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Introduction

Noncovalent interactions play an important role in chemis-
try and biology because they are involved in determining
high-order structures and function of biological molecules,
molecular recognition, and self-assembly.[1–4] Studies of bio-
molecular recognition in the gas phase provide important in-
formation on the intrinsic properties of noncovalent com-
plexes and the binding energies in the absence of solvent
molecules. Consequently, the dissociation of noncovalent
complexes is a current research focus in mass spectrome-
try.[5] The most reliable energetics for these systems have
been obtained by using blackbody infrared radiative dissoci-

ation (BIRD).[6–8] This method utilizes the photon flux gen-
erated by the vacuum chamber walls and the long timescale
of a Fourier-transform ion-cyclotron-resonance mass spec-
trometer (FT-ICR MS) to heat the ions radiatively and to
follow their fragmentation as a function of wall temperature.
While BIRD provides accurate Arrhenius dissociation pa-
rameters, Ea and A, for gas-phase fragmentation of complex
ions, our recent study demonstrated that there is a strong
correlation between these parameters.[9,10] As a result, the
Arrhenius activation energy contains a significant entropic
contribution, and therefore does not necessarily reflect the
thermochemical stability of the ion. Consequently, accurate
determination of threshold energies and activation entro-
pies, two linearly independent parameters, is essential for
understanding gas-phase stabilities of noncovalent com-
plexes.

Time- and collision-energy-resolved surface-induced dis-
sociation (SID) combined with RRKM (Rice, Ramsperger,
Kassel, Marcus) modeling[11,12] is a powerful approach for
studying the energetics and entropy effects of the gas-phase
fragmentation of both covalent and noncovalent bonds in
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large complex ions.[10,13] This approach has been extensively
used to explore the energetics and dynamics of the dissocia-
tion of even- and odd-electron peptide ions and other com-
plex systems.[10,13–18] Recently, we reported the first determi-
nation of the strength of noncovalent binding in a vancomy-
cin–tripeptide complex by using this technique.[19] Vancomy-
cin (V) is a glycopeptide antibiotic that is widely used as a
human therapeutic agent. Its antibiotic activity results from
its noncovalent interactions with the bacterial cell-wall pep-
tidoglycan terminating in d-Ala-d-Ala (dAdA) that inhibits
the biosynthesis of the peptidoglycan.[20] The V�dAdA in-
teraction is a widely used model system for investigating
biomolecular recognition processes and for the development
of mass spectrometric approaches for probing the strength
of noncovalent interactions.[21–24]

The binding energy of (1.34�0.08) eV (30.9 kcal mol�1)
between vancomycin and the peptide ligand was determined
from SID data obtained for the singly protonated
vancomycin–Na,Ne-diacetyl-l-Lys-d-Ala-d-Ala complex
(V–Ac2lKdAdA).[19] Gas-phase fragmentation of this com-
plex is dominated by the loss of the neutral peptide. The
second minor reaction channel results in the formation of
the neutral vancomycin and the singly protonated peptide.
RRKM modeling of time- and energy-resolved SID data
demonstrated that entropy plays a major role in determining
the dissociation rate of the V–Ac2lKdAdA complex. Un-
usually large values of activation entropies were obtained
for both dissociation pathways of this relatively small model
system. The corresponding pre-exponential factors of 5.5 �
1030 and 9.4 � 1026 s�1 are similar to the values reported for
the dissociation of large protein–ligand complexes by using
BIRD.[8] The difference in the relative abundances of the
two products was attributed to the difference in activation
entropies associated with the formation of neutral and pro-
tonated peptide fragments. Density functional theory (DFT)
calculations performed at the B3LYP/6-31G(d) level of
theory provided important insights on the structures and sta-
bilities of different model complexes, and on the contribu-
tion of electrostatic and hydrogen-bonding interactions in
this model system.[25]

It is well accepted that the structures and the interaction
energies of noncovalent complexes in the gas-phase are af-
fected by the charge state of the ion.[26–29] Jørgensen et al. re-
ported a detailed study of gas-phase fragmentation of
doubly protonated and doubly deprotonated noncovalent
complexes of vancomycin with different peptide ligands by
using collisional-induced dissociation (CID) experiments.[30]

The results of that study suggested that the original solu-
tion-phase structure of vancomycin responsible for selective
binding of the d-Ala-d-Ala motif was preserved only in the
negative mode. Specifically, they found a good correlation
between the relative stabilities of doubly deprotonated com-
plexes toward fragmentation and association constants of
these complexes in solution. In contrast, similar fragmenta-
tion efficiency curves were obtained for doubly protonated
complexes with different peptide ligands, indicating a loss of
specific binding between vancomycin and stereoisomers of

dAla-dAla-containing peptides in doubly protonated com-
plexes.

Herein, we present a comparison of the dependence of
the relative stability of the V–Ac2lKdAdA complex on the
charge state of the ion by comparing the energetics and dy-
namics of dissociation of the singly protonated, doubly pro-
tonated, and singly deprotonated complex. The experimen-
tal binding energies are compared with theoretical values
obtained by using DFT. Comparison between experiment
and theory provides important information about possible
structures of the V–Ac2lKdAdA complex in the gas phase.
The results demonstrate that the charge state of the complex
has a significant effect on its structure and stability towards
fragmentation.

Results and Discussion

SID of the singly protonated V–Ac2lKdAdA complex was
discussed in detail in our previous study.[19] Fragmentation
of the [V+Ac2lKdAdA +H]+ ion (Scheme 1) results in the

formation of the protonated vancomycin, [V+H]+ , as a
major fragment together with a minor product that corre-
sponds to the singly protonated Ac2lKdAdA. Fragmenta-
tion of the doubly protonated complex, summarized in
Scheme 2, is dominated by the formation of the two comple-

mentary singly protonated fragment ions, [V+H]+ and
[Ac2lKdAdA+ H]+ . Typical SID spectra of the deprotonat-
ed complex are shown in Figure 1. [V�H�CO2]

� is a major
fragment of the deprotonated complex at all collision ener-
gies. Minor fragments include the [V�H]� ion observed at
very low abundance (<3 %) in the range of collision ener-
gies between 36 and 48 eV and the deprotonated peptide,
[Ac2lKdAdA�H]� , formed at collision energies above
36 eV. In addition, consecutive fragmentation of the
[V�H�CO2]

� results in the formation of minor
[V�H�CO2�301]� and [V�H�CO2�929]� fragment ions at
collision energies above 72 eV.

Time-resolved survival curves (SCs) of the precursor ion
and fragmentation efficiency curves (TFECs) for the frag-
ments were obtained by varying the collision energy and the
reaction time, and then by plotting the relative abundance

Scheme 1.

Scheme 2.
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of each ion as a function of collision energy for each frag-
mentation delay. The relative abundance of the precursor
ion and its fragments was determined by summation of the
corresponding isotopic peaks. Careful examination of the
collision-energy-resolved data suggests that the formation of
the [V�H]� ion is the lowest-energy-dissociation pathway of
the deprotonated complex, which has an appearance energy
of approximately 35 eV. TFECs are obtained for this frag-
ment peak at 40–45 eV and decrease to zero at approximate-
ly 55 eV. Rapid decrease in the relative abundance of the
[V�H]� fragment is accompanied by formation of the abun-
dant [V�H�CO2]

� ion, suggesting that this fragment is
most likely produced by subsequent fragmentation of the
relatively unstable [V�H]� primary fragment ion. The pro-
posed fragmentation pathways for the deprotonated com-
plex are summarized in Scheme 3. Abundant formation of
the [V�H�CO2]

� ion has been previously observed in CID
of the doubly deprotonated V–Ac2lKdAdA complex.[30b]

This product ion was attributed to the sequential loss of
CO2 from the primary [V�H]� fragment.

The relative stability of the V–Ac2lKdAdA complex to-
wards fragmentation is a strong function of its charge state.
Figure 2 compares SCs of the [V+Ac2lKdAdA+ H]+ ,

[V+Ac2lKdAdA +H]+2, and [V+Ac2lKdAdA�H]� ions
obtained at reaction delays of 1 and 50 ms. The collision
energy required for the dissociation of different charge
states of the complex increases in the order
[V+Ac2lKdAdA +2H]2+ < [V+ Ac2lKdAdA +H]+< [V+

Ac2lKdAdA�H]� , suggesting that both positively charged
complexes are much less stable toward fragmentation than
the deprotonated complex. The experimental SCs shown in
Figure 2 exhibit fairly weak dependence on the reaction
time, which indicates a very loose transition state associated
with the decomposition of the complexes. For example, in-
creasing the reaction delay from 1 to 50 ms results in a
4.7 eV decrease (from 58.5 to 53.8 eV) in collision energy
required to reach the point at which 50 % of the
[V+Ac2lKdAdA�H]� ion has decomposed (E50 %). The cor-
responding shifts of 4.2 and 7.4 eV were observed for the
[V+Ac2lKdAdA +H]+2 and [V+ Ac2lKdAdA +H]+ com-
plexes, respectively.

The solid lines shown in Figure 2 correspond to the best
fit obtained from the RRKM modeling,[11,12] described in
detail in the Supporting Information. Breakdown graphs for
dissociation of the [V +Ac2lKdAdA+2H]2+ and
[V+Ac2lKdAdA-H]� ions were constructed based on the
fragmentation pathways shown in Schemes 2 and 3. Specifi-
cally, dissociation of the [V+ Ac2lKdAdA +2H]2+ ion was
modeled by using a single decay rate, whereas the three
decay rate model was used for the deprotonated complex.
Radiative cooling of the precursor ion was taken into ac-
count in all models. Modeling results for the doubly proton-
ated complex were obtained by fitting the SCs of the precur-
sor ion, whereas dissociation parameters for the deprotonat-
ed complex were obtained from the simultaneous fitting of
the SCs of the precursor ion and TFECs obtained for the
[V�H]� , [V�H�CO2]

� , and [Ac2lKdAdA�H]� fragment

Figure 1. SID spectra of [V +Ac2lKdAdA�H]� complexes at collision
energies of a) 40.5 eV, b) 58.5 eV, and c) 78.5 eV at reaction delays of
1 ms.

Scheme 3.

Figure 2. Experimental SCs for the precursor ion of the singly protonated
(&, &), doubly protonated (~, ~), and singly deprotonated (*, *) V–
Ac2lKdAdA complexes obtained at reaction delays of 1 ms (open sym-
bols) and 50 ms (filled symbols). The lines correspond to the best fits ob-
tained from the RRKM modeling of the 1 ms (a) and 50 ms (c)
data.
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ions. The relative abundance of the [V�H�CO2]
� ion used

in the modeling included the abundances of its subsequent
fragments, [V�H�CO2�301]� and [V�H�CO2�929]� , ob-
served at higher collision energies.

Figure 3 shows the best fit of the experimental data ob-
tained for the deprotonated complex. The agreement be-

tween the experiment and the model is fairly good, particu-
larly for the precursor ion and the major [V�H�CO2]

� frag-
ment. The model also provides a reasonable representation
of the major trends in the experimental TFECs for the pri-

mary [V�H]� and [Ac2lKdAdA�H]� fragment ions. How-
ever, because of the low abundance of these species and the
significant scatter of the experimental data points, the agree-
ment between the experiment and model is not as good. It
should be noted that the only model that adequately de-
scribes the TFECs of the [Ac2lKdAdA�H]� fragment ion
is based on the assumption that the initial structures of the
[V+ Ac2lKdAdA�H]� complexes that decompose through
reactions r1* and r2* are different. We found that only a
small fraction of precursor complexes (ca. 0.8 %) are re-
sponsible for the formation of the [Ac2lKdAdA�H]� prod-
uct ion, whereas the rest of the ions undergo fragmentation
through reaction r1*. It follows that loss of the deprotonated
peptide does not directly compete with the loss of the neu-
tral peptide from the complex.

Dissociation parameters obtained for all three charge
states of the complex are summarized in Table 1. The large
uncertainties in the values of dissociation parameters ob-

tained for the minor dissociation channel of the deprotonat-
ed complex originate from the significant scatter in the
TFECs of the [Ac2lKdAdA�H]� fragment ion. Loss of the
neutral peptide from the singly protonated and singly depro-
tonated complexes is characterized by similar activation en-
tropies and very different threshold energies of 1.34 and
1.75 eV (30.9 and 40.3 kcal mol�1), respectively. Very large
entropy effects indicate a substantial increase in the confor-
mational flexibility of the resulting products. Because entro-
py effects for reactions r1 and r1* are the same within the
experimental uncertainty, we conclude that the lower stabili-
ty of the protonated complex results from weaker interac-
tion between the positively charged vancomycin cage and
the neutral peptide ligand. In contrast, both the threshold
energy and the activation entropy for dissociation of the
doubly protonated complex are much lower than the dissoci-
ation parameters obtained for the singly charged ions. Addi-
tion of the second proton results in a decrease of approxi-
mately 0.4 eV (9.2 kcal mol�1) in the binding energy of the
positively charged complex and 11–13 orders of magnitude
decrease in the pre-exponential factor. It follows that al-

Figure 3. RRKM modeling fit (lines) of the experimental data (symbols)
for a) the decomposition of [V+Ac2lKdAdA-H]� , b) the major
[V�H�CO2]

� fragment, c) the minor [V�H]� fragment, and d) the
minor [Ac2lKdAdA�H]� fragment for reaction delays of 1 (&, c), 10
(~, a), 50 (*, d), and 100 ms (&, a).

Table 1. Threshold energies and activation entropies for the dissociation
channels of different charge states of the V–Ac2lKdAdA complex ob-
tained from the RRKM modeling of the time- and collision-energy-re-
solved SID data. Rate constants k1 and k2 are defined in Schemes 1–3.

Systems Parameters k1 k2

E0 [eV] 1.34�0.08 1.32�0.08
[V+Ac2lKdAdA+H]+ DS�[a] [e.u.] 79�4 62�4

A[b] [s�1] 6� 1030 9�1026

E0 [eV] 0.93�0.04 –
[V+Ac2lKdAdA+2H]2+ DS�[a] [e.u.] 27�7 –

A[b] [s�1] 2� 1019 –

E0 [eV] 1.75�0.08 1.56�0.40
[V+Ac2lKdAdA-H]� DS�[a] [e.u.] 87�7 89�53

A[b] [s�1] 6� 1032 6�1032

[a] Entropy units (e.u.)= calmol�1K�1. [b] Calculated from DS� by assum-
ing a temperature of 450 K.
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though fragmentation of the [V+ Ac2lKdAdA +2H]2+ ion
is energetically favorable, it is kinetically more hindered
than dissociation of the singly charged complex. This result
is reasonable because fragmentation of a doubly charged
ion is always associated with a substantial Coulomb barrier
for the reverse reaction.

Structures of V–Ac2lKdAdA complexes : DFT calcula-
tions were performed to examine possible structures of the
deprotonated V–Ac2lKdAdA complex. The corresponding
calculations for the singly protonated complex were present-
ed in our previous study.[19] Because loss of a neutral peptide
ligand is characterized by a very loose transition state, the
energetics of this reaction can be adequately described by
using calculated energies of the corresponding products,
Ac2lKdAdA and [V�H]� .

The deprotonated V–Ac2lKdAdA complex can be com-
posed of a neutral peptide and a deprotonated cage, or a
vancomycin with a net zero charge (zwitterionic or canoni-
cal) and a deprotonated peptide ligand. Relative energies of
different possible structures of the deprotonated complex
are summarized in Table 2. Molecular dynamics (MD;

values reported in kcal mol�1 only) simulations performed
by using the CFF91 force field suggest that the most stable
structure of the [V +Ac2lKdAdA�H]� complex is com-
posed of the deprotonated peptide and the zwitterionic van-
comycin cage, in which the C terminus is deprotonated and
the primary amine of the disaccharide (Na) is protonated
(model system [VZW1][Ac2lKdAdA�H]�). Other possible
structures examined by using MD simulations include the
zwitterionic structure, in which the C terminus of vancomy-
cin is deprotonated and the secondary amine of the N-meth-
ylleucine is protonated, [VZW2][Ac2lKdAdA�H]� ; the
canonical structure composed of the deprotonated peptide
and the neutral vancomycin, [V][Ac2lKdAdA�H]� ; and
the canonical structure composed of the deprotonated van-
comycin and the neutral peptide, [V�H]�[Ac2lKdAdA].
These structures are 52.8, 87.7, and 99.4 kcal mol�1, respec-
tively, less stable than the lowest-energy zwitterionic struc-
ture. Even though the absolute energetics obtained from
MD simulations is not accurate, the trend in the relative sta-
bility is qualitatively correct. A similar trend in relative sta-
bilities of the deprotonated [VZW1][Ac2lKdAdA�H]� ,
[VZW2][Ac2lKdAdA�H]� , and [V][Ac2lKdAdA�H]�

complexes was obtained by using DFT optimization per-

formed at the B3LYP/3-21G level of theory. DFT calcula-
tions indicate that [VZW1][Ac2lKdAdA�H]� is the most
stable structure, whereas [VZW2][Ac2lKdAdA�H]� and
[V][Ac2lKdAdA�H]� are less stable than [VZW1]
[Ac2lKdAdA�H]� by 16.0 and 36.8 kcal mol�1, respectively.

Because of limited computational resources, only the
lowest-energy structure of the [V+Ac2lKdAdA�H]�

model complex, [VZW1][Ac2lKdAdA�H]� , was selected
for subsequent optimization by using ONIOM(B3LYP/6-
31G(d):B3LYP/3-21G) calculations. In the optimized struc-
ture of the complex shown in Figure 4, the protonated Na of

vancomycin and the deprotonated C termini of the vanco-
mycin and the peptide are involved in the intermolecular
hydrogen bonding in the complex. The protonated Na is sol-
vated by the carbonyl groups of V and [Ac2lKdAdA�H]�

and the carboxylate group of [Ac2lKdAdA�H]� through
three strong hydrogen bonds (1.71–2.26 �). The carboxylate
group of the vancomycin is stabilized by three amide groups
of the peptide through four hydrogen bonds (1.85–2.46 �),
and the carboxylate group of [Ac2lKdAdA�H]� forms
strong hydrogen bonds (1.89–2.42 �) with four amide
groups of the vancomycin and the secondary amine of N-
methylleucine. In addition, two hydroxyl groups of the dis-
accharide moiety and one of the substituted phenylglycines,
as well as one primary amine group of the N-methylleucine
of vancomycin, form three strong hydrogen bonds (1.78–
1.97 �) with three carbonyl groups of the peptide.

Comparison of the structures of the protonated[19] and the
deprotonated V–Ac2lKdAdA complex indicates that, for
both charge states, the protonated disaccharide group is
folded into the vancomycin cage and is involved in the inter-

Table 2. Relative energies of the lowest-energy structures of
[V+Ac2lKdAdA�H]� model complexes obtained from MD simulations
and DFT calculations [kcal mol�1].

Complex Model systems[a] MD DFT[b]

[V+Ac2lKdAdA�H]� ACHTUNGTRENNUNG[V�H]�[Ac2lKdAdA] 99.4 –
[V][Ac2lKdAdA�H]� 87.7 36.8ACHTUNGTRENNUNG[VZW1][Ac2lKdAdA�H]� 0.0 0.0ACHTUNGTRENNUNG[VZW2][Ac2lKdAdA�H]� 52.8 16.0

[a] Model systems are described in the text. [b] Obtained from geometry
optimization performed at the B3LYP/3-21G level of theory.

Figure 4. Lowest-energy structure of the deprotonated V–Ac2lKdAdA
complex, [VZW1][Ac2lKdAdA�H]� , obtained by using the ONIOM-ACHTUNGTRENNUNG(B3LYP/6-31G(d):B3LYP/3-21G) method. Vancomycin is shown with
thin lines, whereas the Ac2lKdAdA peptide is shown with thick lines
with the backbone shown as colored tubes; the dotted lines indicate the
intermolecular hydrogen bonds between the vancomycin and
Ac2lKdAdA. a : protonation site. a : deprotonated carboxyl groups
of the peptide and vancomycin.
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molecular hydrogen bonding. However, deprotonation of
the C-terminal carboxyl groups of both vancomycin and
peptide in the negatively charged complex results in the for-
mation of a number of additional strong hydrogen bonds,
which stabilize the charges. It is likely that these interactions
are responsible for the higher binding energy between the
peptide ligand and the cage in the deprotonated
V–Ac2lKdAdA complex determined from our SID experi-
ments.

It is interesting to note some similarities between the cal-
culated structure of the deprotonated complex and the
structure of V–Ac2lKdAdA in solution.[3,22,31] In both cases,
the deprotonated C termini of the peptide and vancomycin
are involved in the intermolecular hydrogen bonding. The
interaction between the deprotonated C terminus of the
peptide with the N-methylleucine group (2.1 �) is preserved
in the gas phase. It has been suggested that the electrostatic
interaction between these two groups contributes 1.4–
1.8 kcal mol�1 to the binding energy of the V–Ac2lKdAdA
complex in solution.[31b] The major difference between the
solution and gas-phase structures is that in solution the pro-
tonated disaccharide group of vancomycin is stabilized by
interactions with solvent molecules and is not involved in
the intermolecular hydrogen bonding, whereas in the gas
phase this group is stabilized through a strong electrostatic
interaction with the deprotonated C terminus of the
peptide.

Binding energies : As discussed in our previous study, con-
formational flexibility of the reaction products introduces a
significant uncertainty into the calculated values of the bind-
ing energies. In particular, it is not clear whether the confor-
mational change in the products occurs in the transition
state or after they separate from each other. The lower and
upper limits of the binding energies were obtained from the
energies of the lowest-energy
structures of the products at in-
finite separation, and the ener-
gies of less stable structures
that resemble the conforma-
tions of the peptide and vanco-
mycin in the complex. It should
be noted that the DFT energet-
ics obtained for the negative
complex may not be very accu-
rate because the basis sets uti-
lized in this study do not in-
clude diffuse functions. Howev-
er, we believe that the uncertainty in the binding-energy cal-
culations introduced because of the conformational flexibili-
ty of the reaction products is substantially more significant
than the uncertainty introduced by the limitations of the
basis sets.

The lowest-energy conformation of the neutral peptide
(Figure S1a in the Supporting Information) was adopted
from our previous study. The second conformation repre-
senting the structure of the neutral peptide in the transition
state optimized at the B3LYP/6-31G(d) level of theory (Fig-

ACHTUNGTRENNUNGure S1b in the Supporting Information) is only 3.0 kcal mol�1

higher in energy. In contrast, the lowest-energy structure of
deprotonated vancomycin (Figure S2a in the Supporting In-
formation) is 18.8 kcal mol�1 more stable than the extended
conformation adopted by the cage in the complex (Fig-ACHTUNGTRENNUNGure S2b in the Supporting Information). The folded confor-
mation (Figure S2a in the Supporting Information) was ini-
tially adopted from the lowest-energy structure obtained by
using MD simulations, and then optimized by using the
ONIOM (B3LYP/6-31G(d):B3LYP/3-21G) method, whereas
the extended conformation (Fig ACHTUNGTRENNUNGure S2b in the Supporting
Information) was initially obtained from the most stable
structure of the [V+Ac2lKdAdA�H]� species and opti-
mized by using the same method.

In the folded conformation, the neutral disaccharide
group resides outside of the vancomycin cage. The aspara-
gine side chain is folded into the vancomycin cage and
forms four hydrogen bonds (2.20–2.92 �) with the carbonyl
and secondary amine groups of the vancomycin cage. In ad-
dition, the deprotonated C terminus is stabilized by two
short hydrogen bonds (1.34 and 1.93 �) formed between the
adjacent secondary amine and the hydroxyl group of one of
the adjacent substituted phenylglycines. In contrast, in the
extended conformation, the neutral disaccharide group is
folded into the vancomycin cage and forms one hydrogen
bond (2.37 �) with a carbonyl group of the vancomycin
cage. The vancomycin cage in this conformation is more
open because the deprotonated C terminus is not involved
in the hydrogen-bonding interaction with the vancomycin
cage.

Calculated values of the binding energies of the vancomy-
cin–peptide complex obtained from the difference in the
energy of the reactant and the major products are summar-
ized in Table 3. Because of the large uncertainty in the

energy of the [V�H]� ion, the difference between the upper
and lower limit of the theoretical binding energy between
the deprotonated vancomycin and the neutral peptide is
very large (ca. 22 kcal mol�1). The calculated binding energy
is in the range of 40.9–62.7 kcal mol�1. In comparison, the
experimental result obtained for the neutral peptide loss
from the deprotonated complex (reaction r1*) is (42.7�
1.8) kcal mol�1. The experimental value is in excellent agree-
ment with the lower limit of the calculated binding energy
of 40.9 kcal mol�1. This comparison suggests that the struc-

Table 3. Comparison of the binding energies of different charge states of the V–Ac2lKdAdA complex ob-
tained experimentally and from the DFT calculations [kcal mol�1].

Complex Theory Experiment
Model system E[a] E0

[a,b] k1
[c]

[V+Ac2lKdAdA+H]+ [d] ACHTUNGTRENNUNG[V+H]+[Ac2lKdAdA] 46.7 (40.7) 42.0 (36.3) 30.9 (�1.8)
[V+Ac2lKdAdA+2H]2+ ACHTUNGTRENNUNG[V+2H]2+ [Ac2lKdAdA] 51.7 (47.2) – 21.4 (�0.9)
[V+Ac2lKdAdA�H]� ACHTUNGTRENNUNG[VZW1][Ac2lKdAdA�H]� 69.5 (49.1) 62.7 (40.9) 40.3 (�1.8)

[a] Upper and lower limits (values in parentheses) of the binding energies obtained from the geometry optimi-
zation and single point energy calculation by using the ONIOM(B3LYP/6-31G(d):B3LYP/3-21G) method.
[b] Including the ZPE correction obtained at the B3LYP/3-21G level of theory. [c] Obtained from the RRKM
modeling of the experimental data. [d] Adopted from ref. [19].
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tures of the [V�H]� ion and the neutral peptide in the tran-
sition state resemble the lowest-energy folded conforma-
tions of the products. A similar result was obtained for the
protonated V–Ac2lKdAdA complex.[19]

As discussed earlier, the threshold energy for dissociation
of the doubly protonated V–Ac2lKdAdA complex is ap-
proximately 0.4 eV (9.2 kcal mol�1) lower than the threshold
energy for the loss of the neutral peptide from the singly
protonated complex, suggesting that the second proton has
a strong destabilizing effect on the V–Ac2lKdAdA com-
plex. In addition, the major dissociation channels for the
two positively charged complexes are very different. Specifi-
cally, formation of the two complementary singly protonated
products is the major fragmentation pathway of the
[V+Ac2lKdAdA +2H]2+ ion, whereas fragmentation of the
[V+ Ac2lKdAdA +H]+ ion is dominated by the loss of the
neutral peptide. These observations are consistent with the
trend in the proton affinities (PAs) of the vancomycin and
the peptide.

We have previously shown that the most stable structure
of vancomycin is protonated at the disaccharide group. The
calculated PA of vancomycin is 272.1 kcal mol�1 without the
zero-point energy (ZPE) correction and 254.4 kcal mol�1

when including the ZPE correction.[19] The corresponding
values of 237.6 and 229.2 kcal mol�1 were obtained for
Ac2lKdAdA, which is protonated at the secondary amine
of the acetylated lysine side chain. The second PA of vanco-
mycin obtained in this study by using the ONIOM(B3LYP/
6-31G(d):B3LYP/3-21G calculation is 230.9 kcal mol�1 with-
out the ZPE correction. This value is lower than the PA of
the peptide, suggesting that charge separation in dissociation
of the doubly protonated complex is energetically more fa-
vorable than the loss of the neutral peptide. It is also rea-
sonable to assume that the [V +Ac2lKdAdA+2H]2+ ion is
composed of the singly protonated vancomycin and singly
protonated peptide ligand. However, because complexation
affects the conformational flexibility of the peptide, the PA
of the peptide bound to the vancomycin cage may be sub-
stantially reduced.

Because the CFF91[32] force field did not include parame-
ters for the protonated amide (CONH2

+) in the Insight II
software package used in this study, we could only perform
MD simulations for the doubly protonated complex with
both protons located on vancomycin. The lowest-energy
structure obtained for this complex from MD simulations
was subsequently optimized by using ONIOM(B3LYP/6-
31G(d):B3LYP/3-21G) calculations. The theoretical binding
energy without the ZPE correction obtained at this level of
theory is 47.2–51.7 kcal mol�1 (Table 3). Because ZPE cor-
rections for the binding energies obtained for the singly pro-
tonated[19] and deprotonated V–Ac2lKdAdA complexes are
4.4–4.7 and 6.8–8.2 kcal mol�1, respectively, we assumed that
the ZPE correction for the doubly protonated
V–Ac2lKdAdA complex does not exceed 10 kcal mol�1. It
follows that the theoretical binding energy with ZPE correc-
tion obtained for this model system cannot be lower than
37 kcal mol�1. It should be noted that because of the Cou-

lomb repulsion between the products in the transition state,
the actual threshold energy for the charge separation reac-
tion is higher than the reaction endothermicity that was cal-
culated based on the enthalpies of formation of the reactant
and the products. The value of the binding energy estimated
for the V–Ac2lKdAdA complex with both protons residing
on vancomycin is clearly inconsistent with the experimental-
ly determined threshold energy of (21.4�0.9) kcal mol�1

(Table 3). From the discussion above it follows that the
doubly protonated V–Ac2lKdAdA complex examined in
our experiments is less stable than the model system used in
our DFT calculations. It is reasonable to assume that the
complex is composed of the singly protonated vancomycin
and the singly protonated peptide ligand, and that its stabili-
ty is reduced because of the electrostatic repulsion between
the charges.

Finally, it is interesting to discuss the energetics of the
CO2 loss from the deprotonated vancomycin. As mentioned
earlier, loss of CO2, a dominant decomposition pathway of
the deprotonated vancomycin, is not observed for the depro-
tonated V–Ac2lKdAdA complex. DFT calculations were
performed for the substituted phenylglycine (N-methoxyl-2-
methyl-3,5-dihydroxylphenylglycine, Figure 5), which repre-

sents a small portion of the [V�H]� with the deprotonated
C terminus. A relaxed potential-energy scan performed at
the B3LYP/6-31G(d) level of theory indicates that the CO2

elimination reaction of the model anion proceeds through a
loose transition state by C�C bond cleavage at the depro-
tonated C terminus. The bond energy of 28.8 kcal mol�1 ob-
tained for this model system at the B3LYP/6-311++G-ACHTUNGTRENNUNG(2d,2p)//B3LYP/6-31G(d) level of theory is significantly
lower than the experimental binding energy of the depro-
tonated complex ((42.6�1.8) kcal mol�1), suggesting that
elimination of CO2 should be a dominant process for the de-

Figure 5. Relaxed potential-energy scan for CO2 elimination from the de-
protonated N-methoxyl-2-methyl-3,5-dihydroxylphenylglycine performed
at the B3LYP/6-31G(d) level of theory.
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protonated vancomycin cage. Suppression of this dissocia-
tion channel most likely indicates the involvement of the de-
protonated C terminus in the hydrogen bonding. This con-
clusion is supported by the DFT calculations of the struc-
tures of the [V+ Ac2lKdAdA�H]� and the [V�H]� ions.
Indeed, the deprotonated carboxylate group in the
[V+Ac2lKdAdA�H]� complex shown in Figure 4 is stabi-
lized by four strong hydrogen bonds (1.85–2.46 �), whereas
the carboxylate group of the deprotonated vancomycin is in-
volved in only two hydrogen bonds (1.34 and 1.93 �) in the
folded [V�H]� structure (Figure S1b in the Supporting In-
formation). Elimination of the neutral peptide from the
[V+ Ac2lKdAdA�H]� complex disrupts the hydrogen
bonding that constrains the �COO� group, making the loss
of CO2 kinetically favorable.

Conclusion

In this study we used time- and collision-energy-resolved
SID experiments combined with RRKM modeling to exam-
ine the effect of the charge state on the stability of the
V–Ac2lKdAdA complex toward fragmentation. We found
that even though the entropy effects in the dissociation of
the singly protonated and singly deprotonated complex are
very similar, dissociation of the positive ion is energetically
more favorable and the deprotonated complex is approxi-
mately 0.4 eV (9.2 kcal mol�1) more stable toward fragmen-
tation. The increased stability of the deprotonated complex
observed experimentally is consistent with the results of
DFT calculations. The experimental threshold energy of
(1.75�0.08) eV ((40.3�1.8) kcal mol�1) is in excellent
agreement with the lower limit of the calculated binding
energy of 40.9 kcal mol�1 obtained from the absolute ener-
gies of the fragments in their most stable conformation, sug-
gesting that the transition state for dissociation of the com-
plex is located close to the reaction products. Similarly, the
experimental threshold energy for dissociation of the singly
protonated complex of (1.34�0.08) eV ((30.9�1.8) kcal
mol�1) is in good agreement with the lower-limit value of
36.3 kcal mol�1 obtained from DFT calculations. Comparison
between the calculated lowest-energy structures of the
[V+Ac2lKdAdA +H]+ and [V+ Ac2lKdAdA�H]� ions
suggests that additional stabilization of the deprotonated
complex results from extensive solvation of three charged
sites (protonated disaccharide amino group and deprotonat-
ed C termini of the vancomycin and the peptide) as com-
pared with only one charged site (protonated disaccharide
amino group) in the [V+Ac2lKdAdA+ H]+ ion.

Dissociation of the doubly protonated complex is domi-
nated by charge separation of the two singly protonated
[V+ H]+ and [Ac2lKdAdA+ H]+ fragment ions. This reac-
tion is characterized by a fairly low dissociation threshold of
(0.93�0.04) eV ((21.4�0.9) kcal mol�1) and a much lower
pre-exponential factor of 2 � 1019 s�1 than 6 �1032 s�1 ob-
tained for the singly charged complex. While full compari-
son with DFT calculations could not be performed for this

complex, we found that the lowest-energy structure of the
doubly protonated complex composed of the doubly proton-
ated vancomycin and the neutral peptide was not formed in
our experiments. The high binding energy of >37 kcal mol�1

obtained for this structure is comparable to the theoretical
binding energy of the singly protonated complex, suggesting
that the Coulomb repulsion between the two protons on the
vancomycin cage is compensated by stronger hydrogen-
bonding interactions around the two charge sites. In con-
trast, the [V+ Ac2lKdAdA +2H]2+ ion examined experi-
mentally is substantially less stable toward fragmentation
than the [V +Ac2lKdAdA +H]+ ion. It is reasonable to
assume that the less stable, doubly protonated complex pro-
duced in the electrospray source of our instrument is com-
posed of the singly protonated vancomycin and the singly
protonated peptide ligand. Fragmentation behavior of the
complex provides further support for this conclusion.

Comparison between the experimental data and the re-
sults of DFT calculations provides an important insight into
the possible structures of noncovalent complexes and the
origin of the differences in binding energies obtained from
our time- and collision-energy-resolved SID studies.

Experimental Section

Materials : Self-assembled monolayers (SAMs) were prepared on a single
gold {111} crystal (Monocrystals, Richmond Heights, OH) by using a
standard procedure. Prior to SAM deposition, the gold surface was
cleaned by using a UV cleaner (Boekel Industries, model 135500) for
10 min, and then immersed for at least 12 h in a 1 mm solution of 1-do-
decanethiol in ethanol, (Sigma–Aldrich, St. Louis, MO). Extra layers of
the SAMs were removed by ultrasonic cleaning in ethanol for 10 min
prior to the experiments. Vancomycin hydrochloride and Ac2lKdAdA
were purchased from Sigma–Aldrich. The samples were dissolved in a
methanol/water (50:50 v/v) solution to a final concentration of vancomy-
cin/Ac2lKdAdA of 300:50 (mm/mm) for the positive mode experiments,
and in a methanol/acetonitrile/water (45:45:10 v/v/v) solution to a final
concentration of vancomycin/Ac2lKdAdA of 50:50 (mm/mm) for the nega-
tive-mode experiments. A syringe pump (Cole Parner, Vernon Hills, IL)
was used for direct infusion of the electrospray sample at a flow rate of
25–40 mLh�1.

Mass spectrometry : SID experiments were conducted by using a specially
fabricated 6T FT-ICR mass spectrometer described in detail elsewhere.[33]

The instrument was equipped with an external electrospray ionization
source consisting of an ion funnel[34] followed by three quadrupoles. Ions
exiting the ion funnel undergo collisional relaxation and focusing in the
first radio-frequency-only collisional quadrupole prior to transfer into a
commercial Extrel quadrupole mass filter. Mass selected ions were effi-
ciently thermalized in the accumulation quadrupole, which removed in-
ternal and translational energy originating from the ion source and the
ion funnel. After accumulation, ions were extracted from the third quad-
rupole and transferred into the ICR cell where they collided with the sur-
face positioned at the rear trapping plate of the cell. Scattered ions were
captured by raising the potentials on the front and rear trapping plates of
the ICR cell by 10–20 V. Immediately following the reaction delay, ions
were excited by a broadband chirp and detected. The collision energy
was defined by the difference between the d.c. offset of the accumulation
quadrupole and the potential applied to the rear trapping plate of the
ICR cell and the SID target. Data acquisition was accomplished with a
MIDAS data station.[35] Time-resolved spectra were obtained by varying
the delay between the gated trapping of ions in the ICR cell and the exci-
tation/detection event (the reaction delay). Experiments were performed
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for reaction delay times of 1, 5, 10, 50, and 100 ms, and 1 s. TFECs were
constructed from experimental mass spectra by plotting the relative
abundance of the precursor ion and its fragments as a function of colli-
sion energy for each reaction delay.

MD simulations : Molecular modeling was performed on an SGI Onyx
3200 workstation running Insight II/Discover (97.0, Accelrys Software,
San Diego, CA) software. The original structure of vancomycin was ob-
tained from the protein data bank (PDB) and was used as the refer-
ence.[36] Preliminary structures of the neutral and deprotonated species of
peptide (Ac2lKdAdA and [Ac2lKdAdA�H]�), vancomycin (V andACHTUNGTRENNUNG[V-H]�), and the singly deprotonated vancomycin–peptide model com-
plexes ([V][Ac2lKdAdA�H]� and [V�H]�[Ac2lKdAdA]) were built by
using the Biopolymer builder of Insight II. Both initial and final struc-
tures were energy minimized with the CFF91 force field[32] and the quasi-
Newton–Raphson (VA09 A) minimization algorithm.[37] Conformational
space of the complex ions and neutral molecules was explored by using
MD simulations performed at 1000 K for monomers (V, [V�H]� ,
Ac2lKdAdA and [Ac2lKdAdA�H]�) and 500 K for complexes ([V]
[Ac2lKdAdA�H]� and [V�H]�[Ac2lKdAdA]) in vacuum with a 1.0 fs
time step. Conformations were saved at 2 ps intervals over a 1 ns dynam-
ics run. Each structure was then minimized and the lowest-energy struc-
ture of each species was chosen for DFT calculations.

DFT calculations : DFT calculations were carried out by using NWChem
(version 5.1), developed and distributed by the Pacific Northwest Nation-
al Laboratory (PNNL).[38] Extensible Computational Chemistry Environ-
ment (ECCE) was used to setup calculations and visualize the results.[39]

Preliminary geometry optimization was performed at the B3LYP/3-21G
level of theory. Final geometries and single-point energies of
Ac2lKdAdA and [Ac2lKdAdA�H]� were obtained by subsequent opti-
mization at the B3LYP/6-31G(d) level of theory. The hybrid computa-
tional method (ONIOM) was used for the structure optimizations and
single-point energy calculations for [V�H]� and [VZW1]
[Ac2lKdAdA�H]� , in which B3LYP/6-31G(d) was applied to
Ac2lKdAdA and the atoms related to the hydrogen bonding between
vancomycin and the peptide in the [VZW1][Ac2lKdAdA�H]� model
complex, and B3LYP/3-21G was applied to the rest of the atoms.[40] Har-
monic vibrational frequencies of Ac2lKdAdA, [V�H]� , and
[V+Ac2lKdAdA�H]� were calculated at the B3LYP/3-21G level of
theory. Calculated vibrational frequencies of the model systems were
used to obtain ZPE corrections and utilized in the RRKM modeling of
the experimental data. Binding energies were determined based on
single-point energies of the model systems by simulating precursor com-
plexes and their products and by including the ZPE correction.
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