ELSEVIER

15 December 1995

Chemical Physics Letters 247 (1995) 142148

CHEMICAL
PHYSICS
LETTERS

Dynamics of hydrogen bonding and energy transfer
in matrix-assisted laser desorption

Akos Bencsura ?, Akos Vertes °

* Department of Chemistry, The Catholic University of America, Washington, DC 20064, USA
® Department of Chemistry, The George Washington University, Washington, DC 20052, USA

Received 30 September 1995

Abstract

A molecular dynamics simulation of matrix-assisted laser desorption is presented for host and guest particles with
internal structure. The laser-induced phase transition is modeled in a hemispherical volume of pyridine-3-carboxylic acid
matrix seeded with a leucine enkephalin guest molecule. Following an instantaneous temperature jump to 1500 K,
representing the laser excitation, the network of hydrogen bonds is disrupted in approximately 3 ps. After a 0.7 ps
segregation period, the guest molecule is entrained by the evaporating matrix molecules. The guest lift-off velocity is
estimated at = 156 m/s, a value about a factor of two lower than measured for neutral matrix molecules in similar systems.

1. Introduction

Matrix-assisted laser desorption ionization
(MALDI) in combination with mass spectrometry
has become an important tool in bio- and synthetic
polymer characterization [1-3]. Protein molecules
with masses exceeding 200000 amu can be volatilized
using MALDI. The most commonly utilized variant
of the method is based on embedding the guest
molecules (proteins, nucleic acids, synthetic poly-
mers, etc.) into crystals of relatively small organic
molecules (matrix). This step is followed by laser-in-
duced coevaporation and ionization of matrix and
guest molecules. As pointed out by two recent re-
views, despite the substantial success of MALDI for
the gas phase spectroscopy of large molecules, the
theoretical description of its mechanism is legging
behind [3,4].

Earlier attempts to deal with certain aspects of the
MALDI process included a kinetic model of energy

repartitioning (‘homogeneous bottleneck model’)
{5,6] based on the concept of selective bond breaking
[7], a pressure pulse model [8], a hydrodynamic
model of plume expansion (‘cool plume model’) [9],
and a molecular-dynamics (MD) simulation of bulk
desorption based on the hard sphere representation of
all particles [10]. Related MD studies of cluster
desorption from solid surfaces [11] and atom ejection
from high-energy ion tracks [12] revealed the con-
ceptual similarity between other fast desorption ex-
periments and MALDI. Although these models are
able to account for several features of the MALDI
experiment, none of them has attempted to describe
the contributions made by the internal structure of
host and guest molecules. The generally observed
extensive fragmentation of matrix molecules, and
lack of fragmentation or moderate metastable decay
for the guest molecules obviates the need to account
for the internal degrees of freedom.

Due to the high demand for information on pro-
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tein folding and active site dynamics in aqueous
environment a growing number of MD codes is
available to describe conformational changes of
macromolecules embedded in an environment of
small molecules [13]. These MD codes, e.g. chem-
istry at Harvard molecular mechanics (CHARMM),
rely on the atom- and group-based treatment of
nonbonded interactions between the macromolecule
and its molecular environment [14]. To reduce the
number of required interactions the CHARMM pro-
gram makes use of the so-called ‘extended-atom
repiesentation’, whereby certain hydrogens of the
macromolecule are combined with the neighboring
heavy atoms. This simplification substantially re-
duces the number of required pair potentials, while
retains many important features of the polypeptide
backbone and side groups. Recent applications of the
CHARMM code include the simulation of proteins
both in crystal [15] and in aqueous environments
[16].

Our objective is to enhance the understanding of
cocrystallization and coevaporation in the MALDI
method at the microscopic level by exploiting these
MD codes for the description of peptide—matrix
systems. As a departure from the MD of hard spheres
[10], both the matrix and the guest molecule can be
represented by their detailed structure based on crys-
tallographic data. In the present communication the
CHARMM code is used to model the network of
hydrogen bonds between host molecules, the host—
guest interactions in the embedding process, and the
crystal dynamics upon laser excitation. A major sim-
plification in this approach is the neglect of fragmen-
tation and ionization processes. Although these omis-
sions limit comparisons with mass spectrometric data,
they are necessary in order to keep the number of
included interactions at manageable level. To the
best of our knowledge, this work is the first attempt
to account for the effect of molecular structure and
internal degrees of freedom in the MALDI process.

2. Methods of calculation

The MD calculations were carried out with a
recent version of CHARMM (Versions c22g5 and
¢23f4) [14]. During the simulations, only polar hy-
drogen atoms were represented explicitly, nonpolar

groups were modelled as extended atoms. The empir-
ical potential energy function consisted of bond
stretching and bending, dihedral, improper, electro-
static, and van der Waals energy terms. No explicit
hydrogen bonding term was used. The forces stem-
ming from the nonbonding interactions were
smoothly switched to zero between 800 and 1200 pm
[16]. Both the selected matrix, pyridine-3-carboxylic
acid (nicotinic acid), and the guest molecule, leucine
enkephalin (Tyr-Gly—Gly—Phe-Leu), were repre-
sented by their detailed molecular structure.

There were two departures from the regular
macromolecular simulations in CHARMM: the intro-
duction of a nonaqueous medium (matrix), and the
onset of a temperature jump (representing the laser
heating) leading to phase transition. The parameters
for the amino acid residues and in part for the new
medium, nicotinic acid, were taken from the parame-
ter file of the CHARMM program. Missing parame-
ters for the nicotinic acid were estimated by analogy.
Wave functions and charge distributions of the nico-
tinic acid molecule were calculated using the
GAMESS ab initio program for the fully optimized
structure at the 3-21G* level [17]. The CHelpG
feature of the GAMESS program provided electro-
static potential derived atomic charge distributions
{18].

To simplify and accelerate the MD calculations of
the solid~vacuum interface, spherical boundary con-
ditions were used. A hemisphere of the nicotinic acid
matrix with a maximum diameter of 4800 pm was
constructed using the X-ray based crystallographic
structure determined by Wright and King {19]. In
order to establish the initial matrix coordinates for
the simulation the unit cell was repeated six times in
all three directions. From this block a sphere was cut
out by deleting all molecules that were entirely
outside a radius of 2200 pm from the origin. Finally,
all the molecules with positive y coordinates were
deleted. This procedure resulted in a hemisphere
with 2300 pm average radius containing 202 nico-
tinic acid molecules. Initially the structure was en-
ergy minimized, and a fully extended leucine
enkephalin molecule was incorporated into the ma-
trix. At insertion the backbone of the peptide was
aligned parallel to the rings of the nicotinic acid
matrix {20]. The center of mass of the peptide
molecule was 250 pm below the surface of the
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matrix. In preparation for the dynamics simulation
the whole structure was energy minimized again
with 200 steps of steepest descent and 200 steps of
adopted basis set Newton—Raphson method.

The stochastic boundary molecular dynamics
method was used for the desorption simulations [21].
The previously described hemisphere was divided
into three regions. The reaction region contained all
atoms within a 1900 pm radius sphere. Atoms be-
tween 1900 and 2200 pm made up the buffer region
and atoms beyond 2200 pm the reservoir region.
Movement of the atoms in the buffer and reservoir
regions were restrained by a 0.084 kJ /mol pm (2.0
kcal /mol A) harmonic force. The reaction region
and the flat surface of the hemisphere were unre-
strained throughout the simulation. A uniform 200
ps” ' frictional coefficient was employed on all heavy
atoms in the buffer region. The dynamics equations
of motions were numerically integrated with the
leap-frog integrator with 1 fs time step.

To observe the room temperature structure in the
presence of the peptide, the previously energy mini-
mized system was equilibrated at 300 K for 45 ps.
After the completion of the 300 K simulation, the
temperature of the matrix was increased by instanta-
neously scaling the velocities of atoms in the nico-
tinic acid. This sudden increase of temperature simu-
lated the laser excitation of the matrix. Another 45 ps
dynamics production run was performed to explore
the events following the laser pulse. The coordinates
and velocities of all the particles were saved at every
100th step for later analysis. All the calculations
were carried out on Indigo and Indigo? workstations
(Silicon Graphics, Mountain View, CA). Molecular
trajectories were visualized and animated by the
SCARECROW package (Centre for Scientific Com-
puting, Espoo, Finland) obtained from the public
domain.

3. Results and discussion

The validity of the interaction potentials was tested
by comparing the equilibrated 300 K crystal struc-
ture of nicotinic acid to the original X-ray diffraction
data. Intramolecular bond lengths and angles were
essentially unaltered, whereas the intermolecular hy-
drogen bond between the pyridine nitrogen and the

carboxyl oxygen expanded by about 10% from the
measured 266 pm to 300 pm. It is interesting to note
that the well-known pairing of carboxylic acid
molecules via the formation of two hydrogen bonds
between the carboxyl groups is absent in both the
experimental and the calculated structure of nicotinic
acid. Instead, chains of nicotinic acid molecules with
similar orientation form a layered structure with the
neighboring chains facing in opposite directions.
Substantial departures from the X-ray based structure
are observed at the hemispherical boundary, where
the symmetry of the molecular environment is bro-
ken.

To further test the adequacy of the interaction
potentials, the energy of sublimation was calculated
by comparing the energy of the system before and
after a nicotinic acid molecule was detached from
the solid phase: A E,,(calc) = 101.5 kJ/mol. Thus,
at 300 K the calculated molar enthalpy of sublima-
tion (A H,,,(calc) = 104.0 kJ /mol) agreed within ex-
perimental error with the measured value
(AH,(exp) = 104.6 kJ/mol). This remarkably
good — probably fortuitous — agreement is especially
relevant to our simulation because the matrix
volatilization involves the transfer of numerous
molecules from the solid to the gas phase.

Upon the 300 K equilibration, after the insertion
of leucine enkephalin molecule into the matrix crys-
tal, a substantially stressed structure developed. In
the vicinity of the guest molecule the host particles
were tilted and displaced (see Fig. 1a). During the
equilibration phase, however, the guest molecule
retained its preferential embedding along the layered
structure of the host crystal. This observation seems
to be in accordance with the conclusions of dye
tagging studies of protein embedding into the matrix
crystal [20]. The 300 K equilibration phase of the
calculation also has some relevance to sample prepa-
ration, one of the critical steps in MALDI. The basis
of the best established sample preparation method is
fast cocrystallization of matrix and guest molecule
from their saturated solution [20]. In this highly
non-equilibrium process the guest molecules may be
entrapped in the matrix crystals leading to configura-
tions similar to the one depicted in Fig. la. Future
analysis of equilibrated structures involving different
matrices and different peptides may lead to better
understanding of the embedding process.
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The laser-generated volatilization of matrix crys-
tals is believed to be at the core of the MALDI
process [22]. The energy deposition by the laser was
modeled by introducing vibrational excitation to the

atoms of the matrix. Assuming UV laser irradiation,
this can be viewed as a consequence of electronic
excitation followed by internal conversion, whereas,
in the case of an IR laser source, the vibrational

Fig. 1. MD simulation of MALDI in a hemisphere of 4800 pm diameter. The leucine enkephalin guest molecule is embedded in nicotinic
acid matrix. (a) Equilibrium configuration is shown at 300 K. (b) Adiabatic temperature jump to 1500 K leads to the expulsion of the guest
molecule. At 3 ps the guest molecule lifts off accompanied by several matrix molecules. At this stage the peptide has clearly detached from
the surface and the number of accompanying matrix molecules has dropped.
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modes are excited directly. There is no data on the
transient internal temperature of matrix molecules
immediately after the laser pulse. A rough estimate
of the deposited energy with the assumption of about
50% conversion rate leads to = 1500 K internal
temperature. Although this assumption was highly
arbitrary, calculations using other temperatures led to
qualitatively different results that did not describe
the experimental findings. For example, at 900 K no
noticeable evaporation took place on the picosecond
timescale, whereas at 2800 K the model system
virtually exploded. Thus, in order be able to trace the
volatilization on the picosecond timescale with our
MD simulation, we decided to use 1500 K.

After the equilibration at 300 K the temperature in
the simulation was switched to 1500 K. In about 3 ps
the matrix crystal underwent phase transition and
vigorous evaporation of nicotinic acid molecules was
observed at the surface (Fig. 1b). More interestingly,
in about 0.7 ps the guest molecule floated to the
surface of the host crystal. This phenomenon, known
as radiation-induced segregation, is due to the re-
duced strain and lower potential energy associated
with the surface position of this apolar peptide. After
the relaxation/segregation period, more matrix
evaporated and the peptide molecule was entrained.

To compare the matrix structure before and after
the excitation, pair correlation functions (PCF), g(r),
were calculated between certain atoms. The statisti-
cal analysis showed dramatic changes in the normal-
ized PCFs (Fig. 2). At 300 K the N-O1 PCF describ-
ing the correlation between the O in the carboxyl OH
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Fig. 2. Normalized pair correlation functions between the pyridine
N and the O in the carboxyl OH at 300 K (45 ps average) and
after the temperature jump to 1500 K (10 ps time stage).
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Fig. 3. Time dependence of the energy associated with hydrogen
bonds in nicotinic acid after an adiabatic temperature jump from
300 to 1500 K.

and the pyridine N exhibited two sharp maxima at
300 and 410 pm. These peaks corresponded to the
hydrogen bond and to the intramolecular correlation
between N and Ol, respectively. The four additional
peaks on the normalized g(r) function indicate
long-range order in the nicotinic acid crystal. Almost
the entire contribution related to the hydrogen bonds
disappeared at 1500 K. Although the increased vibra-
tion broadened the peak, a relatively large portion of
the intramolecular N-O1 correlation was preserved.
However, all the peaks related to long-range order in
the crystal disappeared. The breakdown of both short-
and long-range order indicates that due to the laser
heating the matrix crystal undergoes transient local
melting before evaporation. This is counterintuitive
compared to the macroscopic observation of a subli-
mation-like process.

It is possible in the calculation to separate the
energy associated with hydrogen bonds from the
total energy of the system. We have to emphasize
that the interaction potentials do not contain explicit
hydrogen bonding contributions. Thus, the hydrogen
bonding energies were not a priori part of the model.
The energy associated with hydrogen bonds, Ej,
was followed throughout the simulation. Due to the
fast breakup of the crystal structure after the temper-
ature jump, E,; dropped precipitously and, in about 3
ps, reached its new steady state value (see Fig. 3). It
is worthwhile to note that due to the boundary
condition a substantial part of the crystal did not
evaporate and about half of the cohesive energy
remained unchanged. This limitation may be an indi-
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Fig. 4. Perpendicular component of the position and center-of-mass
velocity of the leucine enkephalin molecule measured from the
nicotinic acid surface as a function of time after the excitation.

cation that larger scale simulation is needed for more
accurate results. ,

The fate of the peptide molecule was followed by
recording the position and velocity of its center of
mass relative to the matrix surface (Fig. 4). Initially,
the guest molecule is buried = 250 pm below the
surface. After the temperature jump its velocity
surges to about 600 m/s and in about 0.7 ps the
leucine enkephalin molecule emerges at the surface.
This is the segregation phase mentioned earlier in the
discussion. In the next desorption phase, the guest
molecule lifts off while its velocity shows exponen-
tial decay with a decay time of = 6 ps and a limiting
value of = 156 m/s. During this process the num-
ber of attached matrix molecules drops together with
the number of collisions between the matrix and
guest molecules. The number of attached matrix
molecules does not necessarily go to zero, as it is
demonstrated by the observation of matrix adducts in
MALDI mass spectra [3].

The limiting velocity of the guest molecule can be
compared to earlier hydrodynamic calculations [9]
and velocity distribution measurements [23]. One-di-
mensional hydrodynamics calculations on frequency-
quadrupled Nd:YAG laser excitation (266 nm, 10’
W /cm?) of ferulic acid matrix indicated 250 m/s
for the drift velocity of the plume center of mass at
40 ns. In the corresponding experiments, under simi-
lar conditions, the measured neutral velocities for the
ferulic acid matrix exhibited maxima between 300
and 400 m/s [23]. Since they are on three different
time scales one has to exercise caution when com-

paring the three different velocities. The limiting
velocity values from MD simulations are determined
on the picosecond scale, while the hydrodynamic
velocities typically become meaningful on the
nanosecond time scale. Neutral velocity measure-
ments are usually based on post-ionization measure-
ments applying a delayed second laser pulse for ion
generation. The delay times involved in these experi-
ments may be in the hundreds of nanosecond range.
In addition, the magnitude ‘of the temperature jump
in the MD simulation can also influence the velocity
values. Therefore, direct comparison of the velocities
from the three different sources has to be taken with
caution.
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