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Abstract

The gas-phase structures and energetics of both protonated arginine dimer and protonated bradykinin
were investigated using a combination of molecular mechanics with conformational searching to
identify candidate low-energy structures, and density functional theory for subsequent minimization
and energy calculations. For protonated arginine dimer, a good correlation (R = 0.88) was obtained
between the molecular mechanics and EDF1 6-31+G* energies, indicating that mechanics with
MMFF is suitable for finding low-energy conformers. For this ion, the salt-bridge or ion—zwitterion
form was found to be 5.7 and 7.2 kcal/mol more stable than the simple protonated or ion—-molecule
form at the EDF1 6-31++G** and B3LYP 6-311++G** levels. For bradykinin, the correlation
between the molecular mechanics and DFT energies was poor (R = 0.28), indicating that many low-
energy structures are likely passed over in the mechanics conformational searching. This result
suggests that structures of this larger peptide ion obtained using mechanics calculations alone are
not necessarily reliable. The lowest energy structure of the salt-bridge form of bradykinin is 10.6
kcal/mol lower in energy (EDF1) than the lowest energy simple protonated form at the 6-311G*
level. Similarly, the average energy of all salt-bridge structures investigated is 13.6 kcal/mol lower
than the average of all the protonated forms investigated. To the extent that a sufficient number of
structures are investigated, these results provide some additional support for the salt-bridge form of
bradykinin in the gas phase.

Introduction

Molecular mechanics methods play an important role in structural studies of biopolymers. In
combination with information obtained from experimental methods, such as two-dimensional
NMR, molecular mechanics calculations have been used to obtain the tertiary structure of many
peptides and small proteins.l‘3 Molecular docking programs are used to study the interactions
of potential substrates with binding pockets of receptors.4 Using structures obtained by X-ray
crystallography or NMR as starting geometries, both steric and energetic effects of substrate—
receptor binding can be investigated. Binding constants for substrate—receptor complexes are
calculated from molecular mechanics or from empirical interaction energies.5 Chemical
databases can be searched for new substrates, and the influence of substrate binding on the
structure of the complex can be investigated.5

Another area where molecular mechanics is an important partner with experiment is in
structural studies of polymers in the gas phase. For example, molecular mechanics calculations
are essential for interpreting data from ion mobility measurements of large biopolymers.6‘8

Supporting Information Available: Figures for all of the structures of the protonated arginine dimer and table for the y/¢ angles of
bradykinin. This material is available free of charge via the Internet at http://pubs.acs.org.
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In these experiments, ion cross sections are determined by measuring ion flight times in a drift
tube. Information about the ion structure can be obtained by comparing the measured cross
sections to those determined from calculated low-energy structures.5—° Mechanics
calculations have also been used to obtain information from gas-phase ion dissociation9:10
and H/D exchange experimentsllv12 with the goal of deducing structural information.

Critical to the successful application of these methods to large molecules is (1) the ability to
find minimal energy structures from the enormous number of possible conformers and (2) the
accuracy with which the potential energy surface of a large ion can be calculated with
mechanics. Several methods have been developed to sample the conformational energy surface
of large molecules. Of these methods, internal coordinate conformation searching has emerged
as one of the most effective ways of finding minimal conformers of molecules containing less
than 12 torsion amgles.13 For such molecules, most internal conformation searching methods
are successful at finding ~99% of the conformers with energies within 3 kcal/mol of the
minimum.13 Recently, conformational searching methods using mode-following techniques
have been shown to be promising for larger molecules. The low-mode technique of Kolossvary
and Guidal4 was used to find all known minima of C3g9Hgp and identified a previously unknown
global minimium.

In molecular mechanics, the potential energy surface of a molecule is calculated using classical
force fields. These force fields are parameterized to fit experimental or high-level
computational data for a set of small molecules that can include amino acids, nucleobases, etc.
One critical question is how accurately these force fields represent the potential energy surface
of larger molecules. Friesner and co- -workers1® evaluated the accuracy of a variety of different
mechanics force fields for calculating conformational energies of Ala. Energies of 10 different
conformers of Alag were determined from local MP2 calculations and were compared to the
relative energies computed by several force fields. Of 20 different force fields investigated,
the Merck molecular force field (MMFF) had the lowest rms deviation in conformational
energies (1.2 kcal/mol) 5 Gundertofte et al. 16 tested 10 force fields on their ability to correctly
reproduce the conformational energy differences measured experimentally for 42 organic
molecules. Halgren also performed a similar study on a larger database of 147 molecules.1’
In these comparisons, the energy differences calculated with the MMFF reproduced the
experimentally derived differences as well as, or better than, the other force fields tested.

Until recently, extending the comparison of mechanics energies of large molecules to those
calculated by ab initio methods has been limited to molecules with ~50 atoms or less. 18
Application of ab initio methods to larger molecules is limited primarily by the time required
for evaluation of the electron repulsion integrals. 1911 the recent past, the computation time
required for this has scaled with the second to third power of the number of atoms in the
molecule.19 New algorithms for evaluating the electron repulsion integrals have reduced this
scaling to linear with molecular size for both density functional and Hartree—Fock calculations.
One method, the continuous fast multipole method of White et al., 20 enables ab initio
calculations on molecules consisting of up to 200 atoms.

Recent progress in the formulation of new density functionals has also made a significant
impact in the ability to apply ab initio methods to large molecules. A particularly attractive
feature of density functional theory (DFT) is that it includes electron correlation, which is
required to accurately determine the strength of hydrogen bonds. 21 Binding energies of
hydrogen-bound molecules calculated using DFT, especially the B3LYP functional, are in very
good agreement with experimentally measured values and with values calculated using high-
level methods.21 Density functional methods are effective at reproducm% energies of several
different conformers of small polypeptides calculated at the MP2 level 2 Density functional
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Methods

theory is also effective at reproducing experimentally measured gas-phase basicities for arange
of small organic molecules?3:24 and for polyglycines up to 10 residues in Iength.25

Here, we use the combination of molecular mechanics and DFT to evaluate the structure of
two biomolecule ions, protonated arginine dimer and protonated bradykinin, for which
experimental evidence indicates that these ions form salt bridges in the gas phase.lov%‘28
The dissociation energies of both of these ions and a series of their analogues have been
measured using blackbody infrared radiative dissociation.10:26 The protonated dimer of
arginine has a significantly higher dissociation energy than protonated methyl ester dimers of
arginine, consistent with the higher binding energy expected for a salt-bridge vs an ion—
molecule interaction (a salt bridge cannot be formed in arginine methyl ester dimers).26
Bradykinin is a small peptide consisting of nine amino acids with arginine residues on both
the N-and C-termini. Dissociation energies of bradykinin and a series of analogues suggest
that a salt bridge is formed between the two terminal arginines and the C-terminal carboxylate.
0 other experimental evidence for salt bridges occurring within the gas-phase structure of
bradykinin has also been reported.27 The results presented here suggest that mechanics
calculations are suitable for finding low-energy conformers of protonated arginine dimers, but
molecules the size of bradykinin are significantly more problematic. These calculations
indicate that the salt-bridge structure of protonated arginine dimer is more stable than the ion—
molecule form, and they also provide some support for the salt-bridge form of bradykinin.

Molecular mechanics using the Merck molecular force field (MMFF) and conformational
searching were used to find candidate low-energy structures. The protonated ions were built
in the Macromodel program (v6.5, Schrodinger Inc., Portland, OR). For the salt-bridge and
ion—molecule forms of protonated arginine dimer, conformation searching was carried out
using a Monte Carlo?9 search with 2000 steps. After the Monte Carlo run, an additional 3000
steps were performed with the low-mode (LMOD) conformational searching technique.30
From the results of the search, several low-energy conformers were selected as starting
geometries for density functional calculations.

Bradykinin contains 33 torsional bonds, which makes it much more conformationally complex
than protonated arginine dimer. Three isomers of bradykinin were studied: (1) the salt-bridge
form, where the guanidinium side chains of both the C- and N-terminal arginines are protonated
and the C-terminal carboxylic acid is deprotonated, (2) the C-terminal protonated form, where
the side chain of the C-terminal arginine is protonated, and (3) the N-terminal form, where the
side chain of the N-terminal arginine is protonated. Initially, the conformational search of
bradykinin was carried out by running a 5000-step Monte Carlo search in Macromodel v6.5
for each isomer. Then a 5000-step LMOD search was carried out on the lowest energy
conformation. The following procedure was used to test whether a global minimium or a
structure with an energy close to the global minimum was found. The lowest energy conformer
from the 5000-step LMOD search was used as the initial structure in a new 2500-step LMOD
search. The lowest energy conformer from this search was compared to the initial structure. If
the two structures differed, then another 2500-step search was carried out. This process was
carried out iteratively until no new structures were found. In all, the conformational search for
each isomer of bradykinin required 22 500 steps or more of conformational searching.

The Xcluster3! program was used to identify conformers that are similar, and to group them
into clusters or families of similar structures. A conformational difference, d;, is determined
from the difference in position of the ith atom between two structures. The two structures are
placed in a family if the root mean square, (3.d;2/N)1/2 (N = total atoms) or d;ms, Of these
atomic distances is lower than a certain threshold.
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The Qchem v1.1 ab initio program32 was used for all density functional calculations. For the
arginine dimer, the convergence criterion for the rms gradient was set at 2 x 1073 hartree/bohr
with an energy change of 8 x 10~° hartree. An integral cutoff threshold of 1078 au was used,
except for calculations with diffuse basis functions, where a value of 1079 au was used. Both
the B3LYP and EDF1 hybrid functionals were used. For bradykinin, the convergence criterion
was set at 2 x 1073 hartree/bohr. Energy changes per optimization cycle were higher for
bradykinin relative to arginine dimer, ~1 x 1074 hartree. Although values lower than this are
desired, this value appears to be a reasonable compromise between getting minimized
structures with low gradients and CPU time consumed. The integral cutoff used for calculations
on bradykinin was set equal to 10~/ au. Only the EDF1 functional was used in the density
functional calculations for bradykinin.

Results and Discussion

Arginine Dimer. Molecular Mechanics.

Three structural isomers of protonated arginine dimer, (Arg-Arg + H)*, were investigated
(Figure 1). One is a salt-bridge or ion—zwitterion structure (structure 1) where the guanidine
side chain of one arginine molecule is protonated and the other arginine is a zwitterion in which
the guanidine group of the side chain is protonated and the carboxylic acid group is
deprotonated. The other two structures (11 and I11) are ion—-molecule structures in which the
guanidine side chain of one arginine is protonated and the other arginine is neutral (Figure 1).
The latter two structures differ by which nitrogen of the neutral arginine side chain is
deprotonated (11, R = —(CH3)3—N-C(NH>)5; 111, R = — (CH3)3-NH-C(NH>)(NH)).

The LMOD (low-mode) conformation searching method is both efficient and effective for
molecules with ~20 torsional bonds.14:30 The protonated dimer of arginine contains 16
variable torsional bonds. Thus, the LMOD method should be suitable for finding low-energy
candidate structures for this ion. For each of the (Arg-Arg + H) * isomers, conformation
searching resulted in 23, 12, and 7 conformers with energies within 5 kcal/mol of the lowest
energy structure for 1111, respectively. A cluster algorithm3l was used to sort these structures
into “families” or groups of similar conformation. A distance threshold of 0.5 A was used. A
total of seven, five, and four families were found for structures I-111, respectively. The energies
of the minimal conformers for each of these families are given in Table 1. Throughout this
paper, all structural isomers are indicated by bold roman numerals, e.g., I, and the
conformational isomers are indicated by the arabic numeral that follows. Also included in this
table are energies calculated using MMFF for two minimal conformers found previously with
CVFF and semiempirical calculations (18 and | I6).26 These latter structures are higher energy
structures when using the MMFF. Two additional higher energy structures are also included
for 11. These structures extend the energy range for comparison with DFT results. Thus, the
total numbers of conformers appearing in Table 1 are eight, eight, and four for structures 1—-
111, respectively.

For each conformer listed in Table 1, a root-mean-square distance, dms, is calculated between
it and all other conformers listed in Table 1. For example, for conformer 11, seven values of
drms are calculated since there are a total of eight structures for 1. The smallest value dyms min
is listed in Table 1 for all conformers. This value is a measure of the uniqueness of each
structure. The actual structures are available as Supporting Information.

Density Functional Theory.

Each of the minimal structures in Table 1 found from mechanics calculations were geometry
optimized using the EDF1 functional and the 6-31G* basis. A single-point energy with the
6-31+G™ basis for each of these structures is given in Table 1. The relative energies of each of
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the structures calculated with mechanics vs those calculated using the EDF1 functional are
shown in Figure 2 (the relative energies are normalized to the lowest energy structure equal to
zero for each isomer). The data in Figure 2 have a linear correlation coefficient of 0.88. The
lowest energy structures for both I and 111 calculated at the mechanics level are also the lowest
energy structures at the DFT level. For structure 11, the lowest energy structure at the DFT
level is not the same as that obtained with mechanics. However, the difference in energy
between these conformers is only 0.6 kcal/mol at the DFT level, which is not a significant
difference. While the ordering of the different structures based on energies calculated at the
mechanics level differ somewhat from the order based on DFT calculations, it would appear
that energies calculated using MMFF track energies calculated at the EDF1 6-31+G*//EDF1
6-31G™* level within a few kilocalories per mole.

The lowest energy conformer obtained at the DFT level for each of these isomers is shown in
Figure 1. At the DFT level, the ion—-molecule structures Il and I11 are comparable in energy,
differing by only 0.2 kcal/mol. This difference is lower than that reported for Arg-M*, (M =
Li, Na, K, Cs), where the R = —(CH5)3-NH-C(NH>)(NH) isomer was found to be 2-3 kcal/
mol more stable than the R = — (CH3)3-N-C(NH>)» isomer.33 The salt-bridge structure is
lower in energy than either ion—-molecule structure by more than 7 kcal/mol. The average
absolute deviation of the relative energies of all 20 (Arg-Arg + H)* structures calculated at the
MMFF level compared to the energies at the EDF1 6-31+G™* level is 1.9 kcal/mol. The
difference in energy between the salt-bridge structure and either ion—-molecule structure is
much greater than the deviation between the mechanics and DFT energies. These results would
suggest that, to the extent that the conformational search is adequate and that energies can be
accurately calculated by DFT, molecular mechanics is suitable for identifying low-energy
candidate structures for this ion.

Effects of the Basis Set and Functionals.

To determine whether the difference in energy between the salt-bridge and ion—-molecule
structures is significant, the effects of the basis set and functionals were investigated. Energies
for both the minimal salt-bridge and ion—-molecule structures were calculated at the EDF1 6-31
++G**//6-31++G** level (Table 2). At this level, the salt-bridge structure (1) is more stable
by 5.7 kcal/mol. For comparison, this difference calculated at the B3LYP 6-31+G*//6-31+G*
and B3LYP 6-311++G**//6-31+G* levels is 10 and 7.7 kcal/mol, respectively. The energy
difference decreases with increasing basis set for both functionals, although the energy
difference between isomers is still relatively large. The results obtained for the EDF1
calculation with the smaller basis set are comparable to the results of the B3LYP calculation
with the larger basis set. This may be due to parameterization built into the EDF1 functional
which was derived using the 6-31+G* basis. 4 One might expect that, for a smaller basis set,
the EDF1 functional will provide more accurate results than other functionals.

Dissociation Energies.

The dissociation energies for both the salt-bridge form of protonated arginine, 11, and the
protonated dimer of the arginine methyl ester, (ArgME-ArgME + H)*, were estimated using
density functional theory. A salt-bridge form of protonated arginine methyl ester dimer is not
possible due to the absence of an acidic hydrogen. A dissociation energy was estimated from
eq 1, where Epy™ is the energy (EDF1

E

O=E

pH+ ~ G

MH+ ~ G

y (1)

6-31+G*) of the protonated dimer minimized at the EDF1 (6-31G* basis) level. Epyt and
Ewm are the energies (EDF1 6-31+G*) of the protonated monomer and neutral monomer,
respectively. The initial geometries of the monomers were taken from their geometries within
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the optimized dimer and minimized using the EDF1 functional (6-31G* basis). The geometry
of the transition state was not modeled explicitly. Thus, the values we report are estimates of
the true Eq values.

For (Arg-Arg + H)*, the calculated value of Eg is 1.50 eV. This value is slightly higher than
the value of 1.33 + 0.08 eV obtained from Blackbody infrared radiative dissociation (BIRD)
experiments.26 For (ArgME-ArgME + H)*, the calculated value is 0.98 eV, slightly lower than
the 1.05 £ 0.05 eV obtained from BIRD experiments.26 The higher dissociation energy of the
salt-bridge form of (Arg-Arg + H)* is due to the large electrostatic interaction. These results
indicate that the energies calculated at the EDF1 6-31+G*//EDF1 6-31G* level are reasonably
consistent with experimental measurements for these dimer ions.

Bradykinin. Molecular Mechanics.

Bradykinin is a nine-residue peptide (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg) with arginine
residues at both the N- and C-termini. Calculations were done on three isomers of protonated
bradykinin. Structure 1V is one in which a salt bridge occurs between the two terminal arginines
(Figure 3). The other two structures (V and V1) correspond to simple protonated structures,
with the proton located at the guanidine group of the N- and C-terminal arginines, respectively.
There are many additional possible sites of protonation. These two structures were chosen on
the basis of the high gas-phase basicity of the guanidine group34 and of isolated arginine itself.
34 Arginine has the highest gas-phase basicity of any of the individual amino acids.

Conformational searching is clearly a significant problem with molecules the size of
bradykinin, for which there are 33 torsional bonds. Searching runs were carried out until the
energy of the minimal structure did not change over the course of 2500 searching steps. This
required a minimum of 22 500 searching steps for each isomer. As was the case with protonated
arginine dimer, many conformers of similar structure and energy were found. These similar
structures (within a distance threshold of 0.7 A) were again clustered into families.31 For
structure 1V, 13 distinctly different structures with energies within ~5 kcal/mol of the lowest
energy structure were identified. Of these 13 structures, 6 were selected randomly as starting
geometries for the DFT calculations. An additional higher energy conformer (1VV7) was also
selected. The same method was used for conformers V and V1. After clustering, three
conformers of V and two conformers of VI were chosen and minimized using DFT. One higher
energy protonated structure was chosen (V13) as well.

The drms,min Values for all of the structures of bradykinin are listed in Table 3. This value
provides a measure of the differences between these conformers. As an illustration, the two
conformers with the smallest value of dyys min are shown as superimposed structures in Figure
4a (structures 1V3 and 1V4, dymg min = 0.8 A). These two conformers are very similar, differing
only by small variations in the peptide backbone and side-chain angles. In contrast, two
superimposed structures that have a dymgs min = 2.3 A (structures 1V1 and 1V6) are shown in
Figure 4b. These structures are significantly different, even though the two terminal arginines
interact in both conformers, which greatly reduces the conformational space. The two terminal
arginine residues in the charge-solvated structures do not always interact, so that the differences
between conformers of these forms of the ion are more different than the differences between
the salt-bridge forms. The charge-solvated conformers all have dyms min > 2 A, which reflects
this difference. The y/o angles for all structures are given in Table 1 in the Supporting
Information.

Density Functional Theory.

The energies of the conformers for each of the structures (1V, V, and VI) calculated at the
EDF1 6-31G*//6-31G™ level are given in Table 3. The relative energies calculated at the
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mechanics vs DFT level are shown in Figure 5. There is significant scatter in these data; the
linear correlation coefficient is 0.28. The average deviation between the EDF1 and MMFF
relative energies is 4.0 kcal/mol. For structure 1V, the lowest energy structure calculated by
MMFF is 5.6 kcal/mol higher in energy than the lowest energy conformer calculated by DFT.
This suggests that many potential low-energy structures are missed in the conformational
search using MMFF. In addition to the errors inherent in DFT calculations on large molecules,
these results indicate that the ability to find low-energy structures using mechanics may be a
limiting factor in combining mechanics and DFT calculations for determining detailed
structures of large molecules in the absence of any other structural information, such as that
obtained from experiment. Additional information, such as interproton distances obtained from
NMR, can dramatically limit the number of possible conformations. This can make possible
accurate determination of the higher order structure of large peptides and proteins in solution.
Similarly, collisional cross section measurement obtained from ion mobility experiments or
gas-phase H/D exchange data can be used to limit the number of possible conformers in these
gas-phase calculations.

Despite the large scatter in these energetic data, there is a clear trend in the relative stability of
the salt-bridge vs ion—-molecule structures. The lowest energy conformer of V is 5.8 kcal/mol
higher in energy than conformer V1. The difference in energy between the most stable salt-
bridge conformer (V1) and the most stable non-salt-bridge conformer (V11) is 13.0 kcal/mol
(the salt bridge is more stable). The mean energy of all structure 1V conformers is 13.6 kcal/
mol less than the mean of all structure V and VI conformers. If the error in the energy
calculations were random, these two structures would be different with a confidence level of
>99%. This is overly optimistic since the error is almost certainly not random. However, this
does suggest that it may be possible to obtain some meaningful structural information on large
ions by performing higher level calculations on large numbers of candidate structures identified
by mechanics.

A single-point energy calculation was performed on the most stable salt bridge and simply
protonated conformer (14 and V12) using the EDF1 functional and the 6-311G* basis. The
salt bridge (1VV4) is 10.6 kcal/mol more stable. As with protonated arginine, the energy
difference between the salt bridge and simple protonated structure decreases slightly with the
larger basis set.

Geometry Optimization.

The time required for a full geometry optimization at the EDF1 6-31G™ level is greater than
170 h on a DEC Alpha500au computer. In contrast, only ~12 h is required for calculating a
single-point energy. Thus, the geometry optimization takes the vast majority of the computer
time necessary for these calculations. More than a 10-fold increase in the number of conformers
could be sampled if only a single-point energy calculation was done. To determine whether
the MMFF geometries are sufficient, single-point energies at the EDF1 6-31G* level were
performed with MMFF-optimized geometries for the salt-bridge isomer of bradykinin (Table
4). The average absolute deviation of the EDF1 6-31G*//MMFF relative energies to the EDF1
6-31G*//6-31G™ relative energies is 3.5 kcal/mol. This is only minimal improvement over the
relative MMFF energies themselves. Thus, full optimization appears to be required for even a
modest level of accuracy.

Solution-Phase Structure.

The structure of bradykinin has been studied extensively in a number of solvent environments
with both NMR2:35-38 and circular dichroism.36:39 In aqueous solution, bradykinin rapidly
interconverts among many different structures 36 There is no gerswtent secondary structure
although some evidence for a 8 turn40 between Ser® and Arg? has been reported 6 This B
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turn is stabilized in nonaqueous solvents, including trifluoroethanol, 35 dimethyl sulfoxide,2:

3891 dIOX ane/water,2:37 and 6.9 mM sodium dodecyl sulfate. 39 ABturn between
Arg and Gly has also been observed in trifluoroethanol and dimethyl sulfoxide. 2,36,38
Evidence for electrostatic interaction between two termlnal arginine residues of bradykinin in
dimethyl sulfoxide has also been reported Sejbal etal.l reported that the bradykinin
antagonist B-9340 contains a salt bridge in 280 mM sodium dodecyl sulfate on the basis of
results from NMR and molecular dynamics. B-9340 has arginines on both termini and has a
secondary structure similar to that of bradykinin.1

The lowest energy conformer from our EDF1 calculatron is shown in Frgure 6 (1V4). In this
conformation, B turns extending from Ser to Arg and from Arg to Gly are present. The
conformers that contain both f turns are indicated in bold in Table 4. Of the seven salt-bridge
conformers, four have both f turns, whereas only one of the six non-salt-bridge conformers
has both 8 turns. The two lowest energy structures for bradykinin, 1V4 and 5, contain both 8
turns. Wyttenbach et al8 investigated the gas-phase structure of bradykinin using mechanics
with the AMBER force field. They reported that only 5 of the 100 lowest energy structures for
the salt-bridge conformer of bradykinin contain a Ser® to Arg B turn. 8

Electrostatic Interactions of | and IV.

Previous studies indicate that one of the factors that limits the accuracy of mechanics
calculations is the manner in which electrostatlcs are calculated.1 Most available force fields
use charges located at the atom center.#1 This limitation appears to be particularly acute for
larger ions. The dipole moment of the most stable arginine dimer (11) calculated at the MMFF,
AM1, and EDF1 6-31+G* level is 7.4, 5.8, and 4.2 D, respectively. However, for the most
stable structure of bradykinin (1V4), the dipole moment calculated by MMFF is 53 D!
Semiempirical AM1 calculations also give an anomalous dipole moment of 54 D, indicating
that the semiempirical treatment of bradykinin is also inadequate. These values are much higher
than that calculated by density functional theory, which gives a more reasonable dipole moment
of 12 D.

Different dielectric constants were used in the mechanics calculations to see whether this value
affects the stability of the lowest energy conformer. When all the conformers of 1V are
reminimized using a dielectric of 1.2, conformer 2 is the most stable. In contrast, a
reminimization of all I conformers using a dielectric of 1.2 does not affect their stability
ordering. Since a small change in the dielectric used affects stability ordering of 1V, this
suggests that better representation of electrostatic interactions would improve the performance
of the molecular mechanics for larger ions.

Conclusions

The structure and energetics of two gas-phase biomolecule ions, protonated arginine dimer and
protonated bradykinin, were investigated using a combination of molecular mechanics and
density functional theory. Molecular mechanics calculations using MMFF and conformational
searching using Monte Carlo and low-mode conformation searching techniques were used to
find candidate low-energy structures. These structures were grouped into families of similar
structure. The lowest energy structure from each family was used as a starting geometry in
subsequent density functional calculations.

For protonated arginine dimer, the correlation between the MMFF and EDF1 6-31+G*//
6-31G* energies is good (linear correlation coefficient 0.88). These results suggest that
mechanics energies using MMFF are sufficient to identify structures within a few kilocalories
per mole of the lowest energy structure for this ion. To the extent that the conformational search
is comprehensive, these calculations indicate that the salt-bridge or ion—zwitterion form is more
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stable than the charge-solvated or ion—molecule structure by 5.7 and 7.7 kcal/mol at the EDF1
6-31++G**//6-31++G** and B3LYP 6-311++G**//6-31+G™* levels, respectively. This result
is in excellent a%reement with the experimental results that indicate that the salt-bridge form
is more stable.2® Dissociation energies estimated at the EDF1 6-31+G* level are in good
agreement with experimentally measured values, providing support for the energetics
calculated at this level of theory.

The success of this computational approach applied to protonated bradykinin is more
ambiguous. The correlation between the mechanics MMFF and DFT energies is poor (linear
correlation coefficient 0.28), suggesting that mechanics is not suitable for identifying the lowest
energy structures of this particular peptide ion. Clearly, similar calculations on additional large
ions should be done to indicate the generality of this result. However, the result for bradykinin
does suggest that gas-phase structures of large ions calculated at the mechanics level, as is
typically done to obtain structural information in a number of experimental approaches, must
be approached with significant caution when no experimental constraints are available. Despite
the limited sample set and lack of experimental constraints for bradykinin in this study, there
is a clear trend in the relative stabilities of the salt-bridge vs simple protonated forms of this
ion calculated at the DFT level. The lowest energy structures of the salt-bridge and simple
protonated forms differ by 13 kcal/mol, with the salt-bridge structure being more stable. The
average difference between all the salt-bridge and simple protonated forms is 14 kcal/mol (the
salt-bridge form more stable). These calculations are in good agreement with experimental
results that indicated that protonated bradykinin contains a salt bridge in the gas phase.lo’27
The structures are also in good agreement with experimentally determined structures in
nonaqueous solution. The results presented here suggest that it may be possible to obtain
meaningful structural and energetic information from larger ions even in the absence of
experimentally determined constraints, by investigating large numbers of low-energy
mechanics structures by DFT.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We acknowledge Professor Martin Head-Gordon and Dr. Chris A. White for helpful comments and their assistance
with the Q-Chem program. We gratefully acknowledge financial support provided by the National Science Foundation
(Grants CHE-9726183 and CHE-9732886) and the National Institutes of Health (Grant IR29GM50336-01A2).

References

1. Sejbal J, Wang Y, Cann JR, Stewart JM, Gera L, Kotovych G. Biopolymers 1997;42:521-535.
[PubMed: 9322442]

2. Young JK, Hicks RP. Biopolymers 1994;34:611-623. [PubMed: 8003621]

3. a Graham WH, Carter ES, Hicks RP. Biopolymers 1992;32:1755-1764. [PubMed: 1472657] b Weber
C, Wider G, von Freyberg B, Traber R, Braun W, Widmer H, Wuthrich K. Biochemistry
1991;30:6563-6574. [PubMed: 2054355]

4. Lamb ML, Jorgensen WL. Curr Opin Chem Biol 1997;1:449-457. [PubMed: 9667895]

5. For example: BurkhardPHommelUSannerMWalkinshawMDJ Mol Biol1999287853858 [PubMed:
10222195]

6. von Helden G, Kemper PR, Gotts NG, Bowers MT. Science 1993;259:1300-1302. [PubMed:
17732251]

7. Mao Y, Woenckhaus J, Kolafa J, Ratner MA, Jarrold MF. J Am Chem Soc 1999;121:2712-2721.
8. Wyttenbach T, von Helden G, Bowers MT. J Am Chem Soc 1996;118:8355-8364.

J Phys Chem A. Author manuscript; available in PMC 2006 April 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Strittmatter and Williams* Page 10

9. Schnier PD, Klassen JS, Strittmatter EF, Williams ER. J Am Chem Soc 1998;119:9605-9613.

10

11.

12

16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.

217.
28.
29.

30.

31

33.

34.

35.

36.

37.

38.

39.

40.

41.

[PubMed: 16498487]

. Schnier PD, Price WD, Jockusch RA, Williams ER. J Am Chem Soc 1996;118:7178. [PubMed:
16525512]
a Wyttenbach T, Bowers MT. J Am Soc Mass Spectrom 1999;10:9-14.(b) Zhang, Z.; Li, W.; Guan,

S.; Marshall, A. G. Proceedings of the 44™ ASMS Conference on Mass Spectrometry and Allied
Topics, Portland, OR, May 12-16, 1996.

. Campbell S, Rodgers MT, Marzluff EM, Beauchamp JL. J Am Chem Soc 1997;119:12840-12854.
13.
14.
15.

Goodman JM, Still WC. J Comput Chem 1991;12:1110-1116.
Kolossvary |, Guida WC. J Comput Chem 1999;20:1671-1684.

Beachy MD, Chasman D, Murphy RB, Halgren TA, Friesner RA. J Am Chem Soc 1997;119:5908—
5920.

Gundertofte K, Liljefors T, Norrby P, Petterson I. J Comput Chem 1996;17:429-449.

Halgren TA. J Comput Chem 1998;20:730-748.

Friesner RA, Beachy MD. Curr Opin Struct Biol 1998;8:257-262. [PubMed: 9631302]
Head-Gordon M. J Phys Chem 1996;100:13213-13225.

White CA, Johnson BG, Gill PMW, Head-Gordon M. Chem Phys Lett 1996;253:268-274.

Rablen PR, Lockman JR, Jorgensen WL. J Phys Chem A 1998;102:3782-3797.and references therein.
Méhle K, Hofmann H. J Mol Model 1998;4:53-58.

Becke AD. J Chem Phys 1993;98:1372-1377.

Adamson RD, Gill PMW, Pople JA. Chem Phys Lett 1998;254:6-11.

Strittmatter EF, Williams ER. Int J Mass Spectrom 1998;187:935-948.

Price WD, Jockusch RA, Williams ER. J Am Chem Soc 1997;119:11988-11989. [PubMed:
16479267]

Schaaff TG, Stephenson JL, McLuckey SA. J Am Chem Soc 1999;121:8907-8919.
Deery MJ, Summerfield SG, Buzy A, Jennings KR. J Am Soc Mass Spectrom 1997;8:253-261.

Saunders M, Houk KN, Wu Y, Still WC, Lipton M, Chang G, Guida WC. J Am Chem Soc
1990;112:1419-1430.

Kolossvary |, Guida WC. J Am Chem Soc 1996;118:5011-5019.

. Shenkin PS, McDonald DQ. J Comput Chem 1994;15:899-916.
32.

Johnson, B. G.; Gill, P. M. W.; Head-Gordon, M.; White, C. A.; Baker, J.; Maurice, D. R.; Adams,
T. R.; Kong, J.; Challacombe, M.; Schwegler, E.; Oumi, M.; Ochsenfeld, C.; Ishikawa, N.; Florian,
J.; Adamson, R. D.; Dombroski, J. P.; Graham, R. L.; Warshel, A. Q-Chem, Version 1.1; Q.-Chem
Inc.: Pittsburgh, PA, 1997.

Jockusch RA, Price WD, Williams ER. J Phys Chem A 1999;103:9266-9274. [PubMed: 16479275]

Hunter, E. P.; Lias, S. G. In NIST Chemistry Webbook; Mallard, W. G., Lindstrom, P. J., Eds.; NIST
Standard Reference Database Number 69; National Institute of Standards and Technology:
Gaithersburg, MD, March 1998.

Cann JR, Liu X, Stewart JM, Gera L, Kotovych G. Biopolymers 1994;34:869-878. [PubMed:
8054469]

Cann JR, London RE, Unkefer CJ, Vavrek RJ, Stewart JM. Int J Peptide Protein Res 1987;29:486—
496. [PubMed: 3596900]

Kyle DJ, Martin JA, Farmer SG, Burch RM. J Med Chem 1991;34:1230-1233. [PubMed: 1848297]

Saulitis, J. B.; Liepins, E. E.; Sekacis, I. P.; Mutulis, F. K.; Chipens, G. |. Peptides: Chemistry,
Structure and Biology; Proceedings of the 11 American Peptide Symposium, La Jolla, CA, July 9-
14, 1989.

Cann JR, Vatter A, Vavrek RJ, Stewart JM. Peptides 1986;7:1121-1130. [PubMed: 3562319]

Lewis PN, Momany FA, Scheraga HA. Biochim Biophys Acta 1973;303:211-229. [PubMed:
4351002]

Banks JL, Kaminski GA, Zhou R, Mainz DT, Berne BJ, Friesner RA. J Chem Phys 1999;110:741.

J Phys Chem A. Author manuscript; available in PMC 2006 April 7.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Strittmatter and Williams* Page 11

Figure 1.
Lowest energy conformer of each isomer of protonated arginine dimer calculated at the EDF1

6-31+G*//6-31G*.
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Figure 2.

Comparison of the relative energies of 12 ion—-molecule () and 8 salt-bridge () conformers
of (Arg-Arg + H)* calculated at the EDF1 6-31G+*//6-31G* and mechanics MMFF levels.
Perfect correlation (solid line) and least-squares regression (dashed line) are shown. Data points
which are located within the dotted lines have a deviation of <2 kcal/mol from perfect
correlation.
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Figure 3.

Page 13

& 00C

ro-Pro-Gly-Phe-Ser-Pro-Phe
H H
P
\<®
S
IV Salt Bridge H/ H
HOOC, 2
ro-Pro-Gly-Phe-Ser-Pro-Phe
H
W |
]
\< N
SH
V N-terminal protonated H \ H
HOOC

ro-Pro-Gly-Phe-Ser-Pro-Phe
H H
NN

\<®

M,
H/ ~H

Vi C-terminal protonated

The three general isomers of bradykinin studied: (a) salt-bridge form in which both the side
chains of the C-terminal and N-terminal arginines are protonated and the carboxylic acid is

deprotonated, (b) isomer in which only the N-terminal arginine side chain is protonated, and
(c) isomer in which only the C-terminal arginine side chain is protonated.
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Figure 4.

(a) Superposition of bradykinin structures 13 (dotted lines) and 14 (solid lines) that have a
drms,min = 0.8 A and (b) superposition of bradykinin structures 1V1 (dotted lines) and 1V6
(solid lines) that have a dmg min = 2.3 A. All structures were calculated at the molecular
mechanics level.
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Figure 5.

Comparison of the relative energies of 6 ion—-molecule (a) and 7 salt-bridge (=) conformers of
(bradykinin + H)* calculated at the EDF1 6-31G*//6-31G* and mechanics MMFF levels.
Perfect correlation (solid line) and least-squares regression (dashed line) are shown.
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Bradykinin (IV4)

Figure 6.
Lowest energy conformer of protonated bradykinin (salt-bridge conformer 1VV4). Hydrogens
bonded to carbon have been omitted for clarity.
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Relative Energies within a Family of Structures for the Conformers of (Arg-Arg + H)* Calculated Using
Mechanics (MMFF) and DFT (EDF1 6-31+G*//EDF1 6-31G*)2

conformer rms,min A) rel energy (MMFF) EDF1//EDF1 energy (hartrees) rel energy (EDF1)
(kcal/mol) (kcal/mol)
Salt Bridge (1)

1 0.8 0.0 -1213.723 978 0.0

2 0.5 2.7 —1213.717 993 3.8

3 0.5 2.8 -1213.714 672 5.8

4 0.8 31 -1213.722 417 1.0

5 0.8 38 —1213.722 482 0.9

6 15 4.8 —1213.713 150 7.0

7 0.8 5.1 -1213.718 635 34

8 1.6 9.3 —1213.711 385 7.9

lon—Molecule (I1)

1 0.6 0.0 -1213.711 205 0.0 (8.0)

2 0.6 2.9 —1213.712 192 -0.6 (7.4)

3 1.0 3.1 —-1213.701 312 6.2 (14.2)

4 1.0 45 —1213.706 606 2.9 (10.9)

5 1.8 5.0 —-1213.702 797 5.3(13.3)

6 1.8 8.8 —-1213.692 727 12.2(18.2)

7 1.9 9.6 -1213.692 044 12.6 (18.6)

8 1.8 17.0 —1213.683 011 17.7 (25.7)

lon—Molecule (I11)

1 1.7 0.0 -1213.712 470 0.0(7.2)

2 0.8 33 —1213.705 170 4.6 (11.8)

3 0.8 5.4 —-1213.697 273 9.5 (16.7)

4 1.7 5.7 —-1213.705 553 4.3(11.5)

aThe values in parentheses are the DFT energies of the conformer relative to the most stable conformer (11).
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TABLE 2
Difference in Energy between the Most Stable Salt-Bridge Conformer (I11) and the Most Stable lon-Molecule

Form (1111) Calculated Using Density Functional Theory?

functional basis energy diff (kcal/mol)
EDF1 6-31+G*//6-31G* 7.2
EDF1 6-31++G**//6-31++G** 5.7
B3LYP 6-31+G*//6-31+G* 10.0
B3LYP 6-311++G**//6-31+G* 7.7

a " - S
A positive value indicates that the salt bridge is more stable.
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Relative Energies within a Family of Structures for the Conformers of Protonated Bradykinin Calculated Using
Mechanics (MMFF) and DFT (EDF1 6-31G*//EDF1 6-31G*)2

conformer rms min A) rel energy (MMFF) EDF1//EDF1 energy (hartrees) rel energy (EDF1)
(kcal/mol) (kcal/mol)
Salt Bridge (V)
1 1.2 0.0 —3599.063 036 5.6
2 0.9 1.2 —3599.066 052 3.7
3 0.8 4.0 —3599.057 249 9.3
4 0.8 4.7 —3599.072 021 0.0
5 1.7 5.0 —3599.070 107 1.2
6 2.3 5.7 —3599.055 085 10.6
7 0.9 9.3 —3599.058 632 8.4
N-Terminal (V)
1 2.1 0.0 —3599.038 599 2.3(21.0)
2 21 6.6 —3599.035 441 4.3(23.0)
3 31 5.7 —3599.042 316 0.0 (18.7)
C-Terminal (VI)
1 2.2 0.0 —3599.042 027 5.9 (18.8)
2 2.2 35 —3599.051 392 0.0 (12.9)
3 35 12.1 —3599.039 154 7.7 (20.6)

&I'he values in parentheses are the DFT energies of the conformer relative to the most stable conformer (1VV4). The number of conformers which contain

two B turns (from Arg1 to GIy4 and from Ser® to Argg) are in bold typeface.
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Relative Energies of the Salt-Bridge Isomer of Bradykinin (V) Calculated at the MMFF and EDF1 Density

Functional Levels?

conformer rel energy (MMFF) (kcal/ EDF1//MMFF energy (hartrees) rel energy (EDF1//MMFF)
mol) (kcal/mol)

1 0.0 —3599.003 735 0

2 1.2 —3598.996 902 43
3 4.0 —3599.006 408 -17
4 4.7 —3599.006 158 -1.5
5 5.0 —3599.000 186 2.2
6 5.7 —3598.997 043 4.2
7 9.3 —3598.986 379 10.9

&I'he total and relative energies at the EDF1 level (6-31G* basis) are calculated using MMFF geometries.

J Phys Chem A. Author manuscript; available in PMC 2006 April 7.



