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Abstract: The conformations of unsolvated Ac-K(AGE)H' and Ac-(AGG}K+H™ peptides (Ac= acetyl,

A = alanine, G= glycine, and K= lysine) have been examined by ion mobility measurements over a wide
temperature range (15@10 K). The Ac-K(AGG3)+H™ peptide remains a globule (a compact, roughly spherical
structure) over the entire temperature range, while botl-halix and a globule are found for Ac-(AGE-+H*

at low temperature. As the temperature is raisedothelix unfolds. Rate constants for loss of the helix (on

a millisecond time scale) have been determined as a function of temperature and yield an Arrhenius activation
energy and preexponential factor of 38:21.0 kJ mof! and 6.5+ 3.7 x 10° s7%, respectively. Thet-helix
apparently does not unfold directly into the globule, but first converts into a long-lived intermediate which
survives to a significantly higher temperature before converting. According to molecular dynamics simulations,
there is a partially untwisted helical conformation that has both a low energy and a well-defined geometry.
This special structure lies between the helix and globule and may be the long-lived intermediate.

(AAARA) sA-NH, (MABA = 4-(methylamino)benzoic acid).
There have been manv studies of helix formation by isolated The N-terminal fluorescent probe yielded a relaxation time of
y y 20 ns. This fast relaxation time was attributed to unzipping the

peptides in aqueous solution. .T_h‘? vast majority of these helix, while the slower relaxation time determined by Dyer et
measurements have probed equilibrium properties, such as the

relative propensities of the different amino acids to form al. was attributed to the loss of entire helical segments,

Introduction

helices!—3 As alanine has a high helix-propensity in solutfof,
alanine-based peptides have been extensively studied. Th
mechanism of helix formation has received less attention. Helix

formation is thought to occur through a process analogous to

doing up a zipper: there is a slow initiation step (formation of
the first helix turn) and a rapid propagation process (adding
helical residues to the end of an existing helix Surprisingly,

it is only in the last five years that the kinetics of helix folding

and unfolding transitions have been examined for short peptides
in agueous solution. The first measurements were performed

by Dyer and collaborators in 1998. They examined the
unfolding rate of Suc-AAAAA(AAARA)A-NH, (Suc= suc-
cinyl, A = alanine, and R= arginine) using laser-induced

temperature jump and time-resolved infrared spectroscopy and

found a relaxation time of 160 ns at 301 K. Thompson et al.

have used laser-induced temperature jump with fluorescence

monitoring to measure the unfolding rate of MABA-AAAAA-
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More recently, Thompson et al. have used fluoresence
guenching and laser-induced temperature jump to examine the
unfolding of Ac-WAAAH-(AAARA) sA-NH; (W = tryptophan
and H= histidine)? The rate of helix unfolding increased with
increasing temperature, with an apparent activation energy of
around 33 kJ mol'. Asher and collaborators have used UV
resonance Raman spectroscopy to probe the unfolding of
AAAAA(AAARA) sA by laser-induced temperature jurfpAn
activation energy of around 33 kJ méfor unfolding was found
in this work as well. Since the equilibrium constant for the helix
== coil transition can be measured for these peptides, the folding
rate can be deduced from the unfolding rate. The folding rates
deduced in this way are around®t.0° s~1.810.11Much slower
folding rates were obtained from the stopped flow CD spec-
troscopy studies of Clarke and collaborat®$hey found that
Ac-YGAAKA(AAAKA) »-NH; (Ac = acetyl, Y= tyrosine, G
= glycine, and K= lysine) folds on a millisecond time scale.
The origin of the difference between these results and the values
deduced from the laser-induced temperature jump measurements
is not known. Clarke et al. originally suggested that it was due
to the stopped flow studies (which start with a chemically
denatured peptide) measuring the much slower rate of helix
initiation while the rate deduced from the laser-induced tem-
perature jump studies is the rate of helix propagation.

Here we report the first experimental study of the kinetics of
helix unfolding in an unsolvated peptide. There has been
growing interest in examining the conformations and properties
of unsolvated peptides and proteins because these vapor phase
studies are expected to provide new insight into the role of
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Helix Unfolding in Unsalated Peptides

intramolecular interactions and hydration interacti&hd? In
recent work, we have shown how helix formation can be
controlled in unsolvated peptidés?? Ac-AnK-+H* (n = 10—

20) peptides, for example, form helices in the gas phase, while
Ac-KA +H™ (n = 10-20) do not. The lysine side chain carries
the charge in these peptides, and when the lysine is at the
C-terminus, the helix is stabilized by favorable interactions
between the charge and the helix macrodigiéand by helix
capping (where the protonated side-chain hydrogen-bonds to
the dangling carbonyl groups at the C-term#tug’). On the
other hand, when the lysine is moved to the N-terminus,
unfavorable chargedipole interactions destabilize the helix, and
the Ac-KA,+H* peptides form globules (compact, roughly
spherical structureg§:2° Thus, moving the lysine between the
N- and C-termini provides a convenient way of switching the
helix on and off. In the Ac-K(AGGHH™ and Ac-(AGG}K+H™
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Figure 1. Schematic diagram of the temperature variable ion mobility
apparatus.
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schematically in Figure 1. The apparatus consists of an electrospray
source, a temperature-variable drift tube, a quadrupole mass spectrom-

peptides studied here, the glycine residues are incorporated tcter, and a detector assembly. The electrospray emitter is a short length

destabilize the helical state. Glycine is known to be a helix-
breaker in solutiod,and the glycine analogues of the helical
Ac-AK+HT peptides, Ac-GK+H™, are globules in vacu®.

As we have shown elsewhere, a relatively large number of

of 400 um o.d. 250um i.d. deactivated fused silica capillary tubing.
The emitter is held at around 3 kV with respect to a piece of stainless
steel capillary tubing (10 cm long, 0.0508 cm i.d.). The steel capillary
tube is mounted in a copper beryllium block that is heated to
approximately 100C by cartridge heaters. The heated capillary tubing

glycine residues are needed to destabilize the helical state ofgjischarges into a small differentially pumped volume that is held at

unsolvated alanine and glycine-based peptides.

Experimental Methods

In the studies described here, information about the conformations
of the unsolvated peptide ions is obtained from ion mobility measure-
ments. lon mobilities depend on the collision cross section between an
ion and a buffer gas, which in turn depend on the geometry of the
ion.32-34 Structural information is obtained by comparing the cross
sections derived from the mobilities to cross sections calculated for
trial geometries obtained from MD simulations. The measurements were
performed on a new, temperature-variable ion mobility apparatus shown
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approximately 0.2 Torr by a mechanical booster pump. This region is
connected to the main chamber through a small aperture. lons that pass
through the aperture are focused into the drift tube by an electrostatic
lens.

The drift tube is designed to minimize temperature gradients. It
consists of four copper beryllium sections, and the temperature of each
section is regulated to better than°C by microprocessor-based
temperature controllers. It can be cooled to 77 K using liquid nitrogen
and heated to 413 K using a closed loop recirculator containing a
fluorocarbon. The drift tube is 25.4 cm long and contains a stack of
field guard rings connected to a voltage divider to provide a uniform
electric field along its length. The drift tube is usually operated with a
drift voltage of 286-480 V and with a helium buffer gas pressure of
around 4 Torr (at room temperature). These conditions are sufficient
to ensure that the mobilities are measured in the low-field regime, where
the mobility is independent of the field, and alignment effects are
negligible. The ability to separate different conformations, the resolving

power, is given approximately By
1/2 1/2
) ()

(

wheretpr is the drift time,ty; is the width of the peak at half-height,
zeis the charge on the iorV is the drift voltage (the voltage drop
across the drift tube), and is the temperature. With the conditions
employed here the resolving power at room temperatigiéti(z) is
around 36. This is considerably less than the resolving power available
from our high-resolution ion mobility apparatus180) that we have
used to examine the conformations of unsolvated peptides at room
temperature. However, it is more than sufficient to separate helices
from globules.

After traveling across the drift tube some of the ions exit through a
small aperture, they are then focused into a differentially pumped
quadrupole mass spectrometer. After mass analysis the ions are detected
by an off-axis collision dynode and dual microchannel plates. Drift
time distributions are recorded by programming the quadrupole to
transmit the relevant mass, and using an electrostatic shutter to modulate
the ions from the source so that short (&) packets of ions enter the
drift tube. The arrival time distribution is recorded at the detector with
a multichannel scaler employing a 18 dwell time. The drift time
distribution is then obtained by correcting the arrival time distribution
for the time that the ions spend traveling outside the drift tube, which
is mainly the flight time from the drift tube exit to the detector. The
drift times are converted into collision cross sections uWSing

for_1
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In this expressionm andm, are the masses of the ion and buffer gas, 1000
zeis the charge on the iop,is the buffer gas number densityjs the
length of the drift tube, ané is the drift field.

AcK(AGG)s and Ac(AGG}K were synthesized usingastMoc(a
variant of Fmoc) chemistry on an Applied Biosystems model 433A 500 - -
peptide synthesizer. After cleaving with a 95% TFA (trifluoracetic acid)/
5% water cocktail, the peptides were washed in water and lyophilized.

The solutions for electrospraying were prepared by dissolving ap- MM"‘O
proximately 2 mg of peptide in 1 mL of TFA and 0.1 mL of water. 0

Counts

vl

| | |
1060 1080 1100 1120 1140
Mass, amu

Figure 2. Mass spectrum recorded for the Ac(AGE)peptide.

Results

Figure 2 shows a mass spectrum recorded for the Ac(AKGG)
peptide. The major peak at 1114 amu corresponds to Ac- Ac—(AGG)sK
(AGG)sK+H™. The small peak at 1057 amu results from the 993 K 273 K
deletion of a glycine residue. The peak due to the deletion of
an alanine residue (at 1043 amu) is even smaller. In some spectra
there was a fairly abundant peak corresponding to Ac-
(AGG)sK+Na*. Similar results were obtained for the AcK- - ——
(AGG)s peptide. 253 K Y 282 K

Figure 3 shows drift time distributions recorded for Ac-
(AGG)sK+HT as a function of temperature from 223 to 295
K. At 223 K and below, two well-separated peaks are present.
Based on our previous studies of similar peptides, the peak at i 263 K A 295 K
shorter drift time is assigned to a globule while the one at longer
time is assigned to a helix. These assignments will be confirmed
below. As the temperature is raised the peak at longer time
gradually vanishes and at 282 and 295 K only a tail extending S0 5% o0 o8 70 S0 o8 8o o5 70

to longer times remains. Drift Time, ms Drift Time, ms

Figure 4 shows drift time distributions recorded from 29510 Figyre 3. Drift time distributions recorded for Ac(AGGX+H" as a
409 K. As the temperature is raised, the tail evident in the 295 function of temperature from 223 to 295 K. The points are the
K distribution sharpens up to become a shoulder. The shoulderexperimental data and the lines are the results of fits to the measured
is clearly evident at 333 and 353 K and then starts to merge peaks (see Results).
with the main peak as the temperature is raised further. For the
AcK(AGG)s+H* peptide only a single peak was observed over C(vp + LAY —r,
the entire temperature range examined (173 K to 408 K). This (1) = fdtpp(tp) W VIR
peak is assigned to a globule. 5

Figure 5 shows cross sections for the main features observed exr(_(L — ) ) )
in the drift time distributions of AcK(AGGHH™ and Ac- 4Dt
(AGG)sK+HT plotted as a function of temperature. The cross
sections for a given structure are expected to systematicallywhereC is a constantyp, is the drift velocityr, is the radius of
decrease with increasing temperature because the long-rangéhe entrance apertur,is the length of the drift tubeR(t) dt,
attractive interactions between the peptide ion and the buffer is the distribution function for the packet of ions entering the
gas atoms become less important as the temperature is raisedlrift tube, andD is the diffusion constant. Under low-field
The filled AcK(AGG)+H" points in Figure 5 show this type  conditions,D is given by KkgT/e where K is the mobility.
of temperature dependence. These points are due to a globulé=quation 3 accounts for the width of the ion packet injected
while the open Ac(AGGK+H™ points with cross sections  into the drift tube and the spread of the ion packet by diffusion
above 270 A are due to a helix. At room temperature and below as it travels through the drift tube. The distribution calculated
the cross sections for the Ac(AGEB)}+H*t peak with the assuming a single conformation (the dashed line) clearly does
shortest drift time overlap those measured for the AcK- hotfitthe measured peak very well. The solid line in the Figure,
(AGG)s+H* peptide. Above 310 K, however, the cross sections Which provides a good fit to the measured peak, was obtained
for these features diverge slightly. The middle set of cross Py averaging over the distribution of conformations represented

sections in Figure 5 (including the open triangles) are discussedPy the histogram. The extent and intensity of the “tails” in the
below. histogram were obtained from an automated fit to the experi-

Figure 6 shows the drift time distribution measured for mental data using a least-squares criterion. These results indicate

globular AcK(AGG)+H* at 293 K. The dashed line shows that there are a variety of slightly different globules which do

the drift time distribution expected if the peptide had a single not interconvert on the time scale of the experiment. As the
conformation. This was calculated fréfn temperature is raised, the measured peak becomes narrower,

and as the temperature is lowered, it becomes broader. To fit
(36) Mason, E. A McDaniel, E. WTransport Properties of lons in  the broader peaks obtained at lower temperatures, broader and
Gases Wiley: New York, 1988. more abundant “tails” are required. The globule peak for the




Helix Unfolding in Unsadated Peptides J. Am. Chem. Soc., Vol. 123, No. 24, 26663

800 T
Ac—(AGG)sK
A 205 K ;353 K Ac—K(AGE)s
600 |- 293 K .
2
S 400 - .
Q
311 K i 378 K ©
200 -
; ' %5 ;0 '6 0
333 K 409 K Drift Time, ms
5 Figure 6. Drift time distribution for AcCK(AGG)}+H" at 293 K. The
points are the measured distribution. The dashed line was calculated
| | ‘ | | assuming a single conformation while the solid line was obtained
50 55 60 65 70 50 55 60 65 7.0 assuming the distribution of conformations given by the histogram.
Drift Time, ms Drift Time, ms
Figure 4. Drift time distributions recorded for Ac(AGGK+H* as a B _))'A\ ' 2'0 -
function of temperature from 295 to 409 K. The points are the B s
experimental data and the lines are the results of fits to the measured
peaks (see Results).
A
300 I 1 I | | /\
B
e Ac—K(AGG)s
-1
° oa Ac—(AGG)sK 200 s
. 2801 ° -
o<t %,
c ® helix
.2
%]
@ . 2000 s7'
] a
S °
2401 0 §eBowy
globule Qg%
S & @Bomf
| | | * * o ] ] I
22(%50 200 250 300 350 400 450 4 5 6 Y 8

Temperature, K Drift Time, ms

Figure 7. Drift time distributions calculated for different rates of
conversion from B to A. Distributions are shown for peak A, peak B
(including the B ions that convert to A as they travel across the drift
tube), and the sum of these components.

Figure 5. Cross sections for the main features in the drift time
distributions for ACK(AGG}+H" (®) and Ac(AGG}K+H"* (O and

A) as a function of temperature. Thesymbols represent values where
the shoulder giving rise to the middle set of cross sections was not

clearly apparent in the drift time distribution, and the cross section e
was derived from a fit to the data (see Discussion). components where the component at longer drift time (B)

converts into the one at shorter drift time (A) as the ions travel
AC(AGG)sK-+H™ peptide can also not be represented by a single through the drift tube. Drift ti'me distributions calculated for
conformation; however, the peak assigned to the helix is the two components and their sum are shown for a range of
narrower and can be adequately described by a single conformadifférent reaction rates. When conversion occurs slowly com-

tion even at low temperature (see Figure 3). pared to the drift time, there are two well-separated peaks, as
shown at the top of Figure 7 for a reaction rate of 26, §he
Determination of Rate Constants for Helix Unfolding low-intensity bridge between the two peaks results from ions

) ) o that convert from B to A at different places along the length of
It is ewdem frqm the results shown in Figure 3 that as the the drift tube. The middle part of Figure 7 shows the situation
temperature is raised the Ac(AGE)+H" peak at long drift  \yhen conversion occurs on a time scale comparable to the drift
time (assigned to a helix) disappears and presumably convertsjme peak B is significantly depleted as a large fraction of the
into a peak at shorter drift time (assigned to a globule). g jons convert into A as they travel through the drift tube, and
Conversion of the helix into the globule must occur as the ions yjs js reflected in the large bridge between the two peaks. lons
are traveling through the drift tube. Hudgins et al. have shown i, the bridge near peak A result from B ions that convert to A
that under the appropriate conditions rate constants can benesr the entrance of the drift tube (so that they spend most of
determined for conformational changgs (isomerization processeskneir time as A ions). lons in the bridge near peak B result from
that occur as ions travel through a drift tuliélo illustrate how  conyersion near the drift tube exit (so that these ions spend most
the rate constants are derived, Figure 7 shows drift time o their time as B). The lower part of Figure 7 shows the
distributions calculated for a simple system consisting of two gjiyation when the reaction occurs rapidly compared to the drift
(37) Hudgins, R. R.; Dugourd, Ph.; Tenenbaum, J. M.; Jarrold, M. F. time. All of the B ions now convert to A ions close to the
Phys. Re. Lett. 1997, 78, 4213-4216. entrance of the drift tube, and there is no longer a separate B
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Figure 9. Arrhenius plot of logk against 1T for loss of the
Ac(AGG)sK+H" helix.

was an adjustable parameter in the least-squares fit). With this
assumption, sensible fits could be obtained over a wide
temperature range and with different drift voltages, as illustrated
in Figures 3 and 8. Note that the bridges between the peaks in
Figure 8 stop short of the peak maximum because the product

Counts

6570 7580 B5 B0 85 (the long-lived intermediate) is at a slightly longer drift time
Time, ms than the large peak.
Figure 8. Drift time distributions recorded for Ac(AGGK+H" at We were able to obtain reliable rate constants for the loss of

268 K for a range of different drift voltages. The points are the the helix from 248 to 288 K. Outside this temperature range
experimental results. The lines are the results of simulations which the rates were either too fast or too slow to obtain a meaningful
account for the loss of the feature at long time. All three distributions it 15 the data. The temperature dependence of rate constants
were fit with a rate constant of 243°s can usually be described using the empirical Arrhenius relation-

peak in the drift time distribution. The conversion from B ions ship,

to A ions is reflected in the exponential tail that extends to longer k= Aexp(—E,/kT) 4)
time. At higher rates of conversion the tail ultimately disappears,

leaving only a single narrow peak. whereA is the preexponential factor arih is the activation

By fitting the measured drift time distributions it is possible energy. An Arrhenius plot of log against 1T is shown in Figure
to determine rate constants for the conformational changes. An9. The results fall on a good straight lin€ & 0.98). A least-
example is shown in Figure 8 which shows drift time distribu- squares analysis yields an activation energy of 38.2.0 kJ
tions measured for Ac(AGGX+H" at 268 K for a range of ~ mol~! and a preexponential factor of 6453.7 x 10° s,
different drift voltages. Changing the drift voltage changes the  The analysis of the drift time distributions described above
amount of time that the ions spend in the drift tube and hence is based on the assumption that we are dealing with a two-state
changes the amount of time available for conversion betweensystem; in this case, the helix and the long-lived intermediate.
the different conformations. The solid lines in the figure are A test for the validity of this assumption is to adjust the drift
fits to the measured distributions using the same rate constantvoltage to change the time the ions spend in the drift tube. The
for conversion (24379). The fits were done automatically using rate constant derived from the drift time distributions should
a least-squares criterion. The positions and intensities of thebe independent of the reaction time. It is evident from the results
peaks were adjusted, along with the intensity and extent of the shown in Figure 8 that a single value for the rate constant
“tails” on the globule peak. The broadening of each component provides a good fit to drift time distributions measured with a
in the drift time distribution due to diffusion and the finite width  range of drift voltages. However, slightly different values for
of the injected pulse of ions were taken into account using eq the rate constants result if the drift time distributions are fit
3. individually. The change in the quality of the fits when the drift

Initial attempts to fit the drift time distributions, assuming time distributions are individually fit is usually so small that it
the peak at longer time (the helix) converted directly into the is often difficult to discern a difference by eye. On the other
peak at shorter time, did not yield sensible results. To understandhand, the differences in the rate constants appear to be
what is happening it is necessary to examine the results shownsystematic. Hence the assumption of a two-state system appears
in Figures 3 and 4 more closely. As the temperature is raised,to be a good approximation, but it is not completely valid.
the peak assigned to the helix disappears. At 282 K the helix Deviations from ideal behavior can result from three main
peak is gone, leaving behind an exponential tail extending to causes. First, the presence of different populations of helices
longer time. As the temperature is raised further (see Figure 4), (with similar cross sections) that melt at slightly different rates.
the helix starts to unfold as soon as it enters the drift tube, and Second, the presence of one or more intermediates between the
the tail sharpens-up to reveal a shoulder at a slightly longer helix and shoulder with a lifetime that is less than (but not much
time than the main peak. It seems that the helix first converts less than) the drift time. And third, a back reaction which will
into this feature, a long-lived intermediate which survives to eventually lead to an equilibrium between the different confor-
significantly higher temperature, before eventually converting mations. There is no real indication which of these factors is
into the Ac-(AGG}K+H™ globule (see below). The fits shown responsible for the small deviations from ideal behavior found
in Figure 8 were made assuming that the helix initially converts here.
into a long-lived intermediate with approximately the same drift At 295 K and above the helix unfolds so rapidly that a reliable
time as that of the shoulder (the drift time of the intermediate value for the unfolding rate cannot be derived from the data.
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The fits to the experimental data shown in Figure 4 for —2150 y T T T
temperatures of 295353 K were obtained using rate constants o Ac—K(AGG)s ® 300 K
extrapolated from the Arrhenius analysis. The tail evolves into T pogo |° 4 ACTAGE)K o )
the shoulder over this temperature range. The extrapolated rates g o e®. 2

account for the evolution of the shoulder quite well. At - o wBa4 . 4 ® *
temperatures above around 370 K the shoulder begins to = —2250 |- o °f' te <. s 1
disappear as it converts into the globule. We attempted to 2 g? cese *.’: . *
determine rate constants for the loss of the shoulder; however, E 2300 L R ‘é‘.m ]
these attempts were not very successful because the peaks are w

too close together. It is possible that the shoulder and the main

peak merge (in other words, the two structures interconvert) — 2380 i 5R0 360 270 380
instead of the shoulder just converting into the main peak. We Cross Section, A?

attempted to fit the high-temperature data for the Ac- Figure 10. Plot of the average energy against cross section for the
(AGG)sK+H™ peptide, assuming that the peaks merge, but we simulations performed for Ac-K(AGG}H* and Ac(AGG}K-+H" at
could not obtain a unique fit. Different data sets gave widely 300 K. For Ac(AGG}K+H* results are shown for simulated annealing

different values for the forward and backward reaction rates. runs terminating at 300 K&) and for MD simulations at a fixed
temperature£). For Ac-K(AGG)+H™ the results are from simulated

Molecular Dynamics Simulations annealing runs terminating at 300 K,
A series of molecular dynamics (MD) simulations were
performed to help identify the features observed in the drift time Ac'(AGG)5K+H+

distributions. The MD simulations were performed using the
MACSIMUS suite of progran®§ with the CHARMM force field

(21.3 parameter setj.The bond lengths were constrained by
SHAKE,* and the CH, Ck and CH groups were treated as
united atomg! A time step of 1 fs was used, along with a
dielectric constant of 1.0. The temperature was maintained by
re-scaling the kinetic energies every 0.1 ps. Two sets of .
simulated annealing runs were performed, one terminating at :
300 K and the other terminating at 400 K. The annealing Figure 11. An example of am-helical conformation from the MD
schedules employed were 240 ps at 600, 500, and 400 Ksimulations performed at 300 K. The conformation shown in the figure
followed by 480 ps at 300 K and 240 ps at 600 and 500 K, had an average energy 2294 kJ mot and an average cross section
followed by 480 ps at 400 K. In previous work, these relatively 0f 267 A2 The red regions are-helix according to the WebLab viewer
gentle annealing schedules seemed to do best at the difficylt(Molecular Simulations Inc., San Diego, CA) used to produce the image.

fr?l;?;;ﬁ;a;:g ;?mpf;tgm':;%ﬁ%grlgbué%;%?:orvr\?;z@g; d points show the results for the AcCK(AGE)H™ peptides. The
y 9 Y simulations for these peptides all collapsed to globules. As

as starting conformations for the simulated annealing runs. The . - -
simulations started from the near-linear all-trans geometr expected, a protonated lysine at the N-terminus destabilizes the
> 9 Y helical conformation. The calculated cross sections for the
usually collapsed to globules, although some partially helical globules are around 2345 A2, with the low-energy ones
gﬁ;l;?;?(?r:?r\;feraelspferﬁ?rﬁlqlEeedd.folrnthaedil(t,‘l-o(,r&’e?]i)sflillfspg;t%io pS having cross sections around 233. AThis is close to the
at 300 and 400 K starting from both ashelix and az-helix mea.sured.value of 23Q21Kseg Figure 4). A more extensive set
: of simulations may yield slightly more compact and lower

A m-helix hasi , i + 5 hydrogen bonds (4.4 residues per turn) n . :
compared with , i + 4 hydrogen bonds (3.6 residues per turn) aelgreerg%'gﬁréﬁtﬁ?l%;Ir—lne;gt?:gtrjmvegllﬁgz that are in even better

for an z-helix. The simulations started from an ideahelix . R . .
. : : ; The filled points in Figure 10 are the results of simulations
quickly relaxed to am-helix or a partiatr-helix. Average cross iw

sections for comparison with the measured values were obtained the AC(AGGHK+H™ peptide. The filled circles are from
. P . he simulated annealing runs, while the triangles are from the
by calculating cross sections for 50 snapshots equally space : - '
. ) . D simulations performed at a fixed temperature. Some of the
over the last 35 ps of each MD simulation. The cross sections

were calculated using the modified exact hard spheres scatterin gimulated annealing runs (mainly those from linear starts) have
P g he ; pher - g1:ollapsed into globules with cross sections and energies similar
model#? If the conformations derived from the MD simulations

+
are correct, the measured and calculated cross sections arto those found for the ACK(AGGYH™ globules. However, the

" . -
expected to agree to within 2%. Average energies were also('z‘c(AGG>5K+.H peptides clearly occupy a mugh W|d§r fange
of conformations. The clump of low-energy points with cross

derived from the last 35 ps of each simulation. - . .
Figure 10 shows the average energies plotted against thesectlons between 260 and 270 de predominantly-helical.
Igu ws the averag gies p d agal An example of one of these conformations is shown in Figure
calculated cross sections for the 300 K simulations and the

. . . 11. While the helices do not persist up to 300 K in the
simulated annealing runs that terminated at 300 K. The open experiments, a short extrapolation indicates that they should have
(38) Kolafa, J. http://www.icpf.cas.cz/jiri/macsimus/default.htm cross sections of around 266 At 300 K, which is in close
(39) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.;  agreement with the calculated values for thkelices. The low-

va(irg)"maéhf‘s{e}ffﬁpw’Fmégr%mgethCm%iif’lgl?ﬁilfén_ energy conformations with cross sections around 2560ksist

1327. of a variety of helical structures, including some partidielices
(41) Weiner, S. J.; Kollman, P. A.; Case, D. A;; Singh, U. C.; Ghio, C.;  (usually withzz-helix toward the C-terminus arwthelix toward
%ﬁgonav G.; Profeta, S.; Weiner. &. Am. Chem. Sod 984 106 765~ the N-terminus since this provides an extra dangling carbonyl

(42) Kinnear, B. S.; Kaleta, D. T.; Kohtani, M.; Hudgins, R. R.; Jarrold, group for hydrogen bonding to the protonategl lysine sjde cha[n).
M. F. J. Am. Chem. So200Q 122 9243-9256. These helical structures have cross sections which deviate
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Ac-(AGG),K+H"

Figure 12. The most stable conformation found in the MD simulations
performed at 300 K. Note the row of hydrogen bonds between backbone
CO groups (sticks with red tips) pointing toward the N-terminus and
backbone NH groups (sticks with white tips) pointing toward the
C-terminus. The backward pointing CO groups are indicated by arrows.
The blue regions areg3-sheet according to the WebLab viewer
(Molecular Simulations Inc., San Diego, CA) used to produce the image.

significantly from the extrapolated cross section from the
experiments (266 A.

The lowest-energy conformation in Figure 10 has a cross
sections of around 245%AThere is another point close by with

Kinnear et al.

(around 316-390 K). However, outside of this range its position
can be deduced from fits to the measured drift time distributions.
The values deduced from the fits, when no clear shoulder was
evident in the drift time distributions, are shown by open
triangles in Figure 5. The open triangles between around-250
300 K represents the product from loss of the helix (the long-
lived intermediate). These points appear to extrapolate to the
shoulder observed at slightly higher temperature. However, the
temperature dependence of this feature is not straightforward
(the cross sections do not systematically decrease like those for
the Ac-K(AGG)+HT globule) which may indicate that the
intermediate at lower temperatures and the shoulder at higher
temperatures do not have the same conformation. On the other
hand, the shoulder appears just when the intermediate is
expected to yield a sharp feature so that it is difficult to believe
that they are not related. There is no evidence for the shoulder
at low temperature<220 K) where the helix remains folded
(the shoulder should be resolvable if it were present).

What conformation(s) give rise to the middle set of cross
sections for the Ac-(AGGK+H™ peptide? One obvious
candidate is the special structure shown in Figure 12. This
partially untwisted helical conformation has an average cross
section at 300 K of 245 A The cross section deduced from

almost the same cross section and energy, and its conformatiorthe drift time distributions at 300 K (237 %is slightly, but

is almost identical to the lowest-energy one (which is shown in significantly (> 2%) smaller. At 400 K the cross section deduced
Figure 12). The lowest-energy conformation found in the from the measurements and the calculated cross section are both
simulations performed at 400 K is almost identical to that shown around 239 A Thus, the special structure seems to account
in Figure 12. In the 400 K simulations, three runs led to this for the middle set of cross sections at the higher temperatures,
structure. The conformation in Figure 12 is a partially untwisted but perhaps not at the lower temperatures. However, the cross
helix with predominantlyi, i + 6 hydrogen bonding. A close  sections derived for middle feature are not as reliable as those
inspection of Figure 12, however, reveals that some of the determined for well resolved peaks, particularly for temperatures
backbone CO groups point toward the N-terminus (the backward below 330 K where a clear shoulder is not observed. This
pointing ones are indicted by arrows) and some of the backboneadditional uncertainty may also explain the unusual temperature
N—H groups point toward the C-terminus. This leads to a row dependence for the middle feature.

of hydrogen bonds pointing in the wrong direction for a normal  The stability of the unusual hydrogen bonding pattern in the
helix, and gives the hydrogen-bonding network sgfreheet special structure in Figure 11 probably results at least partly
character (as indicated by the blue regions in the figure). The from favorable interactions between the helix macrodipole and
residues involved in this row of backward hydrogen bonds are the dipoles of the backward pointing hydrogen bonds. An
exactly the same in all five low-energy structures found at both obvious question concerning this structure, is whether its unusual
300 and 400 K. This is clearly a special structure, in the sense hydrogen bonding pattern is a consequence of glycine’s con-
that it has both a low energy and a well-defined geometry.  formational freedom. Is this structure still favored for peptides
made up of amino acids with side chains? To examine this issue
we converted the glycines into alanines, and then ran MD
simulations at 300 K. With the all-alanine peptide, théelix

is around 70 kJ mol lower in energy than the structure in
Figure 11. In experiments, AgRK-+H™ is found to be an

Discussion

Only a single feature was observed in the drift time distribu-
tions for the Ac-K(AGG3}+H™ peptide. The average cross

sections decrease smoothly with increasing temperature (as long
range interactions between the ion and buffer gas become les
important) and at 300 K they are close to values obtained from
MD simulations of globular conformations. Three different
features are observed for the Ac-(AG&)}-H™ peptide. Below
300 K, one set of cross sections for Ac-(AGE}-H™ is
coincident with the Ac-K(AGGHHT globules, so these must
be due to Ac-(AGGK-+H™ globules. The cross sections for
the Ac-K(AGG)+H™ and Ac-(AGG}K+HT globules start to
diverge slightly above 300 K. While obviously indicating
slightly different structures, the nature of the difference is not
clear at present. Cross sections determined from the 300 an
400 K simulations do not show a significant difference between
the Ac-K(AGG)+H™ and Ac-(AGG}K+HT globules. Thus,
the simulations provide no insight into the origin of the
difference.

The middle set of cross sections for the Ac-(AGKGFH™
peptide in Figure 5 is due to the shoulder. The shoulder is only
clearly visible over a relatively narrow temperature range

a-helix at room temperatu®:22Thus glycine’s conformational

Yreedom is necessary for the peptide to adopt the special

structure.
In the 300 K simulations the lowest-energy Ac(AGKYH™*

helix is around 19 kJ mot lower in energy than the lowest-
energy globule. Since the helix converts into the globule as the
temperature is raised the free energy of the helix must be below
that of the globule. The globule is expected to be favored
entropically3 furthermore, it is likely that more extensive MD
simulations will find lower energy globules. So there is not a
ignificant quantitative discrepancy between the relative energies
rom the simulations and the expected values. The special
structure in Figure 11 is 9 kJ mdi more stable than the helix.
If the intermediate has a well-defined structure (like that in
Figure 11) it will not be favored entropically, and so it should
be lower in energy than the helix.

(43) Okamoto, Y.; Hansmann, U. H. E.Phys. Chen1995 99, 11276~
11287.
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Compared with the relaxation rates measured in the laser-significantly higher temperatures before converting (on the
induced temperature jump experiments, arourfd-10" s™* at millisecond time scale of our measurements) into the globule.
300 K, the rate of helix loss in the unsolvated peptides studied The intermediate may be a partially untwisted helical conforma-
here is substantially smaller: 14 10° s! (extrapolated to tion like the special structure shown in Figure 11. It is easy to
300 K). However, the value for the Arrhenius activation energy see how such a partially untwisted helix could be an intermediate
we obtained, 38.2 1.0 kJ mot?, is quite close to the activation  along the path between anhelix and a globule. In fact one of
energies found for helix unfolding of alanine-rich peptides in the three special structures found in the 400 K simulations
the laser-induced temperature jump experiments (around 33 kJresulted from the untwisting of a-helix in a fixed temperature
mol~1).%!* The main difference between the solution phase MD run. The idea that a helix to coil transition occurs by the
measurements on the alanine-rich peptides and the resultselix initially untwisting to an intermediate which then converts
reported here is in the preexponential factor. In the laser-inducedijntg a globule, is quite different from the conventional zipper
temperature jump studies values of2010' were obtained,  view of helix 6 coil transitions where the helix unravels from
compared to a value of 6:5 3.7 x 10° s~* found in our studies.  jis ends and the transition state is unraveling of the final helix
The small value for the preexponential factor for helix 0SS iy |t remains to be seen whether the intermediate exists for

Ac-(AGG)sK+H" indicates a fairly tight transition state. Such variety of different peptides, or just the one studied here.
a transition state might be expected to result when a predomi-

nantly a-helical structure converts into a conformation with a

well-defined structure like the one shown in Figure 11.
Perhaps the most notable feature of the results presented her:

is the observation that-helical Ac-(AGG}K+H™ peptides do

not unfold directly to a random globule, but first convert into

an intermediate. This long-lived intermediate survives to JA004196E
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