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The study of the structure and stability of gas-phase noncovalent
protein-ligand complexes represents a promising strategy to probe
the intrinsic properties of these complexes. Ultimately, new insights
about the role of solvent in ligand recognition may be gained from
a comparison of protein complexes in the absence and presence of
solvent. To date, gas phase studies have focused primarily on
protein-ligand complexes stabilized by ionic interactions or
hydrogen (H) bonds in solution.1 These studies have yielded
compelling evidence that aspects of solution structure are preserved
upon the transfer of protein complexes from solution to the gas
phase.1 For example, a recent electrospray ionization mass spec-
trometry (ES-MS) study of the structure and stability of protonated
and deprotonated gaseous ions of a single chain antibody-trisaccha-
ride complex revealed that several specific intermolecular H-bonds
were preserved after desolvation.1e Furthermore, the strength of
the H-bonds measured in the gas phase were in good agreement
with theoretical values available for model systems.1e As of yet,
no detailed gas phase studies of the structure and stability of
protein-hydrophobic ligand complexes have been reported, and it
is unclear to what extent the nonpolar intermolecular interactions
can be probed in Vacuo. Here, we report evidence from thermal
dissociation kinetic measurements and molecular modeling for the
preservation of the nonpolar interactions within a series of
protein-fatty acid complexes in the gas phase.

Bovine �-lactoglobulin (Lg), an 18 kDa soluble protein, and its
interaction with fatty acids (FA), CH3(CH2)xCOOH, where x ) 10
(lauric acid ≡ LA), 12 (myristic acid ≡ MA), 14 (palmitic acid ≡
PA), 16 (stearic acid ≡ SA), served as a model system for the
present study. At 25 °C, Lg exists predominantly as a homodimer
at physiological pH and as monomer at pH >8.2 Lg consists of
nine � strands (designated A-I), of which the A to H strands form
an up-and-down �-barrel, and one major R-helix at the C terminus
(Figure S1a, Supporting Information).3 The �-barrel encloses a large
cavity (∼315 Å3) lined with hydrophobic residues which can
accommodate fatty acids and a variety of other hydrophobic ligands
(Figure S1b).4 The loops above the barrel play important roles in
ligand binding. The flexible EF loop forms a lid over the entrance
of the cavity and restricts ligand access. A pH-induced conforma-
tional change, which occurs in the pH range 6-8, opens the lid
and allows access to the cavity.2,3 Nuclear magnetic resonance
(NMR) spectroscopy measurements identified an increase in con-
formational flexibility in the EF and GH loops above the barrel
upon PA binding to Lg.5 It has been suggested that the gain in
configurational entropy contributes significantly to the promiscuous,
high affinity binding displayed by Lg.5

Gaseous deprotonated ions of the (Lg + FA) complexes at
charge states -5 to -8 are readily detected in ES-MS performed
in negative ion mode on aqueous solutions of Lg and FA at pH

8.5 and 25 °C (Figure S2). Temperature-dependent rate constants
(k) for the dissociation of the gaseous (Lg + FA)7- ions were
determined from time-resolved blackbody infrared radiative
dissociation (BIRD) measurements,6 which were carried out
using Fourier-transform ion cyclotron resonance MS. At the
reaction temperatures investigated, 25 to 66 °C, BIRD of the
(Lg + FA)7- ions proceed exclusively by the loss of neutral FA
(Figure S3). Shown in Figure 1a are kinetic data, plotted as the
natural log of the normalized intensity of the reactant ion versus
reaction time, measured for the loss of PA from the (Lg + PA)7-

ion. Notably, the kinetic plots exhibit nonlinear behavior that
can be described by a double exponential decay function. These
results suggest that the (Lg+PA)7- ion exists in two kinetically
distinct structures, designated as the fast and slow dissociating
components, (Lg + FA)f and (Lg + FA)s, respectively. Ion
mobility measurements confirmed the presence of two structures
for the (Lg+PA)7- ion; a single structure was observed for the
Lg7- ion (Figure S4). The kinetic data measured for the other
FAs are also consistent with the presence of two nonintercon-
verting structures (Figure S5). The temperature-dependent k
values determined for the fast and slow components for each
FA are shown in the form of Arrhenius plots in Figures 1b and
S6. The Arrhenius parameters (Ea and A) and the corresponding
entropies of activation (∆S‡) are reported in Table 1.

Inspection of Table 1 reveals that the Arrhenius parameters of
both the fast and slow components are sensitive to the size of the
aliphatic chain. However, the parameters of the fast components
are consistently smaller than those of the slow components. The
influence of chain length on the dissociation Ea of both components
is highlighted in Figure 2a. For the fast component, Ea increases
almost linearly with chain length, with each methylene group
contributing, on average, 0.82 ( 0.04 kcal mol-1.

This contribution is similar in magnitude to the contribution of
individual -CH2- groups to the enthalpy changes for the transfer of
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Figure 1. (a) Plots of the natural logarithm of the normalized intensity
(I/Io) of the gaseous (Lg + PA)7- ion versus reaction time at the temperatures
indicated. The solid curves correspond to the best fit of a double exponential
function to the experimental data. (b) Arrhenius plots for the loss of neutral
PA from the (Lg + PA)f

7- and (Lg + PA)s
7- ions.
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n-alkanes from the gas phase to nonpolar solvents, e.g., 1.18 ( 0.02
(n-C7H16) and 1.04 ( 0.04 (C6H6).

7 Furthermore, the magnitude of
the Ea values agree reasonably well with the solvation enthalpies
predicted for the aliphatic chains of the FAs in nonpolar and weakly
polar solvents (Figure 2b).8 Taken together, these results suggest that,
in the (Lg + FA)f

7- ions, the aliphatic chains of the FA remain bound
within the hydrophobic cavity and that the barrier to dissociation
reflects predominantly the cleavage of the nonpolar intermolecular
interactions. In contrast, the Ea values determined for the slow
components do not vary in a simple fashion with the length of the
aliphatic chain. A possible explanation for this observation and the
larger Ea values, compared to those of the (Lg + FA)f

7- ions, is that
the ligand carboxylic group stabilizes the (Lg + FA)s

7- ions through
its participation in H-bonds. As described below, the H-bond interac-
tions are sensitive to the length of the aliphatic chain.

The A-factors determined for the (Lg + FA)f
7- ions translate to

negative ∆S‡ values, ranging from -22 to -9 cal mol-1 K-1, and
indicate a loss of entropy in going from the reactant to the dissociative
transition state (TS). The cleavage of the stabilizing intermolecular
interactions is expected to be entropically favorable, and in fact, the
∆S‡ values do become less negative as the length of the aliphatic chain
increases. The negative ∆S‡ values, therefore, imply a loss of Lg
configurational entropy in the TS. This finding is consistent with the
solution NMR results.5 However, as described below, the origin of
these effects are likely different. In contrast, the loss of ligand from
the (Lg + FA)s

7- ions is an entropically neutral or somewhat favorable
process. The larger ∆S‡ values determined for the (Lg + FA)s

7- ions
are consistent with H-bonds stabilizing the complex and the substantial
gain in entropy expected upon their dissociation.1e,9

Molecular dynamics (MD) simulations performed on the (Lg +
PA) complex at the -7 charge state and 25 °C suggest possible

structures for the (Lg + FA)f
7- and (Lg + FA)s

7- ions. Depending
on the charge configuration, the (Lg + PA)7- ion exists in one of
two distinct structures, which differ primarily by the position of
the EF loop. In the open structure, which is a possible candidate
for the (Lg + PA)f

7- ion, the EF loop is positioned away from the
entrance to the cavity; the average distance between Asn88 on EF
loop and Pro38 on AB loop (top of cavity) is ∼21 Å (Figure S7a).
The loss of PA from the open structure would require only the
cleavage of the nonpolar intermolecular interactions. In the closed
structure, a possible candidate for the (Lg + PA)s

7- ion, the EF
loop covers the entrance of the cavity, the average distance between
Asn88 and Pro38 being ∼15 Å, and the carboxylic group of PA
participates in H-bonds with residues on the EF loop or residues
located at the entrance (Figure S7b). The loss of ligand from the
closed structure would require both the cleavage of the H-bonds
and the nonpolar contacts and, as result, would proceed with an Ea

larger than that of the open structure. The results of the MD
simulations also suggest that the nature of intermolecular H-bonds
vary between the (Lg + FA)s

7- ions (Figure S8), which is consistent
with the variations in the measured Ea values. Finally, MD
simulations performed on the Lg7- ion revealed that, independent
of the charge configuration, the free protein adopts a single structure,
which is characterized by the collapse of the hydrophobic cavity
(Figure S9). Contraction of the cavity would be expected to result
in a loss of protein configurational entropy, consistent with the
observation of negative ∆S‡ values.

In summary, the results of time-resolved thermal dissociation kinetic
measurements and molecular modeling performed on a series of
gaseous (Lg + FA)7- ions provide evidence that the nonpolar
intermolecular interactions implicated in the hydrophobic protein-
ligand interactions are preserved in the gas phase. Furthermore, the
strengths of these interactions have been quantified for the first time.
The results of this work highlight the potential of gas phase studies
for probing the nature of hydrophobic protein-ligand binding in
solution.
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Table 1. Arrhenius Parameters (Ea, A) and Corresponding ∆S‡

Values for the Dissociation of the Gaseous (Lg + FA)f
7- and (Lg +

FA)s
7- Ionsa,b

FA
Ea

(kcal mol-1)
A

(s-1)
∆S‡

(cal mol-1K-1)

Fast
LA 13.0 ( 0.7 108.4(0.5 -22 ( 2
MA 14.9 ( 0.4 109.5(0.3 -17 ( 1
PA 16.2 ( 0.3 1010.2(0.2 -14 ( 1
SA 18.0 ( 0.6 1011.3(0.4 -9 ( 2

Slow
LA 25.3 ( 0.9 1015.4(0.6 10 ( 3
MA 21.3 ( 1.0 1013.0(0.7 -1 ( 3
PA 23.8 ( 0.9 1014.2(0.6 5 ( 3
SA 21.5 ( 0.5 1012.7(0.3 -2 ( 1

a The reported errors are one standard deviation. b Values calculated
from the corresponding A-factors at 298 K.

Figure 2. (a) Plot of activation energies (Ea) versus x for the dissociation
of the (Lg + FA)f

7- (red circles) and (Lg + FA)s
7- ions (green circles).

The dashed line corresponds to linear least-squares fit of the Ea values
determined for the (Lg + FA)f

7- ions. (b) Plot of the calculated solvation
enthalpy (∆H) of the aliphatic chain, CH3(CH2)x-, versus x in (a) hexane,
(b) benzene, (c) cyclohexane, (d) butanol. The Ea values for (Lg + FA)f

7-

(red circles) are shown for comparison.
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