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Noncovalent solute-solute interactions and solvent effects
govern affinity and specificity in biological recognition. Studies
of desolvated biomolecular complexes may afford insight, hitherto
unavailable, into their intrinsic binding affinity. To date, the limited
structural studies of gaseous biomolecular complexes have focused
primarily on the extent to which the structure of specific complexes,
preformed in solution and transferred to the gas phase by electro-
spray (ES) or nanoES, is preserved.1,2 A related and as yet
unexplored question is how the method of preparation influences
the structure and stability of gaseous complexes. Here, we describe
results from thermal dissociation experiments performed on gaseous
protein-carbohydrate complexes originating from nonspecific
interactions during the nanoES process. The stability of the
nonspecific complexes as compared to the corresponding specific
complex originating from interactions in solution provides the first
evidence that a bioactive recognition site is not energetically
preferred in the gas phase.

The carbohydrate-binding single chain fragment (scFv) of the
monoclonal antibody Se155-4 and its native trisaccharide ligand,
GalR[Abe]Man (1),3 served as a model system for comparing the
energetic and kinetic stability of a gaseous protein-ligand complex
produced from specific interactions in solution and nonspecific
interactions during the nanoES process. NanoES performed on an
equimolar aqueous solution of scFv and1 yields predominantly
the protonated (scFv)n+ and (scFv+ 1)n+ ions, wheren ) 9-11.
Using thermal dissociation experiments and functional group
replacement, we have shown2 that one of the specific intermolecular
hydrogen bonds, His101H-OHManC4, is preserved in the gaseous
(scFv + 1)n+ ions atn ) 10. At n ) 11, this specific hydrogen
bond is absent. However, both the His101H and the Man C-4 OH
groups contribute to the stability of the complex.4 These results
indicate that the specific interactions formed in solution impose
constraints on the structure of the desolvated (scFv+ 1)n+ ions.
At concentration ratios [1]/[scFv] g 2, (scFv+ 2(1))n+ ions are
also observed in the nanoES mass spectrum.5 Because the scFv
has only a single binding site for1, the (scFv+ 2(1))n+ ions must
originate from nonspecific interactions between1 and the specific
scFv‚1 complex during the nanoES process. To distinguish these
ligands, we will refer to them as specific (1sp) or nonspecific (1ns),
that is, (scFv+ 2(1))n+ ≡ (scFv+ 1sp + 1ns)n+.

Time-resolved thermal dissociation experiments were performed
on the gaseous, protonated (scFv+ 1)n+ and (scFv+ 2(1))n+ ions,
where n ) 10, 11, produced by nanoES from solutions with
[1]/[scFv] g 2, to evaluate the kinetic and energetic stability of
the nonspecific complexes. The kinetic measurements were carried
out using the blackbody infrared radiative dissociation (BIRD)
technique6 implemented with a modified Fourier transform ion
cyclotron resonance mass spectrometer.7

At temperatures of 120-165 °C, dissociation of the complexes
proceeds exclusively by the loss of neutral1. In the case of the
(scFv+ 2(1))n+ ions, the sequential loss of1 is observed. At both

charge states, plots of the natural log of the normalized abundance
of the (scFv+ 2(1))n+ ions versus reaction time are linear (Figure
1). Given that dissociation involves two parallel pathways (i.e., loss
of 1sp or 1ns), the measured rate constant (kobs) is equal to the sum
of rate constants for the loss of the1sp (ksp) and1ns (kns). The value
of kns was determined from the measuredkobs andksp, which can
be calculated at a given temperature from Arrhenius parameters
for the dissociation of the (scFv+ 1sp)n+ ions.2b,c In contrast, the
natural log plots obtained for the dissociation of the (scFv+ 1)n+

ions, produced at [1]/[scFv] g 2, are nonlinear (Figure 1). The time
dependence of the normalized abundance of the (scFv+ 1)n+ ions
is reasonably described by a double exponential function, which
incorporatesksp (known) andkns. This result indicates that two
distinct species are present, that is, (scFv+ 1sp)n+ and (scFv+
1ns)n+. Importantly, the values ofkns determined at a given
temperature with these two approaches are identical, within
experimental error. This suggests that the nonspecific interactions
are insensitive to the presence of1sp. Arrhenius plots for the
dissociation of the nonspecific protein-trisaccharide interactions
were constructed from the temperature-dependent rate constants and
are shown in Figure 2. Also included are the Arrhenius plots for
the dissociation of the corresponding (scFv+ 1sp)n+ ions.2b,c The
Arrhenius activation energies and preexponential factors,Ea and
A, are listed in Table 1.

The kinetic data obtained for the 1:1 and 1:2 complexes are
consistent with the nonspecific ligand occupying a single site or,
perhaps, several equivalent sites on the scFv. This result is surprising
given that, by their very nature, nonspecific interactions are expected
to lead to diverse structures. It may be that the nonspecific
complexes relax to a common, lowest energy structure (or several
equivalent structures) after or in concert with the desolvation
process. Alternatively, only a fraction of the nonspecific complexes
produced by nanoES, those that are most stable, may contribute to
the kinetic measurements. Complexes with less favorable modes
of binding will have shorter lifetimes and may dissociate in the
ion source.

A comparison of the Arrhenius plots obtained for the dissociation
of the specific and nonspecific complexes reveals that, over the
temperature range investigated and at both charge states, the ions
arising from nonspecific interactions are kinetically more stable
(Figure 2). At the+11 charge state, theEa’s for the specific and
nonspecific complexes are similar, 51-52 kcal/mol, and the greater
kinetic stability of the nonspecific complex is entropic in origin.
For the+10 ions, there is a striking difference in theEa’s, with the
nonspecific complex being 7 kcal/mol more stable than the specific
complex (61 versus 54 kcal/mol). It is also notable that theEa for
the+10 nonspecific complex is∼10 kcal/mol larger than that for
the +11 species.

The enhanced energetic stability of the nonspecific+10 complex,
as compared to the+10 specific complex, is surprising. A possible
explanation for this observation is that, in addition to a number of
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neutral hydrogen bonds, the (scFv+ 1ns)10+ ion is stabilized by an
ionic hydrogen bond involving one of the protonated scFv residues.
Based on thermochemical data measured for the interaction between
H2O and protonated peptides, which is the best available model,
solvation of a protonated scFv residue by one of the ligand OH
groups can contribute as much as 15 kcal/mol to the stability of
the complex.8 An alternative explanation lies in conformational
constraints imposed by the specific interactions in solution, which
may “trap” the complex, preventing it from adopting an optimal
structure for hydrogen bonding in the gas phase. Such constraints
are expected to be absent in the case of1ns, allowing for more
favorable interactions in the gaseous complex. Regardless of the

nature of the interactions that stabilize the nonspecific+10 complex,
the present results provide the first evidence that protein-ligand
interactions remote from the bioactive recognition site can be
energetically more favorable in the gas phase.

The propensity of1 to form nonspecific interactions with proteins
in the gas phase is further highlighted by the Arrhenius plots
determined for the dissociation of the complex of bovine carbonic
anhydrase II (CA) with1 (Figure 2). CA, a Zn(II) metalloenzyme,
does not interact specifically in solution with1, and the gaseous
(CA + 1)n+ ions result from nonspecific interactions during nanoES.
Interestingly, theEa’s of 60 (+10) and 54 kcal/mol (+11) are similar
to theEa’s measured for the nonspecific (scFv+ 1ns)n+ ions (Table
1), indicating that the binding affinity of the nonspecific ligand in
the gas phase is relatively insensitive to the structure of the scFv
and CA proteins.

In summary, we have determined for the first time kinetic and
energetic data for the dissociation of protein-carbohydrate com-
plexes produced from nonspecific interactions originating during
the nanoES process. This study has revealed a number of
unexpected results. (1) At the+10 and+11 charge states, the
nonspecific (scFv+ 1ns)n+ ions are kinetically more stable than
the corresponding (scFv+ 1sp)n+ ions. (2) The nonspecific complex
at the+10 charge state is significantly energetically more stable
than the corresponding specific complex. (3) The energetic stabilities
of the nonspecific (scFv+ 1ns)n+ and (CA+ 1)n+ ions are similar,
suggesting that the nonspecific interactions are insensitive to the
structure of protein. The findings of this study have implications
for the determination of the affinity and stoichiometry of protein-
ligand binding by nanoES-mass spectrometry. They also provide
new insight into the intrinsic affinity and specificity of protein-
carbohydrate binding.
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Figure 1. Plots of the natural logarithm of the normalized abundance (I/
Io) of the gaseous protonated complex (scFv+ 1)n+ ≡ 1:1 (b, +10; 9,
+11) and (scFv+ 2(1))n+ ≡ 1:2 (O, +10; 0, +11) ions versus reaction
time measured at 142°C.

Figure 2. Arrhenius plots for the dissociation of the (scFv+ 1ns)n+ (O,
+10; 0, +11), (scFv+ 1sp)n+ (b, +10; 9, +11), and (CA+ 1)n+ (4,
+10; 2, +11) ions.

Table 1. Arrhenius Parameters Determined for the Dissociation of
Gaseous, Protonated Protein-Trisaccharide Complexes: (P +
L)n+ f Pn+ + L

P L
charge

state
Ea

a

(kcal/mol)
Aa

(s-1)
∆Sqd

(cal/mol‚K)

scFv 1sp +10 54.3( 1.0b 1027.7(0.6 b 65
1ns 61.4( 2.4 1030.8(1.3 80
1sp +11 52.1( 1.4c 1026.9(0.8 c 61
1ns 51.0( 2.3 1025.9(1.2 57

CA 1 +10 59.7( 1.1 1029.5(0.5 74
1 +11 54.0( 0.5 1027.0(0.3 62

a The reported errors are one standard deviation.b Arrhenius parameters
taken from ref 2b.c Arrhenius parameters taken from ref 2c.d Values
calculated at 415 K from the correspondingA-factors.
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