for Ac-AsG7As+H™
and A;G7A4+HT, which have the same compositions but different sequences. Ac-(AG);A+H" shows less
conformational diversity than Ac-AsG7A,+H™; it is much less helical than Ac-A,G7A,+H™ at the upper end
of the temperature range studied, and at low temperatures, one of the two Ac-A,G7As+H features assigned
to helical conformations is missing for Ac-(AG);A+H*. Molecular dynamics simulations suggest that the
different conformational preferences are not due to differences in the stabilities of the helical states, but
differences in the nonhelical states: it appears that Ac-(AG);A+H* is more flexible and able to adopt lower
energy globular conformations (compact random looking three-dimensional structures) than Ac-A,G7As+H™.
The helix to globule transition that occurs for Ac-(AG);A+H* at around 250—350 K is not a direct (two-
state) process, but a creeping transition that takes place through at least one and probably several
intermediates.

Introduction reason, negatively charged amino acids are better helix-makers
when they are located at the N-termiriés!® However, factors
other than charge play a part in the sequence sensitivity. Another
factor is context, which deals with how an amino acid interacts
with its neighbors. For example, in anhelix thei andi+4
residues can interact with each other. Two incompatible amino
acids may destabilize a helix through thisg-4 interaction, while
two compatible ones may promote helix formation.

One of the first studies along these lines was performed by
Baldwin and collaborator$ The C-peptide from RNase A is
one of the few peptides that remains significantly helical in

aqueous solution after removal from its parent protein. They
found that interchanging His 12with Ala 11 led to a substantial
drop in helical content, which they attributed to a helix-
stabilizing interaction between His 12nd Phe 8. Baldwin and
collaborators have also studied short alanine-based peptides with
a single glycine in the sequence. They found that the helix
content decreased as the glycine was moved closer to the middle
(1) Lyu, P. C.; Liff, M. I.; Marky, L. A.; Kallenbach, N. RScience199Q of the sequenc¥. Zou and Sugimoto have examined how the
@) %)s’ﬁe?légK_.és'l?.;s'DeGrado, W. FSciencel99Q 250, 646-651. spacing gnd placement of single .tryptophan and h'St'd'.ne
(3) Padmanabhan, S.; Marqusee, S.; Ridgeway, T.; Laue, T. M.; Baldwin, R. residues in short alanine-based peptides cause a conformational

L. Nature199Q 344, 268-270. i -heli § 8 iveri
(4) Horovitz, A+ Matthews, J. M.: Fersht, A. B. Mol. Biol. 1992 227, 560 switch between-helix andj-sheet® In related work, Santiveri

Understanding the factors that control the formation and
stability of secondary structure is essential for a number of
endeavors including the rational design of proteins. It is well
known that some amino acids are better than others at making
a-helices, and a considerable effort has been invested in deter-
mining helix propensities using both peptides and prot&ifs.

A common approach is to make substitutions within a polypep-
tide and to determine their effect on the amount of helix present.
However, the nature of the amino acids in a peptide is not the
only factor that is important in determining whether it is helical.
The sequence is also important, and certain amino acids have
different propensities depending on their position along the
polypeptide chain. For example, amino acids with positively
charged side chains promote helix formation when they are
located at the C-terminus because in this location they undergo
favorable interactions with the helix macrodipole. For the same

(5) Park S. H.; Shalongo, W.; Stellwagen,Biochemistryl993 32, 7048~ (12) Blagdon, D. E.; Goodman, MBiopolymers1975 14, 241—-245.
7053. (13) lhara, S.; Ooi, T.; Takahashi, Biopolymers1982 21, 131-145.
(6) Blaber M.; Zhang, X. J.; Lindstrom, J. D.; Pepoit, S. D.; Baase, W. A.; (14) Shoemaker, K. R.; Kim, P. S.; York, E. J.; Stewart, J. M.; Baldwin, R. L.
Matthews B W.J. Mol. B|0I 1994 235 600—624 Nature 1987 326, 563—-567.
(7) Chakrabartty, A.; Baldwin, R. LAdv. Protein Chem1995 46, 141-176. (15) Daggett, V. D.; Kollman, P. A.; Kuntz, |. BChem. Scr1989 29A 205—
(8) Munoz, V.; Serrano, LJ. Mol. Biol. 1995 245, 275-296. 215.
(9) Rohl, C. A,; Chakrabarrty, A.; Baldwin, R. Protein Sci.1996 5, 2623~ (16) Shoemaker, K. R.; Fairman, R.; Schultz, D. A.; Robertson, A. D.; York,
2637. E. J.; Stewart, J. M.; Baldwin, R. IBiopolymers199Q 29, 1-11.
(20) Yang J Speck El J.; Gong, Y.; Zhou, H.; Kallenbach, NPRxtein Sci. (17) Chakrabartty, A.; Schellman, J. A.; Baldwin, R.Nature1991, 351, 586—
1997, 1 588.
(11) Pace c. N Scholtz J. NBiophys. J.1998 75, 422—-427. (18) Zou, J.; Sugimoto, NJ. Chem. Soc., Perkin Trans.200Q 2135-2140.
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et al. studied the stability of g-hairpin with respect to the
location of thes-turn using 15-residue peptides with the same
composition but different sequencés.

In this article, we report studies of the conformations of
unsolvated Ac-(AGA+H"™ and (AGYA+H™ over a wide
temperature range (16@&10 K). The results are compared to
recent studies of the conformations of unsolvated AGA ,+H"
and AG7A4+HT, which have the same residues but different
sequence® This work is the first to examine the role of context
in unsolvated peptides. It is part of a series of investigations of

phase?223 while the glycine analogues form globuRésBy
mixing alanine and glycine residues the energy landscape is
flattened so that helical and globular states have similar ener-
gies?> A variety of different conformations often coexist on
the flattened energy landscape, and conformational changes
including helix folding and unfolding transitions can be studied.
In the present work, substantial differences, context effects, are
found between the conformations of Ac-(A@HH™ and
Ac-A4G7A+HT peptides. MD simulations suggest that the dif-
ferent conformational preferences result primarily from differ-

the energy landscape of unsolvated peptides that are sufficientlyences in the relative energies of the globular conformations of
large that they can form secondary struc#ir@® The motivation these peptides. Lower energy globules result when the glycines
for these studies is to provide a better understanding of the and alanines are dispersed presumably because dispersing the
intramolecular interactions responsible for protein folding. glycines makes the peptide more flexible and able to adopt lower
Studies of unsolvated peptides are the natural starting point forenergy globular conformations.

understanding their behavior across the range of environments

that are important in biology, from aqueous solution to the
hydrophobic interior of membranes. A number of different
approaches have been used to examine the properties o
unsolvated and partially solvated biological molecules in the
vapor phasé’—3"

In the work described here, unsolvated peptide ions are
generated by electrospray, and information about their confor-
mations is obtained from gas phase ion mobility measurements.
The ion mobility depends on the average collision cross section
which in turn depends on the geometfy?° Structural informa-
tion is obtained by comparing the cross sections derived from
the mobilities to cross sections calculated for trial geometries
obtained from molecular dynamics (MD) simulations. This
approach can easily distinguish the different conformations, like
helices and globules (compact, random-looking, three-dimen-
sional structures) that are commonly found for these pepfides.

The Ac-(AG)A+H™ and Ac-AG;A4+H™ peptides consid-
ered here were designed to have marginally stable helical state
in the gas phase. Alanine has the highest helix propensity in
aqueous solution, while glycine has one of the lowe3t.
Unsolvated alanine-based peptides form rigid helices in the gas

(19) Santiveri, C. M.; Rico, M.; Jifmez, M. A. Protein Sci.200Q 9, 2151~
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(24) Hudgins, R. R.; Jarrold, M. F. Phys. Chem. BR00Q 104, 2154-2158.
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Soc.1996 118 7178-7189.
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3566
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Experimental Methods and Materials

Ac-(AG)/A, and (AG)A were synthesized using an Applied Bio-
Bystems Model 433A peptide synthesizer watistMocchemistry. The
measurements were performed on a variable-temperature injected ion
mobility apparatus, which has been described previously. The apparatus
consists of an electrospray source with a heated capillary interface, a
30.48 cm long, variable-temperature drift tube, a quadrupole mass
spectrometer, and a detector. Peptides were electrosprayed from
solutions prepared by dissolving approximately 3 mg of peptide in 1
mL of trifluoracetic acid and 0.1 mL of water (the peptides studied
here are very hydrophobic and insoluble in pure water and most other
common solvents). Short pulses of electrosprayed ions are injected into
the drift tube. The ions travel through the drift tube under the influence
of a weak electric field and exit through a small aperture. The exiting
ions are focused into a quadrupole mass spectrometer, and the arrival
time distribution of the mass selected ions is recorded at the detector.
The arrival time distribution is then corrected to give the drift time
distribution (the time that the ions spend traveling across the drift tube)

é)y accounting for the flight time outside the drift tube.

Experimental Results

Figure 1 shows drift time distributions recorded for Ac-(AG)
A-+H™ with a range of drift tube temperatures. The points are
the experimental data, and the lines are fits described below.
At the lower temperatures<@93 K) there appear to be two
peaks in the drift time distributions. However, a more detailed
analysis performed by fitting the data with Gaussian funcfibns
indicates that it is necessary to incorporate a third component
to obtain a satisfactory fit to the measured distributions at and
below 288 K. The third component is relatively small and lies
between the two major peaks. It is responsible for the ledge
that is evident between the peaks in the low-temperature
distributions in Figure 1. Below 273 K the distributions remain,
for the most part, unchanged. Above 273 K the peak at long
drift time gradually collapses into the shorter drift time peak.
The distributions between 288 and 313 K can be adequately fit
using two Gaussians. Above 31K a single Gaussian is
sufficient to fit the drift time distributions for Ac-(AGA+H™.

As the ions are injected into the drift tube, they are colli-
sionally heated as their kinetic energy is dissipated by collisions
with the buffer gas. The transient heating cycle that occurs as
the ions are injected into the drift tube can cause conformational
changes$? However, there is no evidence of conformational

(41) The drift time distribution for a single isomer broadened by diffusion as
the ions travel through the drift tube is expected to be a Gaussian.
(42) Jarrold, M. F.; Honea, E. Q. Phys. Chem1991, 95, 9181-9185.
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Ac—(AG),A+H* two conformations (A and B) and one of the conformations (A)
converts into the other (B) as they travel through the drift tube,
this leads to a buildup of intensity between the peaks assigned
to unreacted A and B. This intensity results from the reacting
A ions spending part of their time in conformation A and part
in conformation B. As the rate of interconversion increases, the
309K intensity between the peaks increases until eventually the peak
due to conformation A (the one that reacts) disappears as
interconversion occurs rapidly compared to the drift time. This
behavior is evident in the results shown in Figure 2. Decreasing
the drift voltage increases the amount of time that the ions spend
in the drift tube and hence provides more time for the ions to
interconvert. As can be seen from Figure 2, as the drift time
increases (the drift voltage decreases), the intensity between the
two peaks increases and the feature at longer drift time becomes
less well defined as more of it reacts away. These results provide
unambiguous evidence that structural changes are occurring on
the time scale of the drift time measurement. In previous
ol ot work, we were able to fit the drift time distributions for the
4 5 6 4 5 6 Ac-(AGG)sK+H™ peptide in the temperature range where con-
Drift Time, ms formational changes were occurring on the time scale of the
Figure 1. Drift time distributions measured for Ac-(A@+H" over the drift ime measurements and O_bt'_ain rate constants fo.r u_nfolding
100-410 K temperature range examined. The measurements were per-Of the Ac-(AGGK+H™ a-helix into a globule®® A similar
formed with an injection energy of 400 eV and a drift voltage of 380 V.  analysis was attempted here. While individual distributions could
The points are the experimental data, and the line is a fit using Gaussian be closely fit using the same model that was used to analyze
functions (see text). BT
the Ac-(AGG)K+H™ data, the Ac-(AG)A+HT distributions
Ac—(AG),A+H* measured with the same temperature but different drift voltages
Z80VDT 380VDT >80VDT (different reaction times) could not be fit with the same rate
constant for unfolding of the helix into the globule. Satisfactory
agreement could not even be achieved by incorporating a third
unreactive component between the two peaks. The failure to
fit the data with different reaction times with the same rate
constant indicates that we are not dealing with a simple two-
state system (where the helix converts directly into the globule).
It is possible that the reaction involves an intermediate with a
significant lifetime or that there are two or more different types
of helix present which convert into globules with different rates.
The measured drift times are easily converted into collision
cross section®® Figure 3 shows a plot of the cross sections
against temperature for the features identified for the Ac-(AG)
A+H* and (AGYA+HT peptides. Only a single feature is
293K observed in the drift time distributions for (A@+H* over
the entire temperature range studied€483 K). The systematic
decrease in the cross section for this feature with increasing
- — VAL . temperature results because the long-range attractive interactions
3 4 5 4 5 6 6 7 8 between the peptide ion and buffer gas become less important
Drift Time, ms with increasing temperature and because the collisions become
Figure 2. Drift time distributions measured for Ac-(A@+H" as a harder aF higher temperature and '_'ide further up the _repU|S_ive
function of drift voltage in the temperature regime where the peak at long Wall. This systematic decrease in the cross section with
drift time is beginning to disappear (27293 K). temperature always occurs, unless there is a conformational
change that causes a significant increase in the cross section. A
single feature like that found for (A@-+H™ is also observed
for the A\G7A4+H™ peptide over a similar temperature rarge.
For A/G/A;+HT this feature was assigned to a globular
conformation. The cross sections for the (A&)YH™' peptide
studied here are virtually identical, over the entire temperature
range studied, to those previously determined fg&A,+H™.

173K 273K 293K

263K 288K

Relative Abundance
N
N
w
x
N
~
[+}
x
> [
Ao o a
x X
o
o

278K

Relative Abundance
®
K

changes for (AGA+H™ and Ac-(AGYA+H™; the measured
drift time distributions are virtually independent of the injection
energy over the 3006600 eV range examined. The injection
energy is required to overcome the buffer gas flow out of the
drift tube apertures, and the signal drops off very sharply as
the injection energy is dropped below 300 eV.

Figure 2 shows drift time distributions recorded as a function
of drift voltage in the temperature regime where the drift time (43) Mason, E. A.; McDaniel, E. WTransport Properties of lons in Gases

iatri H H ; H H Wiley: New York, 1998
distribution is collapsmg from two d_omlnant peaks t‘? a Smgl_e (44) Kinn)n/ear, B. S.; Hartings, M. R.; Jarrold, M. §. Am. Chem. So2002
peak (between 278 and 293 K). If ions enter the drift tube in 124, 4422-4431.
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Figure 3. Plot of the cross sections for the main features in the drift time
distributions for (AGYA+H* and Ac-(AGYA+H™ as a function of drift 200 I L L l
tube temperature. The dashed line shows the expected temperature 0 100 200 300 400 500
dependence, extrapolated from low temperature, of the Ac-{AGH" Temperqture, K
feature with the largest cross sections. The dashed line was obtained by . .
scaling the measured cross sections for (KGYH. Figure 4. Comparison of the cross sections measured for Ac-(AGH™
(green points) and Ac-A&57A,+H™ (red points) as a function of drift tube
temperature.

This indicates that the (AGA+H™ peptide also adopts a

globular conformation. . _ the smallest and second smallest set of AGMs+H* cross
Cross sections for the Ac-(A@)+H" peptide are shown as  gections are only partially resolved from each other. In our

the open circles in Figure 3. As described above, there appeaiyreyvious work, the largest set of AcsB,As+H* cross sections
to be three conformations present at low temperatures for this

i ' ) = s was assigned to am-helix, the second largest set was assigned
peptide: the two peaks evident in the drift time distributions, {, 5 partiabz-helix (conformations between anhelix with 3.6

and the small component between the two peaks revealed byegiques per turn andzahelix with 4.4 residues per turn), the
fitting the data with Gaussian functions. The middle feature is - argest (second smallest) was unassigned, and the smallest
plotted with lighter points in Figure 3 to represent its low relative ¢t of Ac-AG;A,+H" cross sections was assigned to a globule
abundance and the fact that it is not clearly evident in the drift ojow 240 K. Above 240 K the cross sections for this feature

time distributions as a peak. As the temperature increases, thncrease and eventually merge with features with larger cross
Ac-(AG);A+H* feature with the largest cross section disap- gections.

pears, eventually merging, along with the small component in
the middle, with the feature with the smallest cross section. The
smallest set of cross sections for Ac-(AB)-H™ is close to
the cross sections for the globular (A@)}-H™ peptide. The
small difference between these two sets of cross sections forset of cross sections for AcsS:As+H". Evidently, the

temperatures: 350 K is due 1o the presence of the acetyl group o-helical conformation is not formed or does not survive for

in the Ac-(AGyA+H" peptide, which makes this peptide Ac-(AG);A+H*, though it does for Ac-AG:As+H*. The close
slightly larger than the unacetylated analogue. Thus for tem- correspondenc;e between the three sets of cross sections for
peratures< 350 K the Ac-(AGYA+H™ feature with the smallest Ac-(AG)A+H" and those for the Ac-fG;A;+H" peptide

cross section can be aS_S|gned to a globule. For h'gher_temper'suggests that the conformations present are closely related.
atures the cross sections for the Ac-(A&)}H'T peptide

increase with increasing temperature and move away from theMolecular Dynamics Simulation
cross sections for the (A@+H™ globule. We will consider
this behavior in more detail below.

Figure 4 shows a comparison of the cross sections reporte
here for the Ac-(AG)A+H™ peptide to those obtained for
Ac-A4G7A4+H™. The cross sections for the AcsB7A,+H™
peptide shown in Figure 4 are slightly different from those
reported previously by us because the data were originally
analyzed manually and we have now reanalyzed them, fitting
the distributions with Gaussian functions as described above
for the Ac-(AG)yA+H™. This approach should allow a more
accurate determination of the number of peaks in the drift time
dIStrIb,UtlonS and their p(?SItlonS, thoth, for AQ@V,A‘FH-H (45) Kolafa, J. http://www.icpf.cas.cz/jiri/macsimus/default.ntm.
the differences were minor. As described previously, four (46) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,

At low temperatures, below 240 K, the three sets of cross
sections for the Ac-(AGA+H™ peptide match the first, second,
and third smallest sets of cross sections for the AGAs+H™
peptide. There is no Ac-(AGA+H™ analogue for the largest

A series of molecular dynamics (MD) simulations were
dperformed for the Ac-(AGA+H™ peptide to help interpret the
experimental results presented above. The simulations were done
using the MACSIMUS suite of prograngwith the CHARMM
force field (21.3 parameter s¢fand a dielectric constant of
1.0. The temperature was maintained by re-scaling the kinetic
energies every 0.1 ps. Average potential energies and average
collision cross sections were obtained from the final 35 ps of
each simulation. Cross sections were calculated using an
empirical correction to the exact hard spheres scattering Model,

; ; ; ; ot ; S.; Karplus, M.J. Comput. Chen1983 4, 187-217.
features are evident in the drift time dIStl’Ibutlon_S for (47) Kinnear, B. S.; Kaleta, D. T.; Kohtani, M.; Hudgins, R. R.; Jarrold, M. F.
Ac-A4G7A+H™ at 240 K and below. The features leading to J. Am. Chem. So@00Q 122, 9243-9256.
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averaging over 50 snapshots taken from the final 35 ps of each —2750 T
simulation. If the conformation is correct in the simulation, the
calculated cross sections are expected to be within 2% of the
measured values. The protonation site is assumed to be the
amide CO nearest the C-terminus for all of the simulations.
Protonation near the C-terminus is preferred for helical con-
formations because the charge then interacts favorably with the
helix macrodipolé?~1% Protonating an amide CO at the middle
of the peptide or at the N-terminus disrupts the helix (MD

. . . . . . —-290 ] | | | |
simulations started from a helix rapidly convert into partially 010 220 530 340 350 260 270
helical or globular conformatiorff: To survive in the simula-
tions, a helix must be protonated near the C-terminus. For the
globular conformations, it is not clear that there is a strong —2750 T T T
preference for protonation at a specific site along the backbone.
The proton may even be mobile to some extent, transferring
from one protonation site to anoth° This behavior is not
incorporated into the MD simulations. While we assume that
the amide CO nearest the C-terminus is protonated, it is possible
that one of the other protonation sites will lead to a lower energy
globular conformation. This is a difficult issue to examine
because of the problems in sampling the low-energy globules | | ! | |
(see below). 10 220 230 240 250 260 270

The MD simulations described here are by necessity per- Cross Section, A?
formed with a classical force field, and so the results should be
interpreted with caution. The force field used here does not

1 I
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Figure 5. Plot of average potential energy against cross section from the
MD simulations. Results are shown for Aa@rAs+H™ (upper plot) and

account for environment effect8and it is not polarizablé? It Ac-(AG)-A+H* (lower plot). All results are from simulations that
may overemphasize some interactions, while other weak terminated at 300 K. Key: green circte 960 ps 300 K MD simulation
interactions, such as the*€H-+-O=C hydrogen bon@2 are starting from idealo-helix; red diamond= simulated annealing starting

.. . from ideal a-helix; black square= simulated annealing starting from a
missing. The Ac-(AGA+H" and Ac-AG7As+H™ peptides linear string (see text for more details). Cross sections for the two major
have the same composition and protonation sites, and the mairfeatures found in the drift time distributions of the Ac-(A@)-H* peptide
issue is whether there are significant differences in the MD are represented by horizontal error bars toward the bottom of the figure.
. . . . The error bars take into account the anticipated overall uncertaint®§
reSU|ts_ for t_h? two Pept'des that m'gh_t provide an explanation for comparison of the measured and calculated cross sections. The feature
for their strikingly different conformational preferences. Nor-  assigned to the Ac-(AGA+H* globule is represented by the error bar
mally, the force field energies of chemically different species centered at 219 A The Ac-(AGyA+H" helix is represented by the error
cannot be compared. In the present case, however, we ardbar centered at 245%AThis value was extrapolated from lower temperature

. . . . data (see Figure 3).
dealing with sequence isomers and a comparison can be made. ( g )

5, which shows plots of the average potential energy against oc-(AG),A+H*.
the cross seftlon for Ac-#B7A4+H™ (upper plot) azd In the results of the simulations for Aca@7As+H* (upper
Ac-(AG)7A+H™ (lower plot). The results for Ac-AG:As+H half of Figure 5) the group of points with energies arour2875
were partly taken from our previous work on this peptide. In k3 molt and cross sections around 248ake partialz-helices
both cases three types of simulation were performed: 300 K (conformations between am-helix with 3.6 residues per turn
960 ps MD simulations starting from an idezihelix (repre-  and az-helix with 4.4 residues per turn). The group of points
sented by the green circles in Figure 5); simulated annealing ground 254 & and —2850 kJ mot! and those around 2602A
starting from an ideak-helix (represented by the red diamonds); and—2865 kJ mot? are both due ta-helices (they differ by
and simulated annealing starting from an extended string the orientation of the protonated amide carbony! group at the
(represented by the black squares). We employed a relativelyc_terminus). Low-energy conformations with cross sections
gentle simulated annealing schedule consisting of 240 ps at 600smaller than 230 Aare globules.
500, and 400 K and 480 ps at 300 K. It is difficult_ to Iocgte The results of the simulations for Ac-(A@)+H+ show some
compact, low-energy globular conformations, and in previous sjgnificant differences from those for AcaG7As+H*. The
work this annealing schedule seemed to be the most effective.small cluster of Ac-(AG)A+H™ points around 260 Aand
All together 200 simulations (50 for each of the two types of 2875 kJ mot? are a-helices. Despite their relatively low
simulations starting from a helix and 100 simulated annealing energy, only a fewr-helices survive in the simulations for the
- Ac-(AG)7A+H™ peptide, substantially less survive than for
(48) ?gogneg&eis?égési%%%si J. L.; Somogyi,; AVysocki, V.J. Am. Chem. Soc.  Ac-A,G;A4+H*, and there is no analogue for the second slightly
(49) Burlet, O.; Orkiszewski, R. S; Ballard, K. D.; Gaskell, Rapid Commun. higher energy group ai-helices observed for Ac-£8;A,+H*.

Mass Spectronil992 6, 658-662. i _ + o i
(50) Rick, SPW.: Cachad, R. B, Chein. Phys200Q 112, 5230-5241. Figure 6a shows an example of an AC-(AG}H™ a-helix.
(51) Banks, J. L.; Kaminski, G. A.; Zhou, R. H.; Mainz, D. T.; Berne, B. J.;  The C-terminus is twisted around so that the protonated amide

Friesner, R. AJ. Chem. Phys1999 110 741-754. carbonyl group can hydrogen bond to the dangling CO groups

(52) Vargas, R.; Garza, J.; Dixon, D. A.; Hay, B. P.Am. Chem. So2000 . .
122, 4750-4755. at the end of the helix (this is the lowest energy arrangement of

J. AM. CHEM. SOC. = VOL. 125, NO. 13, 2003 3945



ARTICLES Hartings et al.

2) 260A° d)243A4° assigned to a globule. For Ac-(A@+H" several conforma-
tions were observed, including one that was assigned to a

~ " globule. Similar behavior was found for 4&7A;+H"™ and
Jg’ g\" AL L Ac-A4G7A4+HT. This difference in the conformations of the
; ) acetylated and unacetylated peptides can be attributed to the

¢) 240A° location of the protonation site. Acetylation blocks protonation

: at the N-terminus so that one of the amide CO groups must be
protonated. For helical conformations protonation at an amide
CO near the C-terminus is preferred because this leads to a
favorable interaction between the charge and the helix
macrodipolet2-15> On the other hand, protonation near the
N-terminus disrupts helix formation because there is an unfavor-
able interaction with the helix macrodipole. In the unacetylated
peptides, the N-terminus is most likely protonated, disrupting
helix formation. It follows that the N-terminus must be the most
basic site in these peptides. While the N-terminus is known to
Figure 6. Examples of conformations found in the MD simulations. The be the _mOSt basic site in solution, the proton affinities of the
conformations shown are snapshots from the end of the MD runs. Average N-terminus and backbone CO group are expected to be close
energies and cross sections are{2874 kJ mot?, 260 A% (b) —2875 kJ in the absence of a solvetit.Studies of peptide dissociation
mol, 250 A?; (c) —2876 kJ mot?, 246 /%, (d) —2875 kJ mot*, 243 have been interpreted as indicating that the protons are
(e) —2874 kJ mot?, 240 A2, (f) —2873 kJ mat?, 228 A2, and (g)—2886 4849 . !

mobile*49However, the excess energy is probably a factor in

kJ moft, 217 A&. The individual images were generated by the WebLab o - ; - o
Viewer (MSI Inc, San Diego, CA). Red regions asehelical, and blue driving the mobility of the protons in these studies, and it is

b) 250A°

regions arg8-sheet (on the basis of the backbone torsion anglesd¥). reasonable to expect that the proton will be localized at room
temperature if there is one site in the peptide that is more basic

the two orientations found for the Aca&7As+H" peptide).  than all the others. Our results are consistent with the idea that

The N-terminus of the-helix is disordered. This disorderis a  the proton is localized near the N-terminus in the unacetylated

common feature of the simulations for Ac-(A@)+H", much peptide.

more so than for the Ac-AS7A,+H" peptide, presumably Two major features are observed for the Ac-(AS)yH*

because the glycine residues are nearer the ends (glycine withyerige at low temperature (an additional minor feature was
no side chain has more conformational freedom than alanine). .o\ ealed by fitting the data). The major component with the
The band of AC'(AG%+H+2p°'ntS with cross sections  gmajier cross section is unambiguously assigned to the globule.
ranging from around 245 to 253 And energies around2875  The cross sections for the other major component are similar
kJ mol* are helices that are probably best described as partialy those for the Ac-AG;A+H* feature assigned to a partial
n-helices. There is a fairly diverse range of different helical , pejix The cross section for this feature at 300 K, extrapolated

conformations present; generally they have maréelical from the lower temperature data (see dashed line in Figure 3),
character closer to the C-terminus, and the N-terminus is ofteniS around 245 A This value can be compared with the

disordered. Two representative examples are shown in Figuréq|cyated cross sections shown in Figure 5; the horizontal error
6b and c. The small cluster of points with cross sections around 5, centered around 245 Aakes into account the anticipated
243 A and energies around2875 kJ mot™ are also helices,  gverall uncertainty of-2% for comparison of the measured
but they have an unusual feature: a row of backward pointing anq calculated cross sections. Taking this uncertainty into
hydrogen bonds (amide CO groups pointing toward the N- 5ccoynt, the measured cross section is consistent with the partial
terminus and amide NH groups pointing toward the C-terminus). ;_pe|ix represented by Figure 6¢ as well as the partially helical
An example is shown in Figure 6d. The cluster of points with  gyrctures represented by Figure 6d. The partially helical
cross sections around 24¢¢ And energies aroune2875 kJ  giryctures represented by Figure 6e should also not be com-
mol~! are partial helices. An example is shown in Figure 6e. It pletely ruled out. The 300 K cross section for the globular
is possible that the conformations shown in Figure 6d and e .onformation of the Ac-(AGA+H* peptide is represented in
are ir}termediates in the unfolding of tlehelix or the partiall Figure 5 by an error bar centered around 229 Fhe average
z-helix to the globule. The lowest energy globular conformation ¢;oss section for the lowest energy globular conformation found
_(and the Igwe_st energy conformation found in the simulations) i, the simulations lies within the expected range. Only one
is shown in Figure 6g. It has a double S-shaped structure that;ompact low-energy conformation was found in the simulations,
is very compact, with an average cross section of 247TRe )t a5 we have discussed elsewhere, it is not easy to find

next lowest energy globular conformation is shown in Figure compact, low-energy globular conformations by MD even when
6f. It has an energy-2873 kJ mof?) that is very close to the it is coupled with simulated annealifig).

energies of the helices and an average cross section around 228
A2, This conformation, which looks like an unraveled helix,
also might be an intermediate between the helical and globular
conformations.

In the experiments, there is no Ac-(ABHH™ analogue of
the Ac-A/G;A4+H™ feature assigned to the-helix. In the
simulations, the Ac-AG;As+H™ helices are clustered into

Discussion (53) Rodriquez, C. F.; Cunje, A.; Shoeib, T.; Chu, I. K.; Hopkinson, A. C;
Siu, K. W. M. J. Am. Chem. So@001, 123,3006-3012.

+ i H (54) Damsbo, M.; Kinnear, B. S.; Ruhoff, P. T.; Jarrold, M. F.; Ratner, M. A.
For the unacetylated (A%—H_' peptlde Only a Smgle An Evolutionary Computation Approach to Polypeptide Foldifgoc. Natl.

feature was observed in the drift time distribution, and this was Acad. Sci. U.S.Aisubmitted).
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several groups with fairly well-defined conformations, and the than the Ac-AG;As+H™ helices. So the origin of the different
a-helix is around 10 kJ mof above the lower energy partial  conformational preferences of the two peptides does not appear
z-helix. For Ac-(AGyA+H™ the partialzz-helices are spread  to result from enhanced stability of the Ac®@7A4+H™ helix,

over a wider range of cross sections, indicating more confor- at least within the framework of the simulations. On the other
mational flexibility than for the Ac-AG7A,+H™ peptide. The hand, the globular conformation for the Ac-(ABY-H™ peptide
ends of the Ac-(AGA+H™ peptides seem much more prone seems to be lower in energy than the corresponding conforma-
to partially unravel in the simulations than for Ag@7A4+H™. tion for Ac-A4sG7A4+H™. It is not just that a low-energy com-
For Ac-(AG)A+H™ thea-helix and partialz-helices are almost ~ pact conformation was found in the MD simulations for
isoenergetic in the simulations (see Figure 5). Despite this, the Ac-(AG);A+H™", overall the globular conformations seem lower
number of peptides that remaim-helical at the end of the  in energy for Ac-(AGYA+H™ than for Ac-AG7;A4+H™ (see
simulations is much smaller for Ac-(A@A+H™ than for Figure 5). Presumably, when the glycines are distributed
Ac-A4G7A4+H™. Two factors may contribute to this observa- throughout the peptide, it is more flexible and able to adopt
tion. First, the barriers for interconversion between different lower energy conformations. Thus it is the stability of the

helical conformations may be lower for the Ac-(ABHH* globule, rather than the helices, that dictates the conformational
peptide (less rough energy landscape), and second, the disordepreference: Ac-AG;A4+H™ prefers a helical conformation

in the partialz-helix/partially helical Ac-(AGYA+H™ confor- more than Ac-(AG)A+H™ because it makes less stable globules
mations makes them entropically preferred over dhkelix. than Ac-(AGYA+H™. An analogous conclusion was reached
These factors presumably account for the absence of thein studies of helix formation in Ac-YK-+H™ peptides with X
a-helical conformation for Ac-(AGA+HT in the experiments. = glycine, alanine, valine, and leucine and=Klysine. Here

At low temperature €250 K) the different conformations  the relative energy of the globule was related to the size of the
present do not interconvert on the time scale of the drift time amino acid: small residues (like glycine) yield compact low-
measurement. However, conformational changes occur as theenergy globules, while bulkier residues which pack less well
temperature is raised. Between 250 and 350 K the Ac-¢(AG) (like valine) have high-energy globules. For the Ac-(A&}H*
A+H™ helix converts into the globule (the minor component and Ac-(AGYA+H™ peptides studied here, which have the same
with a drift time between the helix and globule also disappears composition, the cause is more subtle: the lower energy globules
over this temperature range). As noted above, attempts to fitresult when the glycines and alanines are dispersed rather than
the experimental data using a simple two-state model were nottogether.
successful, indicating that the helix unfolding transition is more ~ Above 350 K the cross sections for the Ac-(AG}H*
complex. It is evident from Figure 3 that the cross sections for peptide start to increase (see Figure 3). Cross sections for the
the helical conformation begin to creep toward the globule as (AG);A+H* peptide continue to decrease over the same
the temperature is raised above 250 K. This suggests that thetemperature range; thus the increase in the cross sections for
transition to the globular conformation occurs through a series Ac-(AG);A+H" is not due to a nonspecific unfolding process
of intermediates, possibly including the small component in the (to a random coil). A similar increase in the cross sections for
measured drift time distributions between the helix and globule Ac-A4G7A4+H™ occurs above 300 K. An increase in the cross
at low temperature. In the results of the MD simulations there section (relative to that for the unacetylated peptide) suggests
are a number of low-energy conformations between the helicesan increase in the helical content. Normally one expects the
and the globules that may be intermediates, for example, therelative abundance of the ordered conformation to decrease as
partially helical structures shown in Figure 6d and e. The the temperature is raised. However, as we have pointed out
unraveled structure in Figure 6f might also be an intermediate. previously, the globule is a compact conformation with a

Above room temperature, the conformational changes are configurational entropy that is much less than for a random
beginning to occur rapidly on the time scale of the drift time coil.** The increase in the relative abundance of the helical
measurement. If the peptides are interconverting rapidly betweenconformation may be due to the helix having a higher vibrational
two conformations (helical and globular, for example), then the entropy than the globule, as predicted by some recent calcula-
average cross section provides a measure of the time spent irtions5° It is evident from Figure 3 that we have just cap-
each conformation. At slightly above room temperature, the tured the beginning of the conformational change for the
cross sections for the Ac-(A@+H™ peptide indicate that the ~ Ac-(AG);A+H™ peptide. We are currently modifying our
preferred conformation is globular. The cross sections for the apparatus so that the measurements can be extended to higher
Ac-A4G;A+H™ peptide in this temperature range are signifi- temperatures.

cantly larger than for Ac-(AGA+HT (see Figure 4), suggesting  acknowledgment. We thank Jiri Kolafa for use of his

a much larger average helical content. The origin of the larger \yacsiMUS molecular modeling programs and for his helpful

average helical content for the Ac:@7A,+H" peptide could  5qyice. We gratefully acknowledge the support of the National
be due to differences in the relative stabilities of the helices or |nstitutes of Health.

to differences in the relative stabilities of the globules. In the
results of the MD simulations (see Figure 5) it is evident that JA020610U
the Ac-(AG)A-+H™ helices have very slightly lower energies (55) Ma, B.; Tsai, C.-J.; Nussinov, Biophys. J200Q 79, 2739-2753.
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