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A Deconvolution Method for the Separation
of Specific Versus Nonspecific Interactions
in Noncovalent Protein-Ligand Complexes
Analyzed by ESI-FT-ICR Mass Spectrometry

Thorsten Daubenfeld, Anne-Pascale Bouin, and Guillaume van der Rest

Laboratoire des Mécanismes Réactionnels, Ecole Polytechnique, Palaiseau, France

A method to separate specific and nonspecific noncovalent interactions observed in ESI mass
spectra between a protein and its ligands is presented. Assuming noncooperative binding, the
specific ligand binding is modeled as a statistical distribution on identical binding sites. For the
nonspecific fraction we assume a statistical distribution on a large number of “nonspecific”
interacting sites. The model was successfully applied to the noncovalent interaction between
the protein creatine kinase (CK) and its ligands adenosine diphosphate (ADP) and adenosine
triphosphate (ATP) that both exhibit nonspecific binding in the mass spectrum. The two
sequential dissociation constants obtained by applying our method are K, 4, = 11.8 £ 1.5 uM
and K, 4;.c = 48 £ 6 uM for ADP. For ATP, the constants are K, 4, = 27 = 7 uM and K, 4,
= 114 * 27 uM. All constants are in good correlation with reported literature values. The
model should be valuable for systems with a large dissociation constant that require high

ligand concentrations and thus have
adducts.
Spectrometry

increased potential
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of forming nonspecific

by their interaction with ligands (e.g., other pro-

teins, DNA, RNA, small metabolites). These in-
teractions are mediated by noncovalent interactions
(hydrogen bonds, ionic and van der Waals as well as
hydrophobic interactions). To understand the biological
role of a protein, it is important to obtain detailed
information about these interactions.

Electrospray ionization (ESI) mass spectrometry
[1] has gained interest as a rapid and sensitive tool to
derive binding constants for noncovalent interactions
[2-6]. The main advantages of the mass spectrometry
(MS) based approach are its sensitivity (only fmol of
protein are needed), the high mass accuracy, and the
possibility to obtain direct information about the
stoichiometry of biomolecular complexes. However,
one has to keep in mind that when using MS based
methods, the observation of the interaction in ques-
tion is made in the gas phase. The solution phase
equilibria, thus could have been significantly altered
upon transfer to the gas phase due to the modified
energetic environment (like the increase of ionic
interactions and loss of hydrophobic interactions in
the vacuum). One of the main problems encountered

The function of most, if not all, proteins is defined
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in the MS approach is the binding of ligands upon
transfer of the analyte to the gas phase, thus giving
rise to so-called nonspecific interactions [7-14] that
alter the initial (i.e., solution phase) stoichiometry of
the complex (e.g., due to increase of ligand concen-
tration during the evaporation of the droplet in the
ESI process). In such a case, the gas-phase observa-
tion does not directly reflect the liquid phase equilib-
rium. In general, nonspecific interactions may arise
when a large excess of ligand is employed, as it
becomes necessary for systems with weak binding
constants (Kg;s > 1 uM). To study systems with weak
binding constants, it is thus necessary to find means
to separate specific from nonspecific binding. As both
specific and nonspecific complexes have the same
molecular mass, it is not possible to differentiate
between them directly from the mass spectrum. One
possibility to separate specific and nonspecific inter-
actions might be to detach the nonspecifically bound
ligands from the protein in the gas phase, for example
by using blackbody infrared radiation dissociation
(BIRD) [11]. However, this approach only yields
reasonable results if the gas-phase interaction of the
protein with the specifically bound ligands is much
stronger than its interaction with the nonspecifically
bound ligands [8]. Klassen and coworkers have
shown an example of a complex containing specific
and nonspecific interactions where nonspecific bind-
ing is stronger than specific binding [9]. It is thus not
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generally possible to separate a mixture of specific
and nonspecific interactions using mass spectrometry
techniques alone.

The phenomenon of nonspecific binding was en-
countered in the course of a study centered on the
noncovalent interaction between rabbit muscle creatine
kinase (CK) and its physiological ligands adenosine
diphosphate (ADP) and adenosine triphosphate (ATP).
CK is an 86 kDa homodimeric protein that is involved
in the energy balance of muscle cells by catalyzing the
following reaction: creatine + ATP = phosphocreatine
+ ADP.

CK has been extensively studied by traditional bio-
chemical techniques since the 1960s [15] and a compre-
hensive review of the studies would be beyond the
scope of this article. However, two elements are worth
notice: it has been established that CK has two binding
sites. The binding constants of the CK/ADP interaction
reported cover a wide range of values (K, app ranging
from 0.5 uM to 500 uM [15-20]). The binding constants
show a dependence on the presence of other molecular
species (such as Mg”>" or creatine) that are involved in
the biological role of the protein. However, most of the
reported literature values, especially those obtained in
the absence of other ligand, are in the range of 70-140
uM [17-20]. For ATP, the interaction with CK has been
found to be less strong, the dissociation constant being
around 300-500 uM [20]. However, for both ligands, it
is not yet clear if the two binding sites are cooperative
or not.

It was thus of interest to probe the noncovalent
interaction between CK/ADP and CK/ATP, through
the use of a MS technique that allows for the simulta-
neous determination of the binding constant for both
sites.

The ESI MS observations on the CK/ADP solutions
as well as the CK/ATP solutions showed evidence for
nonspecific binding. To determine the specific binding
constants, we built a mathematical model that allows
deconvolution between specific and nonspecific inter-
actions. This allowed the determination of the two
binding constants. The model is based on a binomial
distribution of ligands on two putative specific binding
sites and a Poisson distribution of ligands on putative
nonspecific binding sites. The latter distribution, which
has also been reported for protein-carbohydrate inter-
actions [10], proved to be a good approximation for a
system with a number as small as 10 nonspecific
binding sites and should be applicable to systems
exhibiting similar behavior.

Experimental
Materials

Rabbit muscle creatine kinase (CK) was obtained from
Roche (Mannheim, Germany) and desalted using Micro
Bio-Spin 30 columns (BioRad, Hercules, CA) with a 40
kDa MW cutoff equilibrated with 10 mM NH,HCO,
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(pH 7.9), giving stock solutions of 200 uM protein. ADP
and ATP were obtained from Sigma (St. Louis, MO) and
desalted using a BioRad AG50WX8 ion-exchange resin.
ADP solutions (10 mM in MilliQ grade water, Millipore,
Bedford, MA) were stored at —20 °C. ATP solutions
were freshly prepared daily. The concentration of the
ligand stock solution was adjusted to 200 uM with 10
mM NHHCO; (pH 7.9) prior to titration experiments.

Mass Spectrometry

Experiments were preformed on a Bruker APEX III FT-
ICR mass spectrometer (Bremen, Germany) equipped
with a 7.0 T actively shielded magnet and an unmodified
Apollo electrospray source. Titration experiments were
performed by preparing solutions containing 4 uM CK
and ligand concentration ranging from 1 uM to 60 uM in
10 mM NH,HCQO;. Each point was at least repeated three
times. Samples were introduced by direct infusion elec-
trospray ionization with a flow rate of 1.5 uL/min. Instru-
mental parameters were adjusted to optimize detection of
high m/z species and to preserve the noncovalent interac-
tion between the protein subunits and between the protein
and its ligands, respectively. Various conditions were
tried (see Results and Discussion) and the typical changes
compared with standard instrumental conditions are as
follows: increase of the capillary exit voltage (250 V),
increase of the hexapole radiofrequency (rf) amplitude,
increase of the excitation parameters and increase of the
gated-trapping delay. The nebulizing gas temperature
was left at 140 °C.

ADP or ATP binding to CK results in a less than 1%
change in the molecular mass of the protein. This might
affect the local structure around the protein’s active site,
but is not assumed to significantly alter its ionization
and detection efficiencies during the MS measurement
(however, this assumption has to be validated for each
protein-ligand system in question as some ligands may
have a significant effect on the physicochemical prop-
erties of the protein). Under this assumption, the inten-
sities in the mass spectrum reflect the relative concen-
trations in solution. The normalized intensities can thus
be used to calculate the dissociation constant, K; accord-
ing to eq 1 [9]:

[Pl ([L]o - [P 2] : R/(l + E]R))

"L, R

M

Here, [P],,, [L], and [PL],, are the solution phase
equilibrium concentrations of protein, ligand, and the
complex, respectively. [L], and [P], are the initial concen-
trations of ligand and protein, respectively, i is the number
of bound ligands and R; is the ratio of the peak heights of
the signals corresponding to the protein complex with j
ligands and the free protein, respectively.
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Deconvolution Model

In the presence of nonspecific interactions, the exper-
imentally measured ratios R; include contributions
from both specific and nonspecific complexes. They
can be represented as a sum of different contributions
(eq 2):

R—§+I—} 5 RV+ R+ .. +Ri= ERJ )
TETETTR =

where I and R/ are, respectively, the intensity and the
intensity ratio for the species with i bound ligands of
which j ligands are specifically bound. As the value for
R; contains contributions from both specific and non-
specific interactions, eq 1, cannot be employed on them
to determine the binding constants for the specific
interactions. To obtain correct equilibrium binding con-

stants, the sum of the specific contributions (which will
be denoted Rf) has to be used (eq 3):

Eﬁ PRI I
i=0 i=0 i=0 i=0
SR
(Ri+RL, + R, + ) F— 3)

2R
=0

Assuming statistical binding for both the specific and
the nonspecific interactions, we can model the ligand
binding as a convolution of two distributions. First, a
binomial distribution on a limited number of specific
binding sites (corresponding to specific ligand binding)
and second, a statistical distribution on a large number
of binding sites (corresponding to nonspecific ligand
binding), as similar Poisson-type distribution was ob-
served for nonspecific interactions under similar exper-
imental conditions [10]. Denoting the average number
of specifically occupied binding sites with 5 and consid-
ering that the ligand binding follows a binomial distri-
bution, one can calculate the probability of the protein
having j ligands bound specifically (P;**) on a finite
number of specific binding sites, s, relative to the
probability of the protein having no specifically bound
ligand (Pg"*) according to eq 4:

pspee s! ss Y
ials Evil G 4)
PP jle(s—j)! \1-5/s

A similar approach can be followed for the non-
specifically bound ligands: denoting the average
number of nonspecifically occupied binding sites
with 7, the corresponding probability of the protein
having k ligands (with k = i — j) bound nonspecifi-
cally (Py’) on a defined number of nonspecific binding
sites, n, relative to the probability of the protein
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having no nonspecifically bound ligands can be cal-
culated using eq 5:

Py n! ( wn

Kook
Pr kl-(n—k) 1—ﬁ/n> T ©

k!

In this latter case, the number of nonspecific binding
sites cannot be assumed a priori. However, if the
number of binding sites # is sufficiently large and if the
ratio #/n is sufficiently small (which means that rela-
tively few ligands occupy the potential binding sites),
this limitation can be overcome by the approximation in
the last part of eq 5. This approximation is equivalent to
assuming that nonspecifically bound ligands follow a
Poisson distribution. The validity of this approximation
will be discussed in the “Results and Discussion”
section.

The convolution between specific and nonspecific
contributions is given by the product of these probabil-
ities in eq 6:
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In this expression,R, only depends of four variables:
s, the number of specific binding sites, 5, the average
number of specifically bound ligands, 7, the number of
nonspecific binding sites, and #, the average number of
nonspecifically bound ligands. The numbers of specific
and nonspecific binding sites are conditions that de-
pend on the system under consideration: the first one (s)
requires a priori knowledge or clear experimental evi-
dence, the second one (1), being much more difficult to
evaluate and usually not known a priori, has to be
approximated somehow. This is the reason for which
the Poisson approximation was used and proved useful
as will be shown in the following section. § and 7 are
related to the experimentally obtained average number

of ligands ! through eq 7:

I=5+7 @)
By combining equations 2, 6, and 7, the experimen-

tally measured ratios R; can be expressed as a function

of s, n, I and 5 (eq 8) and under the conditions stated
above these ratios can be approximated as a function of

s, I, and s.
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Figure 1. 4 uM CK in 10 mM NH,HCO;. The inset shows the
charge state 19+ with adducts that were not removed during
desalting and the electrospray process (asterisk).
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5 can be used as an adjustable parameter to fit the
experimentally observed distribution at each ligand
concentration used. Corrected ratios R} are then ob-
tained straightforward by reinserting the R} obtained by
eq 6 into eq 3. The corrected values for the ratios for the
specifically bound ligands (Rf) obtained by this proce-
dure can then be used to obtain the equilibrium disso-
ciation constants by applying eq 1.

Results and Discussion

The mass spectrum of 4 uM CK in 10 mM NH,HCO;
buffer (pH 7.9) shows a series of peaks that can be
attributed to a charge state distribution of the creatine
kinase (CK) homodimer with charge states ranging
from 22+ to 18+ (Figure 1). Thus, the interaction
between the monomers is conserved upon transfer of
the complex to the gas phase. The mass as determined
by the experiment is 85,929 Da which is in good
agreement with the theoretical average mass (85,943
Da). Proteins analyzed by ESI-MS under denatured
conditions exhibit large bell-shaped charge state distri-
butions [21]. On the other hand, narrow charge state
distributions at relatively high m/z, as observed in our
experiments, are believed to reflect at least a nondena-
tured, if not native-like structure, as originally pro-
posed by Chowdhury and coworkers [22].

When titrated with ADP in solution, ESI-MS of the
resulting complexes yielded essentially the same charge
states as in the case of the homodimer with additional

J Am Soc Mass Spectrom 2006, 17, 1239-1248

peaks appearing that correspond to the ligand-bound
CK (Figure 2). However, the ligand-bound forms of CK
displayed a slightly higher charge state than the free
protein, manifesting itself in a variation of ligand occu-
pancy between different charge states in the spectrum
(Figure 2, middle and bottom). The phenomenon of
charge state variation between free and ligand-bound
forms of the protein has been observed and described
by Wang and coworkers [9] and seems to be a general
phenomenon in ESI-MS analysis of noncovalent com-
plexes [7, 9, 23-25].

Among the parameters that are critical to ensure that
as little fragmentation as possible occur during the
electrospray process are the potentials applied to accel-
erate and collide the ions with gas in the electrospray
interface. A concern was that increasing the potential
between the desolvation capillary exit and the first
skimmer (called CapExit), a prerequisite to observe the
ions, could lead to fragmentation of the protein-ligand
complex. As shown in Figure 2, varying this potential
on a range from 200 to 400 V does not significantly alter
the ratio of bound versus apo-complexes. To limit such
effects nevertheless, the value chosen for the measure-
ments (250 V) was the lowest that provided sufficient
S/N ratios. A similar series of measurements varying
the desolvation gas temperature led to the conclusion to
leave the typical temperature used in the interface
(140 °C) unchanged. The conservation of interactions in
the protein-ligand complex over a broad range of con-
ditions in the electrospray interface of the instrument
indicates that there is no partial decomposition of the
protein-ligand complex in the gas phase induced by
these conditions, although it does not completely rule
out such decompositions occurring at other stages of
the electrospray process.

As free and ligand-bound forms of CK displayed
different charge state distributions, the R values in our
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Figure 2. Dependence of interaction between CK (4 uM) and
ADP (20 uM) on the CapExit voltage. The number above the peaks
indicates the charge state, the CapExit voltage is shown on the
right hand side of each spectrum.
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Figure 3. Titration of 4 uM CK with ADP. Numbers of ligands
bound are indicated above the peaks. (a) 20+ charge state of 4 uM

CK + 4 uM ADP; (b) 20+ charge state of 4 uM CK + 12 uM ADP;
(c) 20+ charge state of 4 uM CK + 60 uM ADP.

spectra were calculated as the sum of peak heights (at
all charge states) of the CK-ADP complexes in question,
divided by the sum of peak heights (at all charge states)
of the apo-protein (free CK), following the approach
taken by Wang and coworkers [9]. As the intensity of
ion signals in ICR spectra is proportional to the ion
charge [26], this approach also included a correction of
the intensities by dividing the signal intensity by the
charge [9]. The intensities of the ligand-bound form of
the protein had to be further corrected as their peak
positions matched those of the adduct peak observed in
the spectrum of the free protein (visualized by the
right-hand star in the inset of Figure 1). It was assumed
that this adduct peak was also present in the ligand-
bound forms of the protein and did not influence
ligand-binding.
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When ADP was added at equimolar concentration to
the CK solution, a maximum of two attached ligands
were observed (Figure 3a). This is in agreement with the
fact that CK has two active sites that can interact with
ADP. When the ligand concentration was increased to
12 uM (corresponding to a 1:3 M ratio of CK:ADP), a
low intensity peak appeared corresponding to CK with
three bound ADP (Figure 3b). At 60 uM ADP (a 1:15 M
ratio of CK:ADP) a maximum of four ADP were bound
to CK (Figure 3c). These results could not simply be
explained by a model with merely two specific binding
sites.

The titration was performed with 4 uM CK and
ligand concentrations ranging from 1 uM to 60 uM
ADP (Table 1). Experiments were performed three
times to check for variation between individual mea-
surements as has been reported for nanoESI-MS of
protein-carbohydrate complexes [9]. For the CK-ADP
interaction, R; values did not show substantial differ-
ences between individual experiments (data not
shown), as indicated by the relative low standard
deviation (Table 1). The experimental error in the mea-
sure of the R; values increased with ligand concentra-
tion, which was expected as the intensity of the free
protein decreases with increasing ligand concentration,
increasing the error in calculation of the R; values.

A possible explanation for these data would be the
occurrence of some nonspecific binding added to the
two specific binding sites present on the protein as
known from other work on this system [15, 19]. How-
ever, it is not possible to corroborate this hypothesis by
visual inspection of the experimental data alone.

To investigate this hypothesis, a first element is to
rule out that the binding stemmed from entirely statis-
tical binding on more than two sites (which means that
there are not as expected two specific sites with a larger
affinity than other sites on the protein). The experimen-
tally obtained R; values at each ligand concentration
were compared with a statistical distribution on an
unknown number of binding sites that can be calculated
according to eq 5. The result shows that the experimen-
tal data cannot be interpreted as nonspecific interac-

Table 1. Experimental ratios and average number of bound ligands for the system CK + ADP. Values as well as errors correspond

to the average of three individual measurements

[ADP]o/uM R, R, Rs Ra |
1 0.06 + 0.04 - - - 0.05 = 0.03
2 0.14 + 0.05 0.01 = 0.01 - - 0.13 = 0.05
4 0.31 = 0.06 0.02 = 0.02 - - 0.27 = 0.06
6 0.45 + 0.04 0.09 * 0.02 - - 0.41 = 0.03
8 0.56 + 0.03 0.14 = 0.02 - - 0.49 = 0.04
10 0.74 = 0.05 0.22 = 0.03 - - 0.60 = 0.04
12 0.80 + 0.04 0.29 * 0.05 0.02 = 0.071 - 0.69 * 0.05
16 1.13 = 0.04 0.57 = 0.09 0.10 = 0.01 - 0.92 = 0.04
20 1.33 = 0.05 0.70 = 0.15 0.16 + 0.03 - 1.01 = 0.06
40 273 £ 0.25 2.73 + 0.44 0.87 = 0.17 0.24 + 0.05 1.55 = 0.09
60 3.61+0.85 5.02 + 1.24 2.20 + 0.90 0.90 = 0.09 1.87 + 0.16
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Figure 4. (a) Deviation of experimentally obtained spectra from

spectra obtained by fitting with different models (filled circles:
only specific interactions with two specific binding sites are
considered (eq 4); filled triangles: only nonspecific interactions on
a large number of binding sites are considered (eq 5); filled
squares: model based on two specific and two nonspecific inter-
action sites (eq 8, first part, with s = 2 and n = 2); open squares:
model based on two specific and a large number of nonspecific
interaction sites (eq 8, last part, with s = 2). At a given concentra-
tion of ADP, the x* value represents the sum of the squares of the
differences between experimental and calculated intensities di-
vided by the total intensity. (b) The dataset 4 uM CK + 60 uM
ADP fitted with different models (black bars: experimental data,
white bars: only nonspecific interaction sites taken into account;
grey bars: two specific and a large number of nonspecific interac-
tion sites taken into account).

tions alone (Figure 4a, filled triangles, Figure 4b, white
bars).

The experimental data should thus be considered to
represent a superposition of at least two different types
of protein-ligand interactions. The simplest hypothesis
is to assume that one can be related to the specific
binding of ligands in the active site of the enzyme and
the other to nonspecific binding of ligands probably
attached during the electrospray process. It is of interest
to separate the contributions of these two types of
interactions, since only the specific binding to the
catalytic site has to be taken into account for the
evaluation of the solution phase binding constants. The
model developed in the “Experimental” section, which
should be general enough to be applied to other cases
for which nonspecific binding is observed, is based on
the deconvolution of two statistical distributions, the
first (named “specific”) limited to a finite number of
binding sites known a priori, the second (named “non-
specific”) can either be applied to a defined number of
binding sites or to an unknown number of binding sites
in the case where this number is large enough and
provided that there are few ligands bound to these sites.
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As for the specific interactions, CK has been shown
to be a protein for which the two binding sites are
equivalent and independent under the experimental
conditions employed in our study [17, 19, 27]. The
distribution of ligands in the binding sites can therefore
be described by a binomial distribution on two sites
according to eq 4.

As for the nonspecific fraction of the interaction, the
origin is less clear: there is some evidence that it could
be related to the electrospray process used for the
production of ions [7, 10]. Considering the charge
residue model (CRM) originally proposed by Dole and
coworkers [28] that is likely to be valid for the ion
formation in the electrospray source for large biomol-
ecules [29], one could assume aggregation of ligands to
the protein in the course of the evaporation of a finite
size droplet in the electrospray source in the final stages
of the droplet evaporation process. Considering that the
ligand concentration is small enough, the Poisson dis-
tribution is a good approximation for analyzing the
resulting data. Similar Poisson distributions have been
observed for purely nonspecific interactions [10].

If the nonspecific binding occurred in solution by the
interaction of the ligands with the surface of the protein
before the electrospray process, there could be a limited
number of available binding sites. However, there is
little evidence for means to determine this number of
sites. Increasing the concentration of ligand above 80
1M leads to the observation of a fifth and sixth ligand
binding, which shows that at least four supplementary
binding sites should be considered.

A model based on the presence of two specific and of
only two nonspecific binding sites (Figure 4a, filled
squares) gave a much better fit of the experimental data
than with nonspecific interactions alone. However, at
ligand concentrations above 40 uM, where nonspecific
binding is most likely to occur, this model still gave a
poor fit. An increase in the number of nonspecific
binding sites to 10 resulted in a fit (data not shown) that
was of the same quality as the fit obtained by applying
the model based on two specific binding sites and the
Poisson approximation for nonspecific binding (Figure
4a, open squares): these two models differ by less than
2% on the values of the binding constants. In light of the
low occupancy of the ligand binding sites (I = 1.87 at 60
uM), the Poisson distribution as employed in the de-
convolution model is thus a good approximation for the
nonspecific binding, with the advantage that using a
Poisson distribution does not require an a priori knowl-
edge of the number of ligands that are nonspecifically
bound.

The deconvolution model detailed in the Experimen-
tal section has therefore been applied to the experimen-
tal data obtained for the CK + ADP system with s = 2
and with the Poisson distribution approximation for the
nonspecific binding. The s parameter was adjusted so
that the R; values given by eq 8 fitted the experimental
ratios given in Table 1. Once this is done, one can apply
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Table 2. Data obtained after deconvolution of specific and non-specific interactions. Values in parenthesis for R}, R}, K, 4, and
K, giss are those used to check the consistency of the model (see text). Errors for Rf, RS, K, 45 and K, 4;, are derived from equations
6, 3, and 1 assuming that the error on 5 and n is equal to the error on 1

[ADP],/ Ky, diss/
I"‘M s n R1* RZ* K1,diss/l'LM K2,diss/l'LM K‘I,diss
1 0.05 - 0.05 (0.06) = 0.03 - 14.4 (14.0) = 34.0 - -

2 0.12 0.00(5) 0.13(0.13) = 0.06 0.004 (0.004) = 0.002 11.3(11.2) £ 8.4 — —

4 0.26 0.00(3) 0.30 (0.30) = 0.10 0.02 (0.02) = 0.01 9.7 (9.7) £ 3.5 — -

6 0.27 0.14 0.36 (0.35) = 0.06 0.03 (0.04) = 0.01 14.0 (13.7) £ 2.5 56 (47) = 55 4.0 (3.4)

8 0.33 0.16 0.46 (0.46) = 0.09 0.05 (0.06) = 0.01 14.3(14.0) £ 1.3 57 (48) + 22 4.0 (3.4)
10 0.46 0.14 0.69 (0.68) = 0.11 0.10(0.12) + 0.02 11.9 (11.7) £ 1.1 48 (44) = 19 4.0 (3.7)
12 0.43 0.26 0.71(0.70) = 0.14 0.10 (0.15) = 0.02 14.7 (14.1) £1.2 59 (46) + 27 4.0 (3.3)
16 0.55 0.37 1.10 (1.09) = 0.15 0.21 (0.30) = 0.03 12.6 (12.1) £ 0.6 50 (48) + 22 4.0 (4.0)
20 0.66 0.34 1.4(1.4) £ 0.3 0.34 (0.41) = 0.07 12.4(12.1) £ 0.7 50 (57) = 36 4.0 (4.7)
40 1.10 0.45 3.8(3.6) = 1.0 2.34 (2.48) = 0.64 9.2(9.9) £ 0.8 37 (50) = 16 4.0 (5.1)
60 1.25 0.63 6.3 (5.6) = 3.1 5.2 (5.4) = 2.6 8.9(9.8) =+ 1.8 35 (56) = 29 4.0 (5.7)

directly eq 3 as outlined in the Experimental section to
calculate the fitted ratios (Table 2). K; 4;,c and K, 4 are
the sequential dissociation constants for the equilibria
CK-ADP = CK + ADP and CK-ADP, = CK-ADP +
ADP, respectively.

However, application of the deconvolution model
leads to values of K, ;s and K, 4 that are, by inherent
definitions of the model (noncooperative binding), in a
fixed ratio of 4, thus not allowing for any analysis of the
validity of the model. The quality of the results was
thus evaluated by partially deconvoluting the experi-
mental ratios, removing the nonspecific contribution (i1)
from the experimental ratios (bearing in mind that, for
instance, R, = R{ + 7). K; g and K, giss Were then
calculated based on these corrected experimental ratios
(Table 2, values in parenthesis) instead of using the
purely fitted ratios. Within this latter approach, a flaw
in the assumptions of the model would manifest itself
by significant deviations from expected outcomes. For
example, cooperativity between both sites (being con-
tradictory to the assumptions underlying our model)
would lead to a significant deviation in the ratio K, 4;ss/
K gises that is expected to be 4 in the complete absence
of cooperativity. The values presented in parenthesis in
Table 2 are obtained by following the latter approach.

It is of interest to notice that the individual contribu-
tion of each different type of species (specific and
nonspecific) can be computed according to eq 6. This
allows giving an example of the deconvolution process
based on the 4 uM CK + 60 uM ADP experimental data
(Figure 5). Each experimental peak can be divided into
a sum of different contributions (black: no specifically
bound ligand, R{; grey: one specifically bound ligand,
R}; white: two specifically bound ligands, R}). This
figure also shows that the nonspecific binding accounts
for about 50% of the protein-two ligand intensity. This
would have led to a completely underestimated disso-
ciation constant if the deconvolution model had not
been used.

The data obtained by applying the deconvolution
model to the experimental data are in good agreement
with the experimental data (Figure 4a, filled squares,

Figure 4b grey bars), especially at higher concentrations
where the fraction of nonspecific binding is most likely
to increase. The average dissociation constants calcu-
lated from the fitted data in the ligand range from 1 to
60 uM ADP are K, jiappr = 11.8 = 1.5 uM and
Kygissapp = 48 * 6 uM, respectively. The ratio of
K giss,app/ K1 giss,app is of course of 4 in the case where
the model is strictly applied as expected for two equiv-
alent and independent binding sites according to the
multi-equilibrium formalism for noncooperative bind-
ing sites [9, 30]. In parenthesis, one can see that the ratio
does not deviate significantly from 4 within the error
margin when one simply removes nonspecific contribu-
tions, removing some constraints from the model. The
poor quality of the measurement of K, 4 at the highest
concentrations arises from the fact that the intensity of
the peak corresponding to the apo-protein decreases
with increasing concentrations, leading to an increase in
the error on the measurement of the ratios for individ-
ual measurements. However, as stated above, R; values
did not vary dramatically between different series of
experiments. The K values obtained by our method are
of the same order of magnitude as the reported litera-

R
R
IR’

relative intensity

i ul

0 1 2 3 4

number of ligands

Figure 5. Contributions of species with zero specifically bound
ligands (black), one specifically bound ligand (grey), and two
specifically bound ligands (white), to the experimental intensities
of 4 uM CK incubated with 60 uM ADP.
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ture values of about K; = 50 uM and K, = 200 uM that
were obtained in the absence of other ligands than the
one in question [17, 20]. Different experimental condi-
tions most probably account for the remaining differ-
ence with respect to the literature values. The data
obtained by applying our model agree with two non-
cooperative binding sites of CK for ADP under the
experimental conditions employed: the model assumes
noncooperativity between the two sites, but as dis-
cussed above, a deviation of the ratio K, g app/
K giss, app could be expected if the model was not valid.
This does not completely rule out the presence of weak
cooperativity between the sites since in this case the
deviation from our noncooperative model would be
well below the experimental error margin. However, a
strong cooperativity between the binding sites would
have led to a poor fit with significant deviations. There
might also be other experimental conditions (e.g., solu-
tion composition) where the sites behave in a coopera-
tive manner [17].

The nonspecific binding, as characterized by n, in-
creases with the ligand concentration and contributes to
25-40% (from as low as 6 uM ADP concentration) of the
total binding. Interestingly, already at a protein:ligand
ratio of 1:3, the nonspecific interactions contribute to 38%
of the overall ligand binding (Table 2). In the spectrum,
the experimental indication for nonspecific binding to
occur is only a small peak corresponding to CK with three
bound ligands (Figure 3b). Our result shows that nonspe-
cific interactions also contribute to the peak corresponding
to CK with one and two ligands bound, respectively, and
can thus not be neglected. Therefore, already at relatively
low ligand concentration, nonspecific binding should be
taken into consideration.

As the model was built around the CK/ADP system,
we subsequently aimed at studying the CK/ATP interac-
tion to further validate our approach. ATP is a second
physiological ligand of CK and as it is chemically similar
to ADP, it was expected to show similar behaviour during
the ESI experiments. The ESI mass spectra of CK titrated
with ATP show the same charge state distribution as the
uncomplexed dimer, and exhibit no dissociation of the
ligand upon varying the capillary exit voltage (data not
shown). In the mass spectrum, peaks appeared that were
attributed to ATP-bound CK (Figure 6). For a given ligand
concentration, the extent of ATP binding to the protein
was significantly lower than the extent of ADP binding, as
indicated by the lower abundance of peaks attributed to
ligand-bound protein. As in the case of ADP, upon in-
creasing the concentration of ATP, observation of a peak
corresponding to CK having three bound ATP provides
clear experimental evidence for nonspecific binding (Fig-
ure 6¢).

The data obtained upon titration of CK with ATP
were analyzed by applying our deconvolution model
(Table 3). For each data point, the model gave a good fit
within the experimental error range (data not shown).
The final data argue, as was the case for ADP, for the
presence of nonspecific interactions from as low as 12
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T T N

4300 4350 4400 m/z
Figure 6. Titration of 4 uM CK with ATP. Numbers of ligands
bound are indicated above the peaks. (a) 20+ charge state of 4 uM

CK + 4 uM ATP; (b) 20+ charge state of 4 uM CK + 12 uM ATP;
(c) 20+ charge state of 4 uM CK + 60 uM ATP.

M on, where there is no experimental evidence for this
binding mode (Table 3, Figure 6).

The binding constants for the CK/ATP interaction
obtained after application of our model are K; 4icc atp =
27 £ 7 uM and K, gieo atp = 114 £ 27 uM, respectively,
assuming that there is no cooperativity. The constants
obtained by the MS approach are thus significantly
smaller than those reported (Kys = 300-500 uM).
These differences are most probably due to the different
experimental setup and conditions employed. How-
ever, MS analysis and deconvolution of specific and
nonspecific interactions display the correct qualitative
order of the interaction constants (Kiss app < Kgiss atp)-

The data obtained allow for direct comparison of the
average number of nonspecific interactions in either
case. A simple plot of 7 versus [L],, (L = ADP, ATP)
shows that the two ligands show a similar behavior in
the experimental error range (Figure 7). In either case,
the average number of nonspecific interactions in-
creases with increasing ligand concentration.

These data show another important result obtained
by the application of our deconvolution model: the
degree of nonspecific binding in less sensitive to the
kind of ligand than the specific binding mode. As ADP
and ATP differ by only one phosphate group, they are
not expected to behave very differently with respect to
the nonspecific binding mode. The specific binding, on
the other hand, varies significantly between the two
ligands (Tables 2 and 3), and thus is very likely to reflect
the solution binding affinity.

As for the origin of the nonspecific interactions, there
are two possible sources: they may be generated during
the electrospray process or they can already be present
in solution. In either case, simple models for the forma-
tion of these nonspecific adducts (droplet evaporation
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DECONVOLUTION METHOD

Table 3. Experimental and fitted data obtained after titration of CK with ATP

FOR NONCOVALENT INTERACTIONS

1247

[ATP]y/uM R, R, Rs R, |
1 0.03 = 0.03 - - - 0.03 £ 0.03
2 0.09 = 0.02 - - - 0.08 = 0.02
4 0.16 = 0.04 - - - 0.14 = 0.03
6 0.22 + 0.02 - - - 0.18 = 0.05
8 0.35 = 0.03 0.02 = 0.02 - - 0.29 = 0.03
10 0.40 = 0.10 0.04 + 0.02 - - 0.34 = 0.07
20 0.72 = 0.09 0.23 £ 0.03 - - 0.60 = 0.04
30 0.87 = 0.15 0.33 = 0.09 - - 0.69 = 0.08
40 1.08 = 0.29 0.61 = 0.14 0.14 = 0.03 - 0.96 = 0.08
60 1.64 = 0.37 1.29 = 0.36 0.36 = 0.18 0.10 = 0.01 1.30 = 0.16
[ATP]o/uM § n R, * Ry* K1, giss/M K2, diss/ kM
1 0.03 0.00 0.03 = 0.03 - - -
2 0.08 0.00 0.08 = 0.02 - 20+ 6 -
4 0.14 0.00 0.15 = 0.04 - 24 =7 -
6 0.18 0.00 0.20 = 0.08 0.01 = 0.004 26 = 11 104 = 45
8 0.29 0.00 0.34 = 0.06 0.02 + 0.005 20+ 4 82 +15
10 0.32 0.02* 0.39 = 0.13 0.04 + 0.01 23+ 8 90 = 33
20 0.43 0.17 0.66 = 0.11 0.09 + 0.01 28 + 4 111 =18
30 0.52 0.18 0.83 = 0.23 0.14 = 0.04 34 +9 1356 = 35
40 0.44 0.52 0.95 + 0.28 0.13 = 0.04 40 = 11 162 = 45
60 0.68 0.62 1.91 = 0.96 0.49 + 0.25 30 =14 120 = 57
or multiple equilibria with many sites and identical Conclusions

binding constants) would result in a linear dependence
of the average number of bound ligands 7 versus the
free ligand concentration [10]. However, the relatively
large error in the value of 77 does not allow for a detailed
discussion of this point. It is thus not generally possible
to address the question of the origin or the exact nature
of the nonspecific interactions. These elements might
already point to the limits of the modeling of the
nonspecific interactions as presented in our deconvolu-
tion model. To precisely take into account any possible
process leading to the formation of nonspecific interac-
tions in the deconvolution model, more adjustable
parameters would be required. However, a deconvolu-
tion model with only one adjustable parameter, as
employed in the present study, seemed to be reasonable
in light of the experimental data.

o b

0,1

o :
£

S|

0,0 —@e-o@%—----

-0,1

0 10 20 30 40 50 60
[Lleg / M
Figure 7. Average number of nonspecific interactions as a func-

tion of free ligand concentration for the CK/ADP (filled circles)
and CK/ATP equilibria (open circles), respectively.

The study of noncovalent interactions by electrospray
mass spectrometry is hampered by the presence of
nonspecific interactions already present in solution or
formed during the electrospray process [10]. The pro-
pensity of forming nonspecific interactions increases
with ligand concentration. Thus, by using the titration
method [9], one should work with low ligand concen-
tration to minimize the influence of nonspecific bind-
ing. However, when studying systems with large dis-
sociation constants (10~ to 10~ M), it is necessary to
increase ligand concentration above a certain threshold
value to observe the formation of complexes. Using the
deconvolution model presented here, it should be pos-
sible to increase the range of ligand concentration about
10-fold. The approach taken by us allows for separation
of specific and nonspecific interactions. The model
allows to calculate equilibrium constants containing
only the contribution from specific interactions. The
model is limited to systems for which there is initial
knowledge of the specific interactions that are expected.
In its present form, it is limited to systems with binding
sites that show no cooperativity, i.e., that are equivalent
and independent. By introducing the ratio of constants
as an additional parameter, it would be possible to
extend the model for systems that show cooperativity.
However, with an increasing number of adjustable
parameters, the quality of the MS data (especially the
S/N ratio) becomes even more important. Fitting
experimental data to a model containing only one
adjustable parameter (in our case the average number
of specifically bound ligands, 5) does not impose this
constraint.
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