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Abstract

An investigation of the nonspecific association of small charged biomolecules and
proteins in electrospray ionization mass spectrometry (ES-MS) is described. Aqueous
solutions containing pairs of proteins and a small acidic or basic biomolecule that doesn’t
interact specifically with either of the proteins were analyzed by ES-MS and the
distributions of the biomolecules bound nonspecifically to each pair of proteins compared.
For the basic amino acid arginine and the peptide RGVFRR, nonequivalent distributions
were measured in positive ion mode, but equivalent distributions were measured in
negative ion mode. In the case of uridine 5'-diphosphate, nonequivalent distributions
were measured in negative ion mode, but equivalent distributions observed in positive ion
mode. The results of dissociation experiments performed on the gaseous ions of the
nonspecific complexes suggest that the nonequivalent distributions result from
differences in the extent to which the nonspecific complexes undergo in-source
dissociation. To test this hypothesis, the distributions of nonspecifically bound basic
molecules measured in the presence of imidazole, which protects complexes from in-
source dissociation, were compared. In all cases, equivalent distributions were obtained.
The results indicate that nonspecific binding of charged molecules to proteins during ES
is a statistical process, independent of protein structure and size. However, the kinetic
stabilities of the nonspecific interactions are sensitive to the nature of the protein ions. It
is concluded that the reference protein method for correcting ES mass spectra for
nonspecific ligand-protein binding can be applied to the analysis of ionic ligands,

provided that in-source dissociation of the nonspecific interactions is minimized.



Introduction

Electrospray ionization mass spectrometry (ES-MS) has emerged as a valuable tool
for characterizing non-covalent protein-ligand complexes, including antibody-antigen,
enzyme-substrate and lectin-carbohydrate complexes, in vitro [1-3]. In addition to
providing a direct and general method for detecting specific protein-ligand complexes in
solution, ES-MS can provide quantitative insights into the thermodynamic parameters for
protein-ligand binding [4-6]. The ES-MS assay is based on the direct detection and
quantification of free and ligand-bound protein ions. For example, the binding constant
(Ka) for a 1:1 protein-ligand complex (PL) is determined from the ratio (R) of the total ion
abundance (Ab) of bound and unbound protein ions (eq 1) measured by ES-MS for

solutions of known initial concentrations of protein ([P],) and ligand ([L].), eq 2:
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An underlying assumption in the ES-MS assay is that the ion abundance ratio
determined in the gas phase is equivalent to the equilibrium concentration ratio in solution,
(eq 1). In practice, however, deviations may occur due to non-uniform ionization and
detection efficiencies (i.e. response factors) [7], nonspecific protein-ligand association
during the ES process (i.e. nonspecific binding) [6, 8] and gas phase dissociation (i.e. in-
source dissociation) [6, 9-11]. Generally, when the ligand is small compared to the protein,
such that the size and surface properties of the free and ligand-bound protein are similar,

the ion abundance ratio determined in the gas phase is representative of the equilibrium



concentration ratio [4-6]. Collision-induced dissociation of the gaseous protein-ligand
complexes in the ion source is undesirable since it will alter the relative abundance of
bound and unbound protein ions. The influence of in-source dissociation on the measured
ratio of bound-to-unbound protein depends on the configuration of the ion source, the
instrumental conditions used, and the gas-phase stability of the complexes being
investigated. While there are few quantitative data reported for the gas phase stability of
protein-ligand complexes, available data suggest that complexes that are stabilized
predominantly by ionic interactions (i.e., salt bridges) or nonpolar interactions in solution
exhibit low gas phase stabilities and are prone to in-source dissociation, even under very
gentle sampling conditions [9, 12, 13]. In contrast, complexes stabilized by multiple
hydrogen bonds tend to be more resistant to in-source dissociation [14] In cases where the
gaseous complexes are susceptible to in-source dissociation, the extent of dissociation may
be reduced through the addition of a stabilizing additive to the ES solution or to the gas
phase [11, 15]. In contrast, free ligand molecules present in solution may bind
nonspecifically to proteins and protein complexes during the ES process. The occurrence
of this so-called “nonspecific” ligand binding obscures the true binding stoichiometry in
solution and introduces errors in the K, values derived from ES-MS measurements [6].
Generally, the formation of nonspecific protein-ligand complexes can be minimized by
limiting the initial concentration of the ligand. However, for very weak protein-ligand
interactions (K, <10* M™), high ligand concentrations are required to produce detectable
levels of complex. In such cases, nonspecific ligand binding is often unavoidable in ES-

MS analysis.



Recently, our laboratory developed two different experimental strategies for
identifying the formation of nonspecific protein-ligand complexes during ES-MS analysis.
The reporter molecule method (M) is a qualitative method that can be used to identify
differences in ES droplet histories for proteins and their non-covalent complexes (e.g.
protein-ligand and multi-subunit protein complexes) [16, 17]. The method involves the
addition of a reporter molecule (M), which does not bind specifically to the protein or
protein-ligand complexes of interest, to the ES solution at relatively high concentration
(typically >100 uM). The high concentration promotes the formation of nonspecific
interactions between My, and any protein or protein complex present in the ES droplets.
From the measured distributions of nonspecifically bound M, it is possible to establish
whether a given protein complex originates in solution or whether it forms, at least in part,
from nonspecific binding during the ES process. Complexes originating from nonspecific
interactions will necessarily have droplet histories different from those of the unbound
protein and specific protein complexes - the nonspecific protein complexes are formed
later in the ES process, from older and more concentrated ES droplets. These older
droplets will be more concentrated in protein, as well as M, As a result, the
distributions of nonspecifically bound M;e, molecules observed for the unbound protein
(if present) and specific protein complex(es) will differ from those observed for the
nonspecific complexes - the nonspecific complexes will experience more extensive
nonspecific binding to Myep.

A second approach, the reference protein method, involves the addition of a
reference protein (Prf), which does not bind specifically to the protein or ligand of

interest, in the ES solution [18]. The occurrence of nonspecific protein-ligand binding is



identified from the appearance of ions corresponding to nonspecific complexes of P
with one or more ligand molecules. Additionally, the fraction of P.s undergoing
nonspecific ligand binding can provide a quantitative measure of the contribution of
nonspecific ligand binding to the measured abundance of protein and specific protein-
ligand complex. As a result, errors in binding stoichiometry and K, introduced by
nonspecific ligand binding can be corrected. To date, the P method has been used
primarily for the quantification of protein-carbohydrate interactions by ES-MS [19, 20].

An underlying assumption of the P, method is that nonspecific ligand binding
during the ES process is independent of the size and structure of the protein species
present in the ES droplets. This assumption has been rigorously validated in the case of
neutral carbohydrates [18] but not in the case of acidic or basic carbohydrates or other
ionic ligands. As a result, the suitability of the Ps method for quantifying nonspecific
interactions between proteins and charged ligands is unclear. In fact, it was recently
reported by Zenobi and coworkers that the P, method failed to properly account for the
nonspecific binding of basic peptide ligands to proteins in ES-MS [21].

Here, we describe the first comprehensive study of the nonspecific association of
small acidic and basic biomolecules to proteins during ES-MS analysis. Importantly, it is
shown that, in a given ES-MS experiment, nonspecific binding of biomolecules to
proteins during ES is a statistical process, independent of protein structure and size.
These findings confirm that the Ps method can be used to quantify the nonspecific
association of ionic ligands to proteins in ES-MS. However, time-resolved gas phase
dissociation experiments revealed that the kinetic stabilities of the nonspecific complexes

are sensitive to the nature of the protein and the original distributions of nonspecifically



bound charged molecules produced during the ES process may be altered by in-source
dissociation. As a result, the successful application of the P method requires that in-
source dissociation of the nonspecific interactions be avoided.
Materials and Methods
Proteins and ligands

The carbohydrate-binding antibody single chain fragment, scFv (26 539 Da), was
produced using recombinant technology [22]. The scFv was concentrated and dialyzed
against deionized water using microconcentrators (Millipore Corp., Bedford, MA) with a
molecular weight cut-off of 10 kDa, and lyophilized. The scFv was weighed immediately
after removing it from the lyophilizer, dissolved in a known volume of aqueous 50 mM
ammonium acetate and stored at —20 °C until used. Bovine ubiquitin, Ubq (8 565 Da),
chicken egg white lysozyme, Lyz (14 315 Da), uridine 5'-diphosphate (UDP) (2) and
arginine (3) were purchased from Sigma-Aldrich Canada (Oakville, ON, Canada) and
were used without further purification. The trisaccharide 6'-sialyllactose (1) was
purchased from IsoSep AB (Uppsala, Sweden) and the peptide RGVFRR (4) was
purchased from BACHEM Bioscience Inc. (King of Prussia, PA), both were used without
further purification. The ES solutions were prepared by mixing known amounts of the
protein and ligand stock solutions. A 50 mM aqueous solution of ammonium acetate was
added to yield a final concentration of 3 -7 mM and a pH of 6.5 - 7.5.
Mass spectrometry

All experiments were performed on a 9.4 tesla Apex Il Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer (Bruker, Billerica, MA) equipped with

a nanoflow ES ion source. Descriptions of the instrument and the experimental and



instrumental parameters used in the ES-MS measurements, as well as the blackbody
infrared radiative dissociation (BIRD) experiments, are given elsewhere [6, 8].
Results and Discussion

To test the suitability of the P, method for identifying and quantifying
nonspecific protein-ligand interactions involving charged ligands, a series of control
experiments were performed on solutions containing pairs of proteins and a small acidic
or basic biomolecule, which served as a “non-interacting” charged ligand. The three
proteins, Ubq, Lyz and scFv, served as the model proteins for this study. The basic amino
acid arginine (3) and the basic peptide RGVFRR served as non-interacting basic ligands
and the weak acids 6'-sialyllactose (1) and UDP (2) served as the non-interacting acidic
ligands. ES-MS measurements were performed in both positive and negative mode and
the distributions of acidic or basic molecules bound nonspecifically to each protein within
a pair were compared.
Acidic molecules

The P method was initially developed to quantify the occurrence of nonspecific
binding of neutral carbohydrates to proteins during ES-MS analysis. The method has
been extensively tested in positive ion mode and the distributions of nonspecifically
bound carbohydrates in a given experiment shown to be independent of the structure and
size of the protein [18]. To test whether acidic carbohydrates exhibit behavior similar to
that of neutral carbohydrates, ES-MS measurements were performed on solutions
containing 1, at elevated concentration, and pairs of the model proteins. The pK, of the
carboxylic moiety of 1 is ~4 [23] and, at neutral pH, essentially all of 1 is deprotonated.

Shown in Figure 1 are illustrative ES mass spectra acquired in positive and negative ion



modes for solutions of 1 (>100 uM) with Ubqg and scFv or Lyz and scFv. In all cases,
ions corresponding to free protein and protein bound to one or two molecules of 1 were
detected. In positive ion mode, the protein and the nonspecific complexes were detected
predominantly as their protonated ions, i.e., (P + nH)" =P and (P + 1 + nH)"" = (P +
1)™, at charge states n = 5 and 6 (Ubq), 7 - 9 (Lyz) or 8 - 11 (scFv). In negative ion mode
the protein and the nonspecific complexes were detected predominantly in their
deprotonated form, i.e., (P - nH)" =P" and (P + 1 - nH)" = (P + 1)", at charge states n =
3-5(Ubq), 6 and 7 (Lyz) or 8 and 9 (scFv). The lower protein charge states observed in
negative ion mode, compared to positive ion mode, likely reflect the greater effectiveness
of acetic acid to compete with the deprotonated proteins for charge in negative ion mode,
relative to the ability of ammonia to compete with the protonated proteins for charge in

positive ion mode [24].

Shown in Figure 2 are the normalized distributions of 1 bound nonspecifically to
each pair of proteins investigated, as determined from the ES mass spectra. Importantly,
in both positive and negative ion modes, the distributions are indistinguishable, within
experimental error. The equivalency in the measured distributions is, perhaps, more
clearly seen from a comparison of the corresponding f;p values, the fractional abundance
of the (P + iL) species, where P = Ubq, Lyz or scFv and i is the number of molecules of L
(=1 - 4) bound nonspecifically to the proteins, which were calculated using eq 3:

> Ab(PL")
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Listed in Table 1 are the ratios of the calculated f;p values determined for each pair of

proteins and 1 from replicate measurements performed in both positive and negative ion



modes. Notably, within experimental error, the ratios are equal to 1.0 in all cases. These
results suggest that, regardless of the polarity of the ES-MS measurements, nonspecific
binding of acidic carbohydrates, such as 1, to proteins in ES is independent of the size
and structure of the proteins. These findings are consistent with those previously reported
for neutral carbohydrates [8, 18].

To test whether the findings described above are general for acidic molecules, ES-
MS measurements were performed on solutions containing pairs of the model proteins
and 2, a weak acid with a pK, of 6.5 [25] (Figure S1, Supplementary Data). Qualitatively,
the mass spectra obtained for solutions of 2 are similar to those obtained for 1. The
measured distributions of 2 bound to each pair of proteins are shown in Figure S2 and the
ratios of the corresponding f;p values are listed in Table 1. It can be seen that, in positive
ion mode, equivalent distributions were obtained for both pairs of proteins investigated.
However, clear differences in the distributions are evident in negative ion mode. In both
cases, 2 was found to bind more extensively to Lyz than Ubqg or scFv. For example,
values of 0.76 and 1.40 were determined for the fo y./foscrv and foung/fory. ratios,
respectively.
Basic molecules

ES-MS was also performed on solutions containing the model proteins and either
3, which has a pK, of 1.52 [26], or 4, which contains three strongly basic arginine
residues. Illustrative ES mass spectra acquired in positive and negative ion mode for
solutions of Ubqg and Lyz or Lyz and scFv with 3 or 4 are shown in Figure 3 and S3,
respectively. Shown in Figures 4 and S4 are the measured distributions of nonspecifically

bound 3 and 4, respectively; the corresponding f;p ratios are listed in Table 1. In contrast

10



to the behavior described above for 2, the distributions measured for 3 and 4 in negative
ion mode are equivalent for each pair of proteins, but are nonequivalent in positive ion
mode. For both 3 and 4, there was a clear preference for nonspecific binding to scFv
compared to Lyz, and a slight preference for Ubq over Lyz.

Taken together, the results obtained for 1 — 4 reveal that, depending on the
polarity of the ES-MS measurements, the nonspecific association of small charged
biomolecules to proteins during the ES process may be sensitive to the nature of protein.
Importantly, in all of the cases investigated, equivalent distributions were observed when
the polarity of the ES-MS measurements was opposite to that of the acid or base in
solution. Based on these findings it is concluded that the P.s method for correcting ES
mass spectra for nonspecific ligand-protein binding can be successfully extended to
charged ligands by performing the ES-MS measurements in positive ion mode for the
analysis of acidic (negatively charged) ligands and negative ion mode for the analysis of
basic (positively charged) ligands. However, when the polarity of the measurements
matches that of the ligand charge in solution, nonequivalent distributions may be
observed. In such instances, the Pt method will fail to provide a quantitative measure of
the extent of nonspecific ligand binding. Below, the origin of the nonequivalent
distributions is explored and a general strategy for the implementation of the P method
for charged ligands, which relies on the use of stabilizing additives, is described.
Influence of in-source dissociation

In principle, the nonequivalent distributions measured for the nonspecifically
bound acidic and basic biomolecules could arise in two ways. The nonequivalent

distributions could result from differences in the sampling of the biomolecules by the
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offspring (progeny) droplets that ultimately lead to the different gas phase protein ions.
Alternatively, the nonequivalent distributions could also result from the differential
dissociation of the nonspecific interactions in the gas phase. In other words, the ES
process leads to equivalent distributions, independent of the polarity of the measurements
or the charge state of the biomolecule in solution, but the distributions are perturbed by
the dissociation of the nonspecific interactions in the ion source (i.e. in-source
dissociation), with the extent of dissociation dependent on the nature (e.g. size, structure
and charge state) of the protein ions. To test whether differential gas phase dissociation
was, at least in part, responsible for the observation of nonequivalent distributions of
nonspecifically bound 2 - 4, BIRD “snapshot” experiments were performed. In contrast to
the normal BIRD experiments [27], reactant ions are not isolated in the snapshot
experiments. Instead, all of the gas phase protein ions, including the nonspecific
complexes, produced by ES and introduced into the ion cell of the FT-ICR MS are
allowed to react [6]. In the present work the BIRD snapshot experiments were performed
at a cell temperature of 120 °C, which is similar to the estimated effective temperature of
the proteins ions during accumulation in the hexapole of the ion source of the FT-ICR
MS used in this study [6], and a reaction time of 1 s, which is comparable to the hexapole
accumulation times typically used in the ES-MS measurements [6].

Shown in Figure 5a is an ES mass spectrum acquired in positive ion mode for a
solution of Lyz, scFv and 3; shown in Figure 5b is the corresponding BIRD snapshot
mass spectrum. The distributions of nonspecifically bound 3 measured before and after
BIRD are shown in Figure 5c and 5d, respectively; the normalized distributions of charge

states for Lyz and scFv are shown in Figure 5e and 5f, respectively. Prior to BIRD, ions
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corresponding to free Lyz and scFv and to Lyz and scFv bound to one or two molecules
of 3 were detected. After 1 s reaction at 120 °C, ions corresponding to the nonspecific
complexes of scFv and 3 were still detected. However, the extent of nonspecific binding
was reduced, compared to that measured prior to reaction, indicating that a fraction of the
nonspecific complexes had dissociated. In the case of Lyz, only bare protein ions were
detected after BIRD, indicating that all the nonspecific interactions had dissociated within
1 s. Based on these results it is concluded that the nonspecific interactions between 3 and
Lyz formed in the ES process are less stable kinetically than those involving scFv. As a
result, the (Lyz + i3)" ions are expected to be more prone to in-source dissociation than
the corresponding (scFv + i3) ™ ions. This difference in gas phase stability is consistent
with the nonequivalent distributions measured for 3 bound to Lyz and to scFv. Similar
comparative measurements were performed on the nonspecific protein complexes with 2
and with 4. Shown Figure S5 and S6 are the corresponding mass spectra and normalized
distributions measured in positive ion mode for a solution of Lyz, scFv with 4 and in
negative ion mode for a solution of Ubq, Lyz with 2, respectively. The results obtained
for 4 are consistent with those described above for 3, with the nonspecific interactions
formed between 4 and scFv being more stable than those involving Lyz. However, the
nonspecific interactions between 4 and Lyz or scFv are more stable (kinetically) than
those involving 3, since interactions between 4 and Lyz are still evident after 1 s reaction.
The results obtained for 2 revealed that the nonspecific interactions with Lyz are
somewhat more stable than those with Ubq, although in both cases very little change in

the extent of nonspecific binding was measured after 1 s reaction. Nevertheless, the
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greater kinetic stability of the interactions with Lyz is consistent with the observation of
greater nonspecific binding of 2 to Lyz, compared to Ubg.

A second important finding was that BIRD resulted in a small but measurable
decrease in the average charge states of the protein ions. The weighted average charge
states (ACS) of the different proteins (free and nonspecifically bound) were calculated
from the ES mass spectra using eq 4:

> nz Ab(PL")

ACS =
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n
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For example, in the case of the nonspecific complexes of 3 with Lyz and with scFv, the
ACS decreased from 7.5 to 7.2 for Lyz; for scFv the ACS decreased from 10.0 to 9.6. The
decrease in the ACS indicates that a fraction of 3 dissociated from the proteins in its
protonated form. These results suggest that, in positive ion mode, a fraction of 3 is
protonated and interacts with the proteins through ionic hydrogen bonds (e.g. (base +
H)*--protein). In such cases the strength of the nonspecific interactions will reflect, in
part, the gas phase basicity of the proteins ions, which is sensitive to protein structure and
to Coulombic effects resulting from the multiple charges [28, 29]. lonic hydrogen bonds
may also stabilize the deprotonated complexes of 1 and 2 (e.g. (acid - H)--protein). In
such instances, the kinetic stabilities of the nonspecific interactions will be sensitive to
the gas phase acidity of the protein ions, which is similarly influenced by Coulombic
effects. When the charge states of the protein and the acidic or basic biomolecule are of
the same polarity in the gas phase, the nonspecific interactions will be destabilized by
Coulombic repulsion and in-source dissociation, which can lead to nonequivalent

distributions of nonspecifically bound charged molecules, will be promoted. The
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stabilities of the nonspecific complexes involving 1 are also expected to be sensitive to
Coulombic effects. However, these nonspecific interactions are anticipated to be quite
stable in the gas phase given the large number of hydroxyl groups in 1 that can participate
in intermolecular H-bonds. The observation of equivalent distributions observed for 1 in
both positive and negative ion mode is attributed to the relatively high gas phase stability
of the nonspecific protein-carbohydrate interactions.
Minimizing in-source dissociation of the nonspecific interactions

The aforementioned results provide indirect evidence that the nonequivalent
distributions of nonspecifically bound 2 — 4 observed when the polarity of the ES-MS
measurement matched that of the acid or base in solution arise, at least in part, from
differential in-source dissociation of the nonspecific interactions. To test this hypothesis
directly, the ES-MS measurements were performed in positive ion mode on solutions
containing pairs of the model proteins and either 3 or 4, in the presence of a stabilizing
solution additive. Shown in Figure 6a is an illustrative ES mass spectrum measured for a
solution of 3 (152 uM), Lyz (10 uM), scFv (10 uM) and imidazole (10 mM). The
presence of imidazole in solution has recently been shown to protect labile protein-ligand
complexes from in-source dissociation in ES-MS [11, 30]. While the nature of the
stabilizing effect of imidazole has not been conclusively established, it is thought to arise,
at least in part, from enhanced evaporative cooling, resulting from the dissociation of
multiple imidazole adducts, of the protein-ligand complexes in the ion source [11]. The
introduction of imidazole to the solution is typically accompanied by a decrease in the
absolute charge states of protein ions in both positive and negative ion mode ES-MS. For

example, the ACS decreased from 7.57 to 5.40 for Lyz and from 9.48 to 7.58 for scFv.
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This charge shift effect, which can be explained by the relatively high gas phase basicity
(217 kcal/mol) [31] of imidazole, may also lead to more stable (kinetically) protein ions.
Regardless of the origin of the stabilizing effect, the measured distributions of 3 bound to
Lyz and scFv in the presence of imidazole are indistinguishable, Figure 6b. Importantly,
equivalent distributions were also measured for the nonspecific association of 4 to Lyz
and scFv (Figures 6c,d) in the presence of imidazole. Listed in Table 1 are the ratios of
the calculated f;p values determined for each pair of proteins and 3 or 4 from replicate
measurements performed in positive ion mode. Notably, the ratios are close to 1.0 in all
cases.

These results confirm that the nonspecific association of small, charged
biomolecules to proteins during ES is a random process, independent of the nature of the
protein. These findings are consistent with the results previously reported for the
nonspecific binding of neutral carbohydrates to proteins in ES-MS [8, 18]. Also, and as
found with neutral carbohydrates [32], the Kinetic stabilities of the nonspecific
interactions involving acidic and basic biomolecules are sensitive to the nature of the
protein ions and, in a given ES-MS experiment, in-source dissociation can lead to
differences in the distributions of nonspecifically bound molecules measured for different
proteins. However, the original distributions can be preserved by introducing imidazole, a
stabilizing additive, to the ES solution.

Conclusions

The present study represents the first detailed investigation into the formation of

nonspecific interactions between small, acidic and basic biomolecules and proteins in the

ES process. Control experiments revealed that the distributions of non-interacting (in
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solution) acidic and basic biomolecules bound nonspecifically to a given pair of proteins
were generally sensitive to the polarity of the ES-MS measurements. In all cases,
equivalent distributions were measured when the acidic and basic molecules were
analyzed in positive and negative ion mode, respectively. In contrast, non-equivalent
distributions were typically observed when the measurements were performed in the
opposite polarity. The lone exception was the acidic trisaccharide 6’-sialyllactose, for
which equivalent distributions were observed in both modes. This observation likely
reflects the relatively high gas phase stability of the nonspecific interactions owing to the
ability of the trisaccharide to form many intermolecular H-bonds. The results of time-
resolved BIRD experiments showed that the Kkinetic stabilities of the nonspecific
interactions are sensitive to the nature of the protein ions and suggested that differential
gas phase dissociation of the nonspecific interactions in the ion source was responsible
for the observation of the nonequivalent distributions. This hypothesis was confirmed by
the observation of equivalent distributions upon introduction of imidazole, a stabilizing
additive known to protect protein complexes from in-source dissociation, to the solution.
Taken together, the results of this study indicate that the nonspecific association of small,
acidic and basic biomolecules to proteins during ES is a random process, independent of
the nature of the protein. Consequently, it is concluded that the P.s method can be used to
quantitatively monitor the occurrence of nonspecific binding of ionic ligands to proteins
in ES-MS, provided that in-source dissociation of the nonspecific interactions is avoided.
This condition is most easily satisfied by using a stabilizing solution additive.
Alternatively, in-source dissociation may be suppressed by analyzing basic ligands using

negative ion mode and acidic ligands using positive ion mode.
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Figure captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

NanoES mass spectra obtained for solutions of 1 (106 uM) with (a) Ubq (7
uM) and scFv (10 uM), or (b) Lyz (10 uM) and scFv (10 uM) in positive ion
mode, or with (c) Ubg (6 uM) and scFv (14 uM), or (d) Lyz (12 uM) and
scFv (14 uM) in negative ion mode. The number of molecules of 1 bound to
the protein ions is indicated by i.

Distribution of nonspecific (P + i1) complexes for (a) P = Ubqg and scFv,
and (b) P = Lyz and scFv, as determined from ES mass spectra measured in
positive ion mode, or (c) P = Ubq and scFv, and (d) P = Lyz and scFv, as
determined from ES mass spectra measured in negative ion mode. The
reported errors correspond to one standard deviation and were determined
from 5 replicate measurements.

NanoES mass spectra obtained for solutions of (a) Ubq (10 uM), Lyz (10
uM) and 3 (200 uM) and, (b) Lyz (10 uM), scFv (10 uM) and 3 (200 uM) in
positive ion mode, and solutions of (c) Ubg (2 uM), scFv (12 uM) and 3
(141 uM) and, (d) Lyz (10 pM), scFv (10 pM) and 3 (200 uM) in negative
ion mode. The number of molecules of 1 bound to the protein ions is
indicated by i.

Distribution of nonspecific (P + i3) complexes for (a) P = Ubqg and Lyz and
(b) P = Lyz and scFv, as determined from ES mass spectra measured in
positive ion mode, or (¢) P = Ubg and Lyz, and (d) Lyz and scFv as

determined from ES mass spectra measured in negative ion mode. The
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Figure 5.

Figure 6.

reported errors correspond to one standard deviation and were determined
from 5 replicate measurements.

(@) NanoES mass spectrum obtained in positive ion mode for a solution of 3
(152 uM), Lyz (10 uM) and scFv (10 uM), (b) BIRD snapshot mass
spectrum obtained for solution (a) at cell temperature of 120 °C and a
reaction time of 1 s. (c) and (d) Distribution of nonspecific (P + i3)
complexes for P = Lyz and scFv, as determined from ES mass spectra
shown in (a) and (b), respectively. () Charge state distributions for (Lyz +
i3)™ ions determined from ES mass spectra shown in (a) and (b).(f) Charge
state distribution for (scFv + i3)" ions determined from ES mass spectra
shown in (a) and (b).

(@) NanoES mass spectrum obtained in positive ion mode for a solution of
Lyz (10 uM), scFv (10 uM), 3 (152 uM) and imidazole (10 mM). (b)
Distribution of nonspecific (P + i3) complexes, where P = Lyz and scFv, as
determined from (a). (¢) NanoES mass spectrum obtained in positive ion
mode for a solution of (¢) Lyz (10 uM), scFv (10 uM), 4 (82 uM) and
imidazole (10 mM). (d) Distribution of nonspecific (P + i4) complexes,
where P = Lyz and scFv, as determined from (c). The errors correspond to

one standard deviation.
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Figure S1
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Figure S1. NanoES mass spectra obtained for solutions of 2 (100 uM) with (a) Ubq (6
uM) and Lyz (10 uM), or (b) Lyz (10 uM) and scFv (10 uM) in positive ion
mode, or with (¢) Ubq (3 uM) and Lyz (10 uM), or (d) Lyz (10 uM) and
scFv (10 uM) in negative ion mode. The number of molecules of 2 bound to

the protein ions is indicated by i.
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Figure S2
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Figure S2. Distribution of nonspecific (P + i2) complexes for (a) P = Ubg and Lyz, and
(b) P = Lyz and scFv, as determined from ES mass spectra measured in
positive ion mode, or (c) P = Ubq or Lyz, and (d) P = Lyz or scFv, as
determined from ES mass spectra measured in negative ion mode. The
reported errors correspond to one standard deviation and were determined

from 5 replicate measurements.
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Figure S3. NanoES mass spectra obtained for solutions of 4 (49 uM) with (a) Ubq (10
uM) and Lyz (10 uM), or (b) Lyz (10 uM) and scFv (10 uM) in positive ion
mode, or for 4 (66 uM) with (¢) Ubq (3 uM) and scFv (10 uM), or (d) Lyz
(6 uM) and scFv (15 uM) in negative ion mode. The number of molecules

of 4 bound to the protein ions is indicated by i.
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Figure S4
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Figure S4. Distribution of nonspecific (P + i4) complexes for (a) P = Ubg and Lyz and

(b) P = Lyz and scFv, as determined from ES mass spectra measured in
positive ion mode, or (¢) P = Ubqg and Lyz, and (d) Lyz and scFv as
determined from ES mass spectra measured in negative ion mode. The
reported errors correspond to one standard deviation and were determined

from 5 replicate measurements.
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Figure S5
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(@) NanoES mass spectra obtained in negative ion mode for a solution of 2

(100 uM) with Ubg (3 uM ) and Lyz (15 uM), (b) BIRD snapshot mass

spectra obtained for solution (a) at cell temperature of 120 °C and a reaction

time of 1 s, (c) and (d) Distribution of nonspecific (P + i2) complexes for P

= Ubq and Lyz, as determined from ES mass spectra shown in (a) and (b),

respectively, (e) Charge state distributions for (Ubq + i2)" ions determined
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from ES mass spectra shown in (a) and (b), (f) Charge state distribution for

(Lyz + i2)"™ ions determined from ES mass spectra shown in (a) and (b).
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Figure S6
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Figure S6. (a) NanoES mass spectra obtained in positive ion mode from a solution of 4

(49 uM) with Lyz (10 puM) and scFv (10 uM ), (b) BIRD snapshot mass
spectra obtained for solution (a) at cell temperature of 120 °C and a reaction
time of 1 s, (c) and (d) Distribution of nonspecific (P + i4) complexes for P
= Ubg and Lyz, as determined from ES mass spectra shown in (a) and (b),

respectively, (e) Charge state distributions for (Ubq + i4)"" ions determined
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from ES mass spectra shown in (a) and (b), (f) Charge state distribution for

(Lyz + i4)™ ions determined from ES mass spectra shown in (a) and (b).
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