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Abstract: The conformations of protonated RA1sK, RA2K and RA;sH (R = arginine, A = alanine, K =
lysine, and H = histidine) have been examined in the gas phase as a function of temperature. These
peptides were designed so that intramolecular proton transfer will trigger conformational changes between
a helix (proton sequestered at the C-terminus) and globule (proton sequestered at the N-terminus). Kinetically
controlled structural transitions occur below 400 K (from helix to globule for RA;sH, and from globule to
helix for RA1sK and RAK). As the temperature is raised, the compact globule found at room temperature
expands, accesses more configurations, and becomes entropically favored. At around 500 K, the RA;sK
and RA2K helices undergo a melting transition. The transition is broad, as expected for a phase transition
in a finite system, and becomes narrower as the peptide size increases. In the helical conformation, the
two basic residues are well separated; as a result, the proton transfer necessary to drive the melting transition
probably involves a mobile proton. For doubly protonated RA;sK, a dumbbell-like conformation (resulting
from repulsion between the two protonated basic residues) is found at high temperature.

Introduction

Rapid intramolecular proton transfer to give a “mobile proton”
is believed to play a critical role in directing peptide fragmenta-
tion in the gas phask? Since peptide fragmentation patterns

can provide the sequence information needed in applications

The specific peptides that we report on here are protonated
RA1sK, RA2K, and RAisH (R = arginine, A= alanine, K=
lysine, and H= histidine). We find kinetically controlled
transitions between helical and globular conformations occur
at close to room temperature. However, as the temperature is
raised, the globular conformation expands, accesses more

such as proteomics, a basic understanding of the fragmentation.qntormations, and becomes entropically favored. The helices
process, including issues such as proton mobility and the {hen yndergo a melting transition at around 500 K. The transition
conformation of the dissociating state, is important. Here we g proad, as expected for a phase transition in a finite system,
report studies of model peptides designed so that intramoleculary g hecomes narrower as the peptide size increases.

proton transfer triggers a conformational change. The peptides We use ion mobility measurements to probe the peptide

have a polyalanine core with a single baS|c.reS|due at each endconformations as a function of temperatéfté! The mobility
Intramolecular proton transfer from one basic group to the other

induces a switch between helical and globular conformations.
When the proton is at the C-terminus, the helix is stabilized by

favorable interactions between the charge and the helix dipole.

When the proton is at the N-terminus, this interaction destabi-
lizes the helix and a globule (a compact random-looking, three-
dimensional structure) results.
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of an ion (how rapidly it moves through a buffer gas under the
influence of a weak electric field) depends on the ions average
collision cross section with the buffer gas: ions with small
compact geometries have fewer collisions and travel through
the buffer gas more rapidly. Geometries are assigned by
comparing the measured cross sections to average cross sections
calculated for trial geometries, which are usually derived from
molecular dynamics simulations.

Methods

The experimental apparatus used for these studies consists of an
electrospray source interfaced to a 30.8 cm long high-temperature drift
tube, followed by a quadrupole mass spectrometer. A detailed descrip-
tion is provided elsewher@:® Briefly, electrosprayed ions enter the
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apparatus through a heated capillary interface maintained at 145 EREN 353K K
°C and pass through a differentially pumped region before being focused| G H H

into the drift tube. The drift tube contains helium buffer gas a63
Torr. lons travel through the drift tube under the influence of a uniform G
electric field of 5-13 V cnrt. The temperature of the drift tube can
be adjusted from room temperature up to 1100 K. After traveling across

the drift tube, some of the ions exit through a small aperture. The ions 50 6.0 7.0 5.0 60 7.0 50 6.0 70
that exit are focused into a quadrupole mass spectrometer, where they  Drift Time, ms Drift Time, ms Drift Time, ms
are mass analyzed and then detected. An electrostatic shutter at the | |
entrance of the drift tube can be pulsed to permit short (i)@ackets
of ions to enter the drift tube. The arrival time distribution of the ions 350
at the detector is recorded using a multichannel scaler synchronized RA..K
with the ion shutter. Drift times are determined from the arrival time 340 |- v 15
distributions and converted into collision cross sections using standard N VY
methodst* oL 330 |- ~!‘l"'

To calculate cross sections for comparison with the experimental g e -
results, trial geometries were obtained from molecular dynamics 8 320 |- 0...."-.':*-._& -
simulations. The molecular dynamics simulations were performed with 2. L T~
the MACSIMUS suite of program$ using the CHARMM 21.3 » 310 |- ‘.. =
parameter set. Average collision cross sections were calculated for trial 8 [3
geometries (see below) by the trajectory method using MOBE&AL. 5 300 (= .'.
In MOBCAL, the long range interactions between the ion and buffer %,
gas (helium in this case) are treated using empirical potentials. The 290 |- ®Cee
trajectory method correctly accounts for multiple scattering events .'l'l'
between a buffer gas atom and the ion. 280 T T T T

The peptides were synthesized usiRgstMoc chemistry on an 300 400 500 600 700
Applied Biosystems 433A peptide synthesizer. After synthesis, they Temperature, K

were cleaved .from. the HMP resin u§|ng a 90% trlﬂuproacetlc ac!d Figure 1. Drift time distributions and cross sections determined for
(TFA), 5% thioanisole, 3% ethanediol, and 2% anisole cocktail, protonated RAK as a function of temperature. In the drift time distributions,
precipitated using cold diethyl ether, and lyophilized. The peptides were the points represent the measurements, and the solid red lines that go through
used without further purification. Electrospray solutions were prepared the points are fits to deduce rate constants for conversion of the globule
by dissolving 1 mg of peptide in 1 mL of TFA and 0.1 mL of purified ~ into the helix. In the plot of the cross sections, the squares represent values
water and electrosprayed directly. Al of the peptides studied here were d€termined from the center of the helix and globule peaks (when they are

. . ) .~ .~ _resolved), whereas the circles show cross sections obtained by averaging
acetylated at the N-terminus prior to deprotection of the basic side e the drift time distributions for the single merged peak observed at
chains. Dimers and higher-order multimers, which can be identified higher temperatures. The dashed line in the main figure shows the average
from their mobilities, were not abundant under the conditions used for cross sections calculated for a “frozen” helix (see text) as a function of

these studies. temperature.

Results and Discussion hydrogen bonds to the dangling carbonyl groups at the end of
Figure 1 shows drift time distributions and cross sections the helix)!® The observation that the globule converts into the

recorded for protonated RAK. At close to room temperature  helix as the ions travel through the drift tube at 333 K

the drift time distributions show two peaks, indicating the indicates that the helix (protonated at the lysine) has a lower
presence of two conformations which can be assigned to a helixfree energy than the globule (protonated at the arginine) at close
(longer drift time) and globule (shorter drift time) on the basis 0 room temperature. Thus, the extra stabilizing interactions that
of cross sections calculated for structures derived from molecular@re present for the helix must more than compensate for the
dynamics simulations (see below). Between 333 and 373 K a difference in gas-phase basicity between lysine and arginine.
bridge grows between the two peaks, and then the globule peakSince the helix has a lower free energy than the globule, the
disappears. This behavior indicates that the globule is convertingglobule that is present at room temperature must be trapped in

into the helix as the ions travel through the drift tube. a metastable state. The metastable globule converts into a helix
The gas-phase basicity of the guanidine group of arginine is When heated to the point where the rate constants become large
around 70 kJ mot! larger than the-amino group of lysiné8 enough to drive the conversion on the experimental time scale.

thus, in the absence of any other factor, arginine is the most N the temperature range where conversion between the
favorable protonation site in the R& peptide, and it is globule and helix occurs on a time scale comparable to the drift
expected to be the preferred protonation site in the globular time, the drift time distributions can be fit to obtain the rate
conformation. However, when the lysine residue is protonated, constant for the globule-to-helix transitiéhz° The solid red

the RA:sK peptide can form a helix that is stabilized by line that goes through the points in the drift time distributions
electrostatic interactions between the charge and the helix dipolein Figure 1 is the result of such a fit. Rate constants determined

and by helix capping interactions (where the protonated amine I this way provide alinear Arrhenius pld&{ = 0.99) withE,

= 85+ 2 kJ mol! and logA = 14.8 & 0.2. Similar results

(14) Mason, E. A.; McDaniel, E. WTransport Properties of lons in Gases ~ were obtained for RAK with E; = 75+ 2 kJ mol ! and log
Wiley: New York, 1988. A = 13.2+ 0.2. Isomerization from the globule to the helix
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must involve proton transfer from the more basic arginine at 420

the N-terminus to the less basic lysine at the C-terminus, because RA,K
protonation at the C-terminus is required to stabilize the helical 100 L ‘%! Helix

conformation. As noted above, the difference between the "';.\

intrinsic gas-phase basicities of the lysine and arginine side 3< "'\f:\\

chains is around 70 kJ mdi which is only slightly less than 8 380 o Te—l_
the measured activation energies. In an effort to determine 3 °

whether proton transfer is the rate-limiting step in these 2 0| Compact

reactions, we measured rate constants for deuteratedkRA 8 Globule .
obtained by electrospraying from a mixture of LIOOD and \\.* .

D,O after a 30 min incubation period. The mass spectrum Y e s
showed a distribution of 519 deuterium substitutions out of \‘\\\

a maximum of 25 exchangeable hydrogens. It is surprising that 320 ' | I = ==
full exchange is not observed under these conditions. However, 300 400 500 600 700
RA1sK has a hydrophobic core, and it is possible that some of RA..H
the backbone amides remain protected in solution. The rate Saw 15
constants measured for the deuterated peptides are almost 3ol T Helix

identical to those measured with the natural isotope abundance, - "\\\

so there does not appear to be a significant kinetic isotope effect. °‘: T~

This suggests that proton/deuteron transfer from the arginine % Compact T~
to the lysine is not the rate-limiting step in the conversion of Q300 Globule .

the globule into the helix, and so the rate-limiting step is 2 N Expanding
presumably the conformational changes that either precede or 8 .'"l-g.._. . G’I.obule._._
follow proton transfer. In view of the fact that full exchange is wl | S~ TTEES

not observed for RAK, we should mention that there remains T~

a possibility that the transferred species is still an However, Te~a
while it is feasible that H transfer occurs in some of the T T T T
deuterated peptides, it is difficult to imagine that it occurs in 300 400 500 600 700

Temperature, K

the majority.
For temperatures above about)4R a single merged peak Figure 2. Cross sections measured for protonated:d®Aand RAisH as a
function of temperature. The squares represent values determined from the

is observed in the drift ti_me diStribUtions_ (seg Figur_e 1). _AbOVe center of the helix and globule peaks observed at lower temperatures. The
about 450 K the peak width becomes diffusion limited (i.e. the circles show cross sections obtained by averaging over the drift time
measured peak shape becomes identical to that calculated for eg_i;tf“é““%”zf?f the f}"‘g's merged p?ﬁ"_‘)bsefv?d at higher temper:at“reﬁ-
. S e L e dashed lines that decrease with increasing temperature show the
single .conformatl(.)n n the d|ffu5|on “'T_"_t)' Th|§ indicates that calculated cross sections for a “frozen” helix (upper) and “frozen” globule
all the ions have virtually identical mobilities, which could result  (lower). The horizontal dashed lines are guides that show the expected

from either a single conformation, a narrow range of conforma- position for the expanding globule (see text).
tions with almost identical mobilities, or rapid conformational ) ]
are the g™, bn—1", by—>", etc. series using standard notatfén.

averaging as the ions travel through the drift tube. - 4 ; -
R . The high mass b ions are most abundant, and the intensities
The dashed line in Figure 1 shows the average cross sections . . . . .
) A . systematically fall with decreasing mass. This series of fragment
calculated for a “frozen” helix as a function of temperature. . . . . .
B L . ions is consistent with the proton being located on the
The “frozen” helix is a single snapshot taken from the lowest N-terminus arginine
en er?yt.of t?n.t.stio dpfS, room-r:e:pptleratu]cre motllecul_?;] dynamics Figure 2 shows cross sections measured for,gRAand
S'm:.] a |0ns||n|| '? Zf rotrr? aut- etlca con ?rma;.|on.ft € crosst RA1sH. The results for RAK are similar to those for RAK:
SEC |or;]s ca f# atedfor 'St.s ruc urr]e alza #nc |oqfothem;:eratureboth the helix and compact globule exist at room temperature;
S OW. OfW de C;OSS sec '(:Qsts ou tc ange .' deDS r.uct.ureas the temperature is raised, the globule converts into the helix,
remains fixed (or frozen) as 1€ lemperalure IS raised. DevialionS, y the cross sections then drop and level-off at close to the
of the measured cross sections from this behavior indicate a

; f | ch Th lculated lisi room-temperature value for the compact globule. For4RIA
conformational change. The calculated average Collision Crossy, i, yhe pelix and globule are observed at low temperature,

sections for the “frozen” helix decrease as the temperature but as the temperature is raised, the helix converts into the

increases. This decrease in the cross sections occurs becausgqObule The gas-phase basicity of the imidizole side chain of

the Iong-rangg interactions between_ Fhe ion and buffer gas ;qiqine i expected to be around 20 kJ mdharger than that
become less important, and the collisions become harder, as ¢ y,a ._amino group of lysine (based on a comparison of the

the temperature is raised. It is evident that 'above a temperatureg‘,is_phase basicity of butylamine and imidizole). Thus, for the
of about 440 K the measured cross sections fall further and

. B y ~ "~ globule to be the lowest-energy conformation for g4 the
further from the behavior expected for the “frozen” helix. This protonated imidizole side chain of histidine must be considerably

|nd|catef] that a confqrmat;onall change ISIOCCI.AI’I’II'.lg. AF arolund less effective at stabilizing the helix than the protonated amino
580 K, the cross sections level off at a value that is quite close group of lysine. The origin of the lower helix stabilizing

to the room-temperature cross sections for the compact globuleg,yqpjjity of histidine is almost certainly a steric effect: the
and then remain constant up to around 673 K, at which point
the peptide is almost entirely dissociated. The main fragments (21) Bieman, K.Methods EnzymolLl99Q 193 886-887.
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charge is distributed between two widely spaced NH groups in RA. K

the protonated side chain of histidine, and only one of these = AH§0= 97+17 kJ mol-
groups (at a time) can hydrogen bond with the dangling CO AS° = 17835 JK-'mol-
groups at the end of the helix, leaving the other unshielded. All
three hydrogens in the protonated amino group of lysine can
simultaneously hydrogen bond to the dangling CO groups at
the end of the helix. Thus, histidine is less effective at stabilizing 2
a helix than lysine.

The dashed lines that go through the low temperature points

N

In K

for the RAWK and RAisH globules in Figure 2 show the 4r

calculated cross sections for “frozen” globules. Here we have T T T T
taken snapshots from the lowest-energy room-temperature 0.0014 0.0016 0.0018 ~ 0.0020
molecular dynamics simulation for the globules and calculated 1/Temperature, K’

the average cross sections for these structures as a function ofigure 3. Plot of In K against 1T for equilibrium constants determined
temperature. The results show the expected temperature deperfo" RA2K.

dence for globules that retain the same geometry as therape 1. Comparison of Enthalpy and Entropy Changes
temperature is raised. As with the “frozen” helix considered Measured for Helix Melting Transitions for Protonated RA1sK and
above, the cross sections for the “frozen” globules systematically ggﬁKrgthéSS;"’ork) with Those Calculated for neutral Ais and Azo
decrease with increasing temperature. A deviation from this

predicted behavior indicates a conformational change. Above peptide A, K mol AS JKZmol
about 380 K, the measured cross sections for;RAstop A 56 105

. . B i RA1sK 60 116
tracking the dashed line for the “frozen” globule and subse- Ao 123 233
quently change little as the temperature is raised further. This RA20K 97 178

behavior suggests that the globule starts to expand above 380
K. At room temperature, the compact globule is essentially close
packed. The close packing severely restricts the number ofbe primarily due to the change in the backbone configurational
conformations that are accessible to the compact globule so tha€ntropy on going from the helix to the expanded globule.
this conformation is not entropically favored with respect to  The transition from helix to expanded globule that occurs
the helix?2 Indeed, finding low-energy compact globular for RA;sK and RAK at around 500 K is driven by entropy
conformations by molecular dynamics and Monte Carlo methods and occurs with a concomitant increase in the enthalpy. The
is exceedingly difficult because there are so few of ti#éifhe resulting step in the enthalpy will cause a peak in the heat
expansion of the globule allows it to access more conformations capacity; in other words there is a latent heat associated with
so that it becomes more entropically favored as the temperaturethis transition. So the transition has many of the characteristics
is raised. In the high-temperature limit where the strength of of a finite size analogue of a first-order phase transition. As
the intramolecular interactions that hold the globule together expected for a finite system, the melting transition is broad.
are small compared to thermal energy, the expanding globule However, note that the transition for R is significantly
will become a random coil. However, it appears that the peptides sharper than for RAK, a sharpening of the transition with
dissociate before reaching this limit. increasing size is another characteristic of phase transitions in
For both RAsK and RAK, a single narrow peak moves [inite systems. Recent simulations suggest that hedloil
from a position close to that expected for the helix to one close transitions occur for neutral, unsolvated polyalanine pepfidés.
to that expected for the expanding globule as the temperature ! N transitions, which take place at around S00 K, are first order
is raised from around 450 to 600 K. This behavior suggests ({ney occur with a latent heat). Although the authors refer to
that there is rapid interconversion between the helix and globule these as helixcoil transitions, it is likely that the coil state is
and that the population is shifting from being predominantly not cornple.tely raqdom, and residual mtramolecylar mFeracUons
helical at around 450 K to predominantly expanded globule at make it quite similar to our expanded globule |dent|f|gd here:
around 600 K. Under these circumstances the position of the 1€ calculated enthalpy and entropy changes associated with
peak reflects the amount of time spent in each conformation, the helix-coil transitions for Asand Ay are compared in Table
and it can be used to derive an equilibrium constant when the * t0 the enthalpy and entropy changes deduced fojsRAand
positions of the two interconverting forms can be identified (as RA20K from the equilibrium constants. The calculated enthalpy
they are in the figure by the dashed lines for the helix and and entropy changes are quite similar to the measured values.

expanding globule). Figure 3 shows a plot ofdragainst 1T The high-temperature behavior reported here forRAs
for equilibrium constants determined in this way for R quite different from that previously found for protonateg 27
From this plot we can deduc&H® = 97 & 17 kJ mot? and For this peptide the helix is the only conformation observed at
AS = 178 + 35 JK-Imol-L. A similar analysis for RAK low temperature, and the helical conformation persists up to

yields AH° = 60 + 10 kJ mol! and AS® = 116 + 23 750 K where AsK is almost entirely dissociated. R on
JK~Imol~1. The entropy changes are relatively large and must

(24) Okamoto, Y.; Hansmann, U. H. E.Phys. Chenil995 99, 11276-11287.
(25) Alves, N. A.; Hansmann, U. H. Phys. Re. Lett.200Q 84, 1836-1839.

(22) Kinnear, B. S.; Hartings, M. R.; Jarrold, M. F. Am. Chem. So2002 (26) Peng, Y.; Hansmann, U. H. E.; Alves, N. A. Chem. Phys2003 118
124, 4422-4431. 2374-2380.

(23) Damsbo, M.; Kinnear, B. S.; Hartings, M. R.; Ruhoff, P. T.; Jarrold, M.  (27) Kohtani, M.; Jones, T. C.; Schneider, J. E.; Jarrold, MJ.FAm. Chem.
F.; Ratner, M. A.Proc. Natl. Acad. Sci. U.S.2004 101, 7215-7222. S0c.2004 126, 7420-7421.
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350 to the N-terminus where it is trapped by the arginine. Once the
RA sK+2H* proton is sequestered by the arginine, it disrupts the helix and
340 |- drives the peptide into a globular conformation. According to
o~ . L P I this interpretation, the proton must become partially mobile (on
°'{ 330 - a0 Helix o” Dumbbell the time scale of the experiments) at below 450 K.
'E 320 I ‘-"*--H .0'. In the preceding studies we investigated singly protonated
g ";'! - RA5K, RAK, and RAsH. Electrospray also generates doubly
£ 310 .‘ T -~ protonated ions. Figure 4 shows cross sections measured for
R .0‘. - doubly protonated RAK. At room temperature two peaks are
€ 300 '.' observed in the drift time distributions that can be attributed to
© "2 helical and globular conformations. As the temperature is raised,
290 Globule the helix disappears, converting into the globule. The location
of the second charge in the doubly protonated,&2helix is
280 T T T T an interesting issue. In previous studies of doubly protonated
400 500 600 700 AnK peptides, simulations suggested that the preferred location
Temperature, K of the second proton was an amide CO near the C-terminus.

The helix was disrupted if the second proton was located near
the middle of the peptide or near the N-terminus. When both
protons are near the C-terminus, favorable interactions with the
helix dipole must compensate for their mutual repulsion. At
temperatures above 400 K the cross sections for the globule
increase (see Figure 4) and level-off at a value significantly
above those expected for the helix. In molecular dynamics
simulations, RAsK protonated at both basic residues adopts a
dumbbell-like structure at high temperature, where each pro-
tonation site is surrounded by a small self-solvation shell; an
example is shown in the lower half of Figure 4. Since the doubly
charged ion remains compact at low temperatures, the unfolding
that occurs as the temperature is raised cannot result from
Coulombic repulsion alone. It must result from a combination
of Coulombic repulsion and entropic effects (the unfolded
structure has a higher entropy than the globule). The entropic

. effects alone, however, are not enough to unfold the singl
Figure 4. (Top) Cross sections measured for doubly protonategsRASs 9 gly

a function of temperaturel) Values determined from the center of the charged ions to the same extent.

helix and globule peaks observed at lower temperatu@sC(oss sections

obtained by averaging over the drift time distributions for the single merged Conclusions

peak observed at higher temperatures. (Bottom) Dumbbell structure found

in molecular dynamics simulations for R protonated at both basic The RAsK, RA20K, and RAsH peptides studied here were

residues at high temperature. designed so that intramolecular proton transfer triggers a
conformational change between a helix and globule. Kinetically

the other hand starts converting into a globule at 450 K, a controlled structural transitions occur at close to room temper-
temperature where 4K is solidly helical. How does the proton ~ ature, but as the temperature is raised, the globular conformation
know to move to the N-terminus of R while apparently expands, accesses more conformations, and becomes entropi-
remaining locked at the C-terminus of#? This conundrum  cally favored. The helices then melt at around 500 K. The
can be explained by a partially mobile proton. We suggest that Melting transition is broad, as expected for a phase transition
as the temperature is raised the proton has a small but finitein a finite system, and becomes narrower as the peptide size
probability of detaching from the lysine side chain and rapidly increases. The measured entropy and enthalpy changes for helix
transferring between backbone carbonyl and amide groups,Melting are quite similar to values calculated for neutra A
before becoming relocalized at a basic residue (the same or a@nd A peptides.
different one). For AsK, there is only one basic site (the
N-terminus is acetylated) so the proton must relocalize at the
C-terminus lysine; as a result, this peptide remains helical.

In RA;sK and RAK, the proton presumably makes its way JA056745S
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