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Collisional Activation of Small Peptides
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Classical trajectory simulations are performed to study the efficiency of energy transfer in the collisional
activation of polyglycine and polyalanine peptide ions witisheet andx-helix structures. Energy-transfer
efficiencies for collisions with Ar are determined versus impact parameter, peptide size and structure, mass
of the collider, the collision energy, and the form of the intermolecular potential between the peptide and
argon. High-level ab initio calculations, for Ar interacting with small molecules representing the peptides’
functional groups, are performed to determine an accurate- Aeptide intermolecular potential. Energy
transfer may be efficient and in some cases as high as 80%. There is a low collision energy regime in which
the percent energy transfer increases as the peptide size increases. However, at higher energies, an apparent
impulsive energy-transfer regime is reached where the peptide size has a negligible effect on the energy-
transfer efficiency. For a certain peptide size, structure may have a significant effect on energy transfer; i.e.,
o-helix peptide structures tend to be activated more efficiently tharf-afeeet structures. Heavy rare-gas
atoms such as Kr and Xe are much more efficient collision activators than a light collider like He. The form
of the collision’s repulsive intermolecular potential has a strong influence on the energy-transfer efficiency.
Collisional energy transfer to peptide rotational energy is not insignificant and at high collision impact
parameters may surpass energy transfer to peptide vibration. For many of the trajectories there are multiple
encounters between the collider and peptide during a collision.

. Introduction biological molecule$:21"These studies have considered model

Recent methoddor desorbing and ionizing peptides in the peptide intramolecula_r potentidlsand model peptidebath gas
gas phase have made it possible to carry out extensive collision-Ntermolecular potentiaié:'’and have not attempted to average
induced dissociation (CID) mass spectrometry stédfesn all impact paramet.ers'and peptide orientations conFrlbutlng to
these molecules. In a typical experiment of this type, the peptidethe collisional activation. Howc_ever, these s_|r_nulat|ons have
is vibrationally excited through a series of collisions with a bath reévealed that a substantial fraction of the collision energy may
gas and undergoes unimolecular dissociation when its internalPe transferred to internal modes of the pepfitié’ Multiple
vibrational energy exceeds the dissociation limit. Because of €ncounters between the bath-gas collider and individual atoms
the size and complexity of the peptides, the activation dynamics, ©f the peptide, during the collision event, facilitate energy
which lead to specific dissociation mechanisms, have been transfer® Trajectory simulations have also provided insight into
difficult to characterize. Several factors are thought to be the CID of metal atom clustef$-2t .
involved in the energy transfer and collisional activation. They ~ AS @ result of the high collision energy and the large density
include the collision impact parameter, the size of the peptide of |_nternf'al vibrational/rotational states for the peptl_de, cla_ss_lcal
ion, the mass of the bath gas, the center-of-mass collision energy{rajéctories are expected to accurately model pe|_ot|de co_II|S|onaI
and the folding pattern (i.e., structure) of the peptide. e.xcnatu.)n?2 In the Work. presented here, classical trajectory
Several theoretical studies have been done to elucidate theSimulations of argon colliding with protonated polyglycine and
fragmentation mechanism of large peptidesk&eet al? have polyalanlng _peptldes_are_ used to determine c_iynamlcal attributes
used semiempirical and ab initio methods to obtain bond order Of the collisional activation. The effects of impact parameter
and potential energy profiles of single- and double-protonated @nd size of the peptide on the energy transfer are studied at
tetraglycine. These calculations have provided some insight ondifferent fixed translational energies. Since a peptide may exist
how protonation of the nitrogen atom instead of the carboxyl N & number of different fold_ed and unfolded structures, how
oxygen affects the peptide’s fragmentation pattern. Their results the compactness of the peptide structure affects energy transfer
support earlier calculations done by Somogyi ettlyhich is also studied.
showed that protonation of the amide bond nitrogen rather than
the carboxyl oxygen enhances weakening of the amide bond.||. Computational Details
Other method4 include the use of RRKM theory to qualita-
tively understand the energetics associated with peptide dis- A. Potential Energy Function. The general analytic potential
sociation. energy function used for the Aipeptide systems is represented
Classical trajectory simulations make it possible to study as
collision processes in detail. Simulations of collisional energy
transfer from highly excited polyatomics have been performed V' = Vpepiide T Var, peptide (1)
for a number of molecules including benzéagluene!d Sk;, 14
azulenét? and stillbené® Classical trajectory simulations have whenVpepiigeis the protonated peptide intramolecular potential
also been used to study the collisional activation of large andVarpepide iS the Ar—peptide intermolecular potential. The
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Figure 1. Ab initio and fitted, eq 3, potential energy curves for Ar
CHa.
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Figure 2. Ab initio and fitted, eq 3, potential energy curves for Ar
NHs.

potential energy minima between Ar and the model molecules.
The counterpoise meth&t®was used to correct the ab initio
results for basis set superposition error. The inner electrons are
important for the short-range repulsive potentials calculated here.
Thus, in contrast to the long-range attractive potentials, the short-
range potentials are less sensitive to the detailed electronic
structure for each atom. The GHNHs;, NH.", and HCO
molecules are expected to represent the short-range repulsive
interactions for the polyglycines and polyalanines studied here.

The interaction potentials between Ar and an H atom attached
to a C atom and between Ar and ar? §patom were obtained

Protonated polyglycine and polyalanine peptides are studied hereby performing ab initio calculations for Ar interacting with GH

and are identified as (glyyand (ala).

Trajectory simulations of metal atom cluster CID have shown
that the efficiency of collisional energy transfer is strongly
dependent on the repulsiveness of the intermolecular poténal,
so considerable care was taken to derive an accuratpdytide
intermolecular potential. This was done by using ab initio
calculations at the QCISD(T)/6-33-G** level of theory?* to
calculate intermolecular potentials between Ar and small
molecules representative of peptide functional groups, from
which two-body interaction potentials of the form

o br, C
V(r)=ae ~ + r_g

®3)

along the Ar--H—C and H-C---Ar Cs, axes. The resulting ab
initio energy curves are plotted in Figure 1. The potentials
between Ar and the N and H atoms of an amine group were
determined from Ar/NH ab initio calculations, which are shown

in Figure 2. The potential curves are for Ar interacting with
NHs front-side and back-side, along t@g, axis, and interacting
along an N-H bond.

Since the N-terminal amine group has the highest proton
affinity in the absence of basic side chafighe proton is
assumed to be attached to the end nitrogen, and thus, the
interaction between argon and the atoms of the protonated amine
end group was modeled by interactions of the argon atom with
an ammonium molecule. As for the above Ar/Chb initio
calculations, Ar/NH" interactions were calculated for both

were derived to represent repulsive interactions between Ar andfront-side and back-sid€s, interactions. The ab initio curves
each atom type of the peptide. Since high-energy collisions areare plotted in Figure 3. The two-body interaction potentials

considered in this work, no attempt was made to fit the shallow

between Ar and the atoms of a carboxylic group were
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Figure 3. Ab initio and fitted, eq 3, potential energy curves for Ar
NH4*.

determined from four sets of ab initio calculations for the Ar/
formic acid system. Intermolecular potentials were calculated
for interactions along the ©H---Ar, C=0---Ar, and Ar---C=
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TABLE 1: Intermolecular Potential Parameters?

potential a b c
Ar/CH4(ArC) 11202.65 2.399515 152.7291
Ar/CH4(ArH) 8668.195 3.801426 1.727232
Ar/NH3(ArN) 8186.600 2.328971 218.8906
Ar/NH3(ArH) 4220.855 2.982401 3.719138
Ar/NH 4+ (ArN) 13609.85 2.433643 101.5290
Ar/NH 4+ (ArH) 10803.06 4.406716 2.066664
Ar/HCO,H(ArOH)®? 15387.06 2.698321 90.09528
Ar/HCO,H(ArHO) 8696.623 4.196012 5.277458
Ar/HCO,H(ArCO) 8471.329 4.648228 304.6066
Ar/HCO,H(ArOC) 12914.72 2.681826 99.56698

a parameters for eq 3 wit, b, andc in units of kcal/mol, A2, and
kcal A%mol, respectively? Two-body potential between Ar and an
oxygen atom of the OH group of a carboxylic acid group.

O axes and for Ar interacting with the O atom of OH along an
Ar---O axis parallel to the €O bond (see Figure 4). The
potential energy curves for these four calculations are given in
Figure 4.

The parameters for eq 3 were obtained by simultaneously
fitting all the potential energy curves for each system studied.
The resulting fits are plotted in Figures-4, and it is seen that
there is excellent agreement between the ab initio and fitted
curves. The potential parameters derived for the two-body
potentials are listed in Table 1.

B. Peptide Equilibrium Structures. Initial conditions for
the protonated polyglycine and polyalamine peptides were
chosen by adding a quasiclassical 300 K Boltzmann distribution
of vibrational/rotational energies (see below) to a potential
energy minimum of the peptide. In this presentation, these
protonated peptides are identified by (ghand (ala). To
compare the energy transfer dynamics of different size peptides
with the same common structure, the potential minima for
extendeds-sheet structures of (gly)and (ala) were studied.
The structures for these (glypeptides are shown in Figure 5.
The 3-sheet (ala) structures are similar, except an H atom of
each amino acid is replaced by a €¢toup. Calculations were
also performed with the folded-helix structures of the (alg)
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Figure 4. Ab initio and fitted, eq 3, potential energy curves for ArH,CO..
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Figure 6. Polyalanine foldedx-helix structures used for the energy-transfer simulations.

peptides (see Figure 6) to study how the structure of the peptidetions described above and the method described below for
affects energy transfer. Additional studies of this effect were selecting initial momenta and coordinates for thetApeptide
made by performing simulations with different initial structures collision are standard options in VENUS96.
of (gly)s. A range of folded and extended structures were  The quasiclassical normal mode metffod was used to
determined for (gly) by running trajectories at 3000 K and then select initial coordinates and momenta for the peptide. Energies
quenching the trajectories at random time intervals into the for the peptide’s normal modes of vibration were selected from
different potential minima they accessed. The different structures a 300 K Boltzmann distributio?f The energy for each normal
investigated for (gly) are shown in Figure 7. In the following, = mode was partitioned between kinetic and potential by choosing
the B-sheet structures in Figure 5 are identified fyyand the a random phase for the normal modeA 300 K rotational
a-helix structures in Figure 6 are identified by an energy ofRT/2 was added to each principal axis of rotation of
C. Trajectory Simulations. The classical trajectorié% 32 the peptide. The algorithms for transforming these vibrational
were calculated with the general chemical dynamics computer and rotational energies to Cartesian momenta and coordinates
program VENUS96?2 Both the analytic potential energy func- have been described previoudh?®> The peptide was then
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rg=2.800 angstroms rg=3.115 angstroms 1g=3.600 angstroms

Figure 7. Structures of (gly) investigated for energy-transfer efficiency. The radius of gyration is given for each structure.

randomly rotated about its Euler angfésRelative velocities
were then added to Ar and the peptide in accord with the center-
of-mass collision energy and the collision impact param#&ter.
Collision energies of 100, 500, and 1000 kcal/mol were
considered. The impact paramelbawas either set to a specified
value or chosen randomly between O dngyx The criterion

for selecting the maximum impact paramelggy is described

in the results section.

VENUS96 uses a combined Runge€utta and Adams
Moulton algorithm to propagate the trajectories. The integration
time step was chosen to be 0.06 fs, small enough so that energy
is conserved to seven significant figures. Trajectories are
initiated and stopped at distances large enough to guarantee no
interaction between the peptide and the argon atom. The property
determined from the trajectories is the amount of relative
translational energy transferred to the peptide. To study the
dynamics of this energy-transfer process, the relative transla-
tional energy, the energy of the peptide, and the peptide structure Impact Parameter (angstroms)
were analyzed as a function of time. Uncertainties in the reported Figure 8. Percent energy transfer 1-(gly), structures vs impact
results are the standard deviation in the m&anmhich is the parameter aE. = 100 kcal/mol.
standard deviation divided by the square root of the total number
of trajectories. Five hundred trajectories were calculated for eachpeptides have average energy transfer efficiencies in the range

Percent Energy Transfer

initial condition studied unless otherwise stated. ~50—60%. The largesh at which measurable energy transfer
occurs varies from 7 to 16 A in going frofi(gly)2 to S-(gly)7.
lIl. Energy-Transfer Efficiency Obtaining a value for an average energy transfer per collision

by considering all collisional impact parameters requires the
A. Effect of Collision Impact Parameter. To determine the definition of a maximum impact parametémax Since the
role of the impact parameter, the average energy transfer versuglassical collision cross section is infinite for the long-range
impact parametefAE(b)Owas calculated for Ar collisions with  r=° potential in eq 3, because of a finite energy transfer for all
the-(gly)n, n = 2—7, peptides for an initial relative translational impact parameters, unambiguously definibg.x remains a
energyE,el = 100 kcal/mol. Figure 8 shows the results of these difficult problem. However, several operative approaches have
calculations. As one would expect, the average fraction of energybeen proposed for choosirigax38~4° A quantity that may be
transfer decreases with an increase in impact parameter, withconverged from the trajectory simulations is the average energy
the most rapid decline for the smallest peptide.bAt O the transfer versus impact paramef&E(b)Cintegrated over the
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Values for [AE[J versus the size of thg-(gly) peptide are £ f
plotted in Figure 9 forE,e = 100 kcal/mol.[AE[} increases 2 5
nearly linearly from 1000 kcal #mol for -(gly), to 7169 kcal
AZimol for S-(gly)-.
A value for [AE[] averaged oveb, may be determined by 0
dividing [AEL] by the collision cross sectiorbma,2. Values for =20 0 20 40 60 80 100
bmax Were deduced from eq 4 by setting the integral’s upper Energy Transfer (kcal/mol)
limit to the value ofb, which gives dAEL] value within 104 % Figure 10. Energy-transfer distributions for collisions of Ar with

of the limiting value. Nearly identical values fopaare attained ~ A-sheet (gly) and (gly}y with E. = 100 kcal/mol andb chosen
by using a fitting criteria of 1 or 1x 102%. The resulting  randomly between zero aax. braxequals 10.3 and 13.2 Afor (gly)

and (gly), respectively. Two thousand seven hundred fifty trajectories
bmax values fors-(gly)n are 7.0, 7.6, 10.2, 11.7, 13.2, and 15.4 were calculated for each distribution. The elastic energy-transfer peak

Aforn=2,3,4,5, 6 and 7, respectively. Thesguvalues  for (gly), and (gly), contains 1852 and 1861 events, respectively.
are similar to those one would deduce visually from Figure 8.

Using these values fdimaxand the values in Figure 9 foAE] the peptide is increased. However, recently, Marzluff ételve
gives[AE[of 13.1, 15.8, 12.4, 10.1, 9.7, and 9.7 kcal/mol for performed CID experiments on a series of peptides and have
n=2 3, 4,5, 6, and 7, respectively. These values tend to found that greater dissociation occurs as the peptide becomes
slightly decrease with increase in peptide size. larger.

Figure 10 gives the energy transfer distributions for Ar  The calculations discussed above show that for Ar collisions
collisions with 5-(gly)s and 3-(gly)s for Eef = 100 kcal/mol with polyglycines atE; = 100 kcal/mol, the average energy
andb chosen randomly between 0 abdax The distributions transferfAECaveraged over the impact parameter is rather in-
are broad and show that most if not all of the collision energy sensitive to the size of the peptide. To study in more detail the
is accessible for conversion into peptide internal energy. The effect of peptide size on the collisional activation, the average
large elastic peak results from the fact that for some impact energy transfer was obtained for the collision of Ar with both
parameters less thdmax the peptide is oriented so that Arand polyglycines and polyalanines fé; values of 100, 500, and
the peptide do not strongly interact. This is a result of the 1000 kcal/mol. Extendef-sheet structures were considered for
extended, unfolded structures for the peptide. A smaller elastic the polyglycines, while these structures as well as foldeaklix
peak would be expected for a folded, more spherical peptide structures were considered for the polyalanines (see Figures 5
structure (see below). and 6). To circumvent the need to choose a valudfgk and

B. Effect of Peptide Size Early studie®? of the effect of to consider the ambiguity in the large elastic peak in the energy-
molecular size on the energy-transfer process for organic cyclic transfer distribution, these trajectory simulations were performed
molecules indicated that the average energy transfer per collisionfor b = 0. These calculations allow comparisons in the energy-
decreases with increasing molecular size. More recently, low- transfer efficiency as a function of peptide size and collision
energy CID experiments on a homologous series-afkyl- energy.
benzenes were carried out by Nacson €€dlhe size of the The results of the above simulations are shown in Figure 11.
ions was increased by gradually increasing the alkyl chain At E = 100 kcal/mol there is a linear-like increase in the per-
length. By comparing product ratios from CID data to energy- cent energy transfer versus the polypeptide’s number of atoms.
resolved electron impact data, Nacson et al. found that the For -(gly), and a-(ala), peptides with the same number of
maximum internal energy deposited into the ion increases with atoms, the energy-transfer efficiencies are very similar. The
alkyl chain length. pB-(ala), peptides have somewhat smaller energy transfers. Dif-

CID experiments performed on peptide® have shown ferent energy transfer patterns are observe,abf 500 and
increasing difficulty in enhancing fragmentation as the size of 1000 kcal/mol compared to tHge = 100 kcal/mol results. At
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. . discussed above, high-level ab initio calculations were performed
Figure 11. Percent energy transferlat= 0 vs size of (gly) and (ala) . . -
polypeptides forE. of 100, 500, and 1000 kcal/mol:mj a-(ala),; to de_termlne an accurgte pote_ntlal en_ergy_functlon for the Ar
@) B-@a); (<) f-gly)n peptide intermolecular interactions. It is of interest to determine

) ] ~ the sensitivity of the energy-transfer results to the form of this
these higheE;, the percent energy transfer to the different size potential and to determine how the results change if a less

f-sheet peptides shows no apparent trend, with a variation of onlyaccurate, purely empirical potential is used. A potential of this
4%. On the other hand, the percent energy transfer increases‘type was created from experimental -A&r Lennard-Jones
nearly linearly, i.e., by 12% at 500 kcal/mol and 8% at 1000 parameter§ and Lennard-Jones parameters for H, C, N, and O
kcal/mol, as then-(ala) size increases from of 2 to n of 5. in different bonding environments from the potential of Cornell

C. Effect of Peptide Structure. The above results for the et 122 The LorentzBerthelot combinations ruléswere used
f-sheet andb-helix polyalanines show that the efficiency of g construct two-body potentials of the form

energy transfer depends on the peptide’s structure. This property

was considered in more detail by investigating collisions with Ay Bai
different structures of the (glypeptides. The specific structures Vi = ”12 - L c (6)
of these peptides are given in Figure 7. oA (Marn)
The results ob = 0 collisions, with the (gly) peptides at
Erel = 100 and 1000 kcal/mol, are given in Figure 12 versus where
the peptide’s radius of gyration, which is defined as
_ 12
( E ri2)1/2 ) A = Ven€i(Rar))
rg=
Nl Bari = 2\/en€i(Ray,)’ (7)

where ther; are the distances of threatoms from the peptide’s

center of mass. Figure 12 shows that even though the collisionsandi denotes an atom on the peptide, ¢reare Lennard-Jones
are head-on withb = 0, the structure of the peptide affects the well depths, and th&®a,; are the sum of the radii for the Ar
efficiency of energy transfer. For the collisions&t = 100 andi-atom Lennard-Jones minima. The resulthgndB values
kcal/mol, there is a near-linear 15% decrease in the percent enfor the Ar/N, Ar/C—H, Ar/C=0, Ar/O=C, Ar/H—N, Ar/H—

ergy transfer agy increases from 3 to 5 A. Though such alinear C, Ar/H—O, and Ar/O-H interactions are, respectively,
trend is not seen & = 1000 kcal/mol, there is still a predom- 1 466 387, 1135.672; 1 539 574, 1042.247; 1 365 027, 924.0840;
inant decrease in the energy-transfer efficiencyasincreased. 950 358.8, 963.8619; 3616.949, 31.092 98; 98 789.73, 162.4976;
The general result from these calculations is that the more com-0.00, 0.00; 1 162 981, 1066.753. The first value in each pair is
pact, folded structures give the most efficient energy transfer. A in kcal A%mol, and the second B in kcal Amol.
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Overall, there are no extraordinary differences in the above

analyses fo3-(gly)s, 5-(gly)7, anda-(alak. In particular, the
results for the5-sheet andi-helix structures at the sanfig of

Figure 13. Comparison of energy-transfer efficiencies for Ar
B-(aly)n collisions, determined with the ab initio potentiat)( eq 3,
and model empirical potentidll), eq 7. The impact parameter is zero.

E. is in kcal/mol. 100 kcal/mol are quite similar. More than 50% of the trajectories
for each system have two or more encounters between Ar and
A comparison of results for Ar collisions witlB-(gly)n the peptide during a collision. This effect will have to be

peptides, obtained with this potential and the above ab initio incorporated into any theoretical model describing the efficiency
potential, is given in Figure 13. The two potentials give of energy transfer in peptide collisional activation. This
significantly different energy-transfer efficiencies, with the incomplete analysis also suggests that the encounter time tends
percent energy transfer as much as 30% larger for the empiricalto increase as either the peptide size is increaseHoris
Lennard-Jones potential. This difference between these two setglecreased. Both of these findings seem physically correct. As
of results points out the need for using an accurate intermo- the peptide becomes larger, multiple encounters over a longer
lecular potential. As shown below in section IV, the different period of time are possible. IncreasiBg increases the peptide’s
energy-transfer efficiencies for the two potentials are explained velocity and should decrease the time Ar and the peptide are in
by their range parameters. One similarity between the resultscontact. The results far-(ala) suggest the number of multiple
of the two potentials is that both predict a small increase in the encounters may decrease &g as increased. In the future, it
energy transfer efficiency d&e is increased. will be of interest to probe each of these issues with more
E. Times for Ar + Peptide Encounters Times for Ar + complete analyses.
peptides encounters, with an initial zero impact parameter, were F. Effect of the Collider's Mass. The effect of the collider’s
determined from plots of the vibrational/rotational internal mass on the energy-transfer efficiency was investigated by
energy of the peptides as a function time. This analysis was adjusting the Ar mass to values for He, Ne, Kr, and Xe. The
performed for 10 randomly chosen trajectories for each of the intermolecular potential between the collider and the peptide

following systems:5-(gly)s at Ere; = 100 kcal/mol;3-(gly)- at was not varied. The impact parameter was set to zercgand
Erel = 100 kcal/mol;a-(ala) at Er of 100 and 1000 kcal/mol. values of 100, 500, 1000, 2000, and 4000 kcal/mol were
Typical results are shown in Figure 14 for Ar o-(ala) considered. The results for the(alay peptide are given in

collisions atE,; = 100 kcal/mol. One of the collisions is direct, Table 2, where it is seen that the energy-transfer efficiencies
with only one encounter between Ar and the peptide. However, are significantly smaller for He and Ne but only slightly larger
the other is indirect with multiple encounters, identified by sharp for Kr and Xe. Energy-transfer efficiencies f@r(alay at E
changes in the slope of the peptide’s energy versus time. Theof 100 and 1000 kcal/mol are in parentheses in Table 2. They
direct collision has an encounter time ofL00 fs, while the are slightly smaller than those for-(ala)k.

indirect collision with multiple encounters has a total encounter ~ G. Peptide Vibrational and Rotational Energies To model
time of ~180 fs. the unimolecular dissociation of a collisionally activated peptide,
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TABLE 2: Average Percent Energy Transfer for Rare-Gas/
o-(ala)s Collisions?

collision energy (kcal/mol)

rare gas 100 500 1000 2000 4000
He 35 (29} 36 48 (37) 40 42
Ne 57 (52) 63 74 (66) 69 66
Ar 63 (57) 76 77 (72) 75 70
Kr 66 (63) 74 77 (75) 76 67
Xe 68 (66) 75 80 (74) 74 64

@ The collision impact parameter is zero. The ab initioApeptide

J. Phys. Chem. A, Vol. 103, No. 20, 1998989

more efficient energy transfer is expectedhas increased. This

is the behavior observed for both thfesheet anda-helix
peptides ak of 100 kcal/mol (see Figure 11). A of 500

and 1000 kcal/mol, the energy transfer results forrgheet
(ala), and (gly) peptides are those expected for the sudden limit,
where AE/Eg is nearly independent of peptide size and, thus,
vibrational frequency. However, at these high energies the
percent energy transfer to the(ala), peptides still increases
near-linearly with increasing. Energy transfer to thesehelix
structures attains the sudden limit for even higBer. At Ee

intermolecular potential was used for each rare gas. Five hundred = 3000 kcal/mol andb = 0, the energy transfer t-helix (ala)

trajectories were calculated for each percent energy trarfstée
percent energy transfer f@(ala) peptides is in parentheses.

it is important to know how the collision energy transferred to
the peptide is partitioned between vibrational and rotational
energy?® This property was studied as a function of impact
parameter in Ar collisions witf3-(gly). at E;e; = 100 kcal/mol.
The resulting values of the\E,i,[J] [AEx{Jpair in units of kcal/
mol for b in the range +7 A are the following: 46.1, 6.9 for
1A;35.2,9.0for2A; 229,103 for 3A; 12.2, 11.4 for 4 A;

and (alag are 67 and 69%, respectively, and are nearly the same.
For the smalles-sheet peptides with the same number of
atoms, energy transfer is more efficient to (gli)an (ala) (see
Figure 11). However, the opposite is found for the larger
peptides. These differences cannot be explained by the vibra-
tional frequencies for these two peptides, since (giyid (ala)
with the same number of atoms have very similar distributions
of harmonic vibrational frequencies. The vibrational frequencies
also do not explain why a highé is required to attain the

7.2,11.1for 5 A; 5.1, 9.3 for 6 A; 2.4, 7.3 for 7 A. The energy sudden limit for thex-helix compared to thg-sheet structures.
transfer is predominantly to peptide vibration and rotation at FOr the same size peptide the two structures have nearly identical
small and large, respectively. Ab = 4 A similar amounts of vibrational frequency.d|str|but|0ns. This is illustrated by the
energy are transferred to vibration and rotation. In addition to 0—500 cnt* frequencies for (alg) The S-sheet structure has
the impact parameter, the partitioning of the energy transfer 52 frequencies in this range, with an average value of 204.cm
between pept|de Vibration and rotation may also depend on theWhlle thea‘hehx structure haS 53 fl‘equenCIes and an aVerage
collision energy and the peptide structure. For example, folded Of 222 cnT™. The dependence of energy transfer on structure
a-helix peptide structures may absorb vibrational energy more extends to low energies. A = 25 kcal/mol andb = 0, the
efficiently than do the extended;sheet structures. Issues such Percent energy transfer is 42 and 50 for the (ghid (alag

as these are very important for modeling peptide dissociation A-sheet structures and 50 for(ala).

and will be considered in detail in future work. Since peptides with the same vibrational frequencies, mass,
and intermolecular potential are predicted to have the same
energy efficiency according to Mahan’s model, this model does
LS not provide a qualitative interpretation of the above dependence
vibration (T — V) energy transfer model developed by Ma-  of the energy-transfer efficiency on peptide structure. This is
hart®%°for collinear A+ BC collisions provides a qualitative  fyrther exemplified by the results in Figure 12 for the different
interpretation o]‘ certain aspects of the abc_>ve resu]ts. In this (gly)s structures. The energy-transfer efficiency to the peptide
model the fraction o transferred to BC vibration is varies by up to 15% as its structure is changed. This is a very
significant result and clearly needs additional investigation. At
Erel Of 1000 kcal/mol, Figure 12 shows that peptides with much
different structures may have similar energy-transfer efficiencies,
which suggests some of the peptide structures may have reached
the sudden limit.

The manner in which a change in the Ar/peptide intermolec-
ular potential affects energy transfer is qualitatively explained
by Mahan’s model. Range parametérfor both the ab initio
potential, eq 3, and the model intermolecular potential, eq 7,
were determined by fitting these potentials\M{r) = Vo exp-
(=r/L). The resulting. values are~2.5 times larger for the ab
initio potential, and as a result, eq 8 predicts less efficient energy
transfer for the ab initio potential, as observed in the trajectories
(Figure 13). This finding points out the need for accurate
intermolecular potentials to calculate meaningful energy-transfer
efficiencies.

If mgin eq 9 is assumed to be the atom or functional group
with which atom A collides and ifimc is the mass of the
remainder of the peptide and, thus, much larger than either
or mg, the 4 co3f sir?  term in eq 8 becomesdhmg/(ma +
mg),%%1 which has its maximum value whem, = mg. That

IV. Discussion
It is of interest that the refined impulsive translation to

AEIE,, = 4 co$ f sir’ ﬁ(g cosect‘é)2 (8)

where

9)

The & term is often called thediabaticity parameter and is
given by

cog B = mymy/[(m, + mg)(mg + m)]

E=4n*vLly (10)

rel
wherev is the BC vibrational frequencyye the A+ BC initial
relative velocity, andL the range parameter for an—-/8
intermolecular potential of the forii(r) = Vo exp(=r/L). The
energy transfeAE/E increases a§ decreases. Wheh < 1
the collisions are in theudderlimit, with a very short collision
time compared to the vibrational period, af&8/E; attains its
maximum value of 4 cd¥8 sir? 3. Since the Arpeptide
collisions are not collinear and there is a broad distribution of
peptide vibrational frequencies, quantitative agreement with
Mahan’s model is not expected. the percent energy transfer plateaus and does not decrease with
As the size of the (gly) or (ala), peptide increases, the increase irma (see section IIl.F) suggest that A does not collide
distribution of vibrational frequencies for the peptides extends with a single atom of the peptide and that an effective value
to lower values and, in an average seriségcreases foEg for mg varies asma is changed. To consider this property in
held constant. Thus, if the collisions are not in the sudden limit, more detail, an impulsive energy-transfer model derived for col-
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lisions with macromolecules was used to fit the results in Table
2 for rare-gas atoms colliding witt-(ala). This model give®

4m,mg(m, + my)(My — M)

[AELE,, = p———
T Mg) My

(11)

wheremy, is the peptide mass, which is 374 amu for (ala)
The fitting parameter isg, an effective mass of a moiety with
which the rare-gas atom collides. The resulting values in-
crease in going fronma for He to that for Xe and, except for
Xe, are largest & of 100 kcal/mol. The specifiog values
for each rare-gas atom, listed respectively,Eqr of 100, 500,
1000, 2000, and 4000 kcal/mol are the following: He, 34, 33,
23, 29, 27; Ne, 74, 65, 51, 57, 61; Ar, 101, 82, 80, 84, 93; K,
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