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Abstract

Electrospray ionization (ESI) enables gentle transfer of biomolecules from solution to vacuum, facilitating
the study of biomolecular structure under highly controlled conditions. However, biomolecules are
desolvated during the ESI process, and the loss of ionic hydrogen bonds to solvent molecules can drive
structural rearrangement, most prominently at solvent-exposed charge sites. Microsolvation reagents can
bind to these bare charge sites in ESI mass spectrometry (ESI-MS) experiments, providing alternative
intermolecular interaction partners. Previously, 18-crown-6 was shown to be an effective reagent for
binding to cationic monoalkylammonium residues. More recently, diserinol isophthalamide (DIP) was
reported as an analogous anionic microsolvation reagent, primarily for carboxylate residues of small
model peptides. Herein, we expand upon this work to examine the complexation of DIP, 1,1°-(1,2-
phenylene)bis(3-phenylurea) (PBP), and triclocarban (TCC) with molecules featuring a terminal or linking
phosphate moiety. Specifically, using ESI-MS, we assess the binding of these reagents with dimethyl
phosphate (DMP), cyclic adenosine monophosphate (cAMP), dibutyryl cAMP, RNA dinucleotides ApU
and CpG, and angiotensin Il phosphate (DRVpYIHPF). For DMP, the smallest target molecule, reagents
TCC, PBP and DIP showed favorable adduction. However, for larger systems, PBP and TCC showed
reduced complexation, which was attributed to steric hindrance from the terminal aromatic moieties of
PBP and the limited hydrogen bonding network of TCC. Overall, of the three reagents, DIP showed the
most consistent performance for anionic microsolvation of phosphate groups, facilitating future studies of
gas-phase biomolecular structure and the effects of microsolvation.
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1. Introduction

When biomolecules are brought from solution to the vacuum of a mass spectrometer (MS) via
electrospray ionization (ESI), their local environment changes as solvent-biomolecule interactions,
specifically hydrogen bonding networks, are lost."® The loss of intermolecular interactions can drive
structural change,® with new low-energy conformers stabilized by intramolecular hydrogen bonding.
These structural changes often occur via side-chain collapse at charged moieties previously stabilized by
ionic hydrogen bonds with solvent.6-1°

Microsolvation reagents can form noncovalent complexes with solvent-accessible charge sites
during the electrospray process, thereby providing alternative intermolecular interactions.!" This approach
has been demonstrated through the complexation of 18-crown-6 (18C6) and other crown ethers to
cationic monoalkylammonium moieties, specifically at lysine residues and the N-terminus.'-2" The
adduction process has also been shown to preferentially increase the signal of complexed species, which
is attributed to enhanced surface activity during ESI that arises from the decrease in free energy of
solvation upon complexation formation."" The effect of this complexation depends on the nature of the
biomolecule studied and the experimental conditions. For biomolecules that lack a well-defined solution
structure (typically smaller systems) or under conditions that impart significant energy to the biomolecular
ions within the mass spectrometer, the complexation of 18C6 alters the potential energy landscape in
vacuum, disfavoring conformations that feature intramolecular hydrogen bonds to reagent binding sites.
In this context, microsolvation reagents provide a useful tool for assessing the contribution of inter- vs
intramolecular interactions to the observed molecular structure.0. 4. 19,20, 22
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For systems with well-defined structure in solution, typically proteins, complexation with 18C6 has
facilitated the study of three-dimensional structure under vacuum conditions. Specifically, ion mobility
spectrometry (IMS) and ultraviolet photodissociation (UVPD) in combination with MS have shown that the
complexation of 18C6 to peptides and proteins can reduce structural rearrangement and therefore
preserve a native-like conformation in vacuum.® © 23 This preservation of secondary and tertiary structure



is accomplished through the formation of an intermolecular hydrogen bonding network between 18C6 and
cationic moieties, disfavoring rearrangement driven by intramolecular solvation between the cationic
moiety and the backbone or side chains . Additionally, selective non-covalent adduct protein probing
(SNAPP) has been used as a probe of solution-phase structure by taking advantage of preferred
adduction of 18C6 at solvent-accessible cationic moieties.3 1824

Whereas 18C6 and other crown ethers have been extensively studied for complexation of
cationic groups, there has been minimal work regarding complexation of anionic moieties, such as
carboxylates and phosphates, for structural retention and microsolvation studies by ESI-MS. We
previously reported the use of a novel reagent, diserinol isophthalamide (DIP), as well as a commercially
available reagent, 1,1'-(1,2-phenylene)bis(3-phenylurea) (PBP),?® for complexation with biomolecular
anions during ESI-MS. Complexation was observed at the carboxylate groups of small peptides and at
the phosphate and/or carboxylate groups of phosphorylated amino acids.?® Herein, we expand upon this
work to further examine binding of microsolvation reagents to phosphate moieties of biomolecules,
specifically nucleic acids and phosphorylated peptides. Additionally, another commercially available
antimicrobial agent, 3-(4-chlorophenyl)-1-(3,4-dichlorophenyl)urea, commonly referred to as triclocarban
(TCC), is examined.?” DIP, PBP and TCC (Scheme 1) were selected because of their comparatively small
size, sterically accessible binding site, and propensity to complex via an extended hydrogen bonding
network.26. 28-30

2. Methods and Materials
2.1 Collection of Mass Spectra

Tributyl(methyl) phosphonium dimethyl phosphate was purchased from Synthonix (Wake Forest,
NC). Cytosine-guanine RNA dinucleotide (CpG) and adenine-uracil RNA dinucleotide (ApU) were
purchased from TriLink Biotechnologies (San Diego, CA). 1,1’-(1,2-phenylene)bis(3-phenylurea) (PBP),
triclocarban (TCC), adenosine 3',5’-cyclic monophosphate sodium salt monohydrate (cAMP), and N8, 2'-
O-dibutyryladenosine 3’,5’-cyclic monophosphate sodium salt (DBCAMP) were purchased from Sigma-
Aldrich (St. Louis, MO). Angiotensin Il phosphate (DRVpYIHPF) was purchased from InnoPep (San
Diego, CA). All reagents were used as supplied. Diserinol isophthalamide (DIP) was synthesized as
described previously.?® To prepare 1 mM solutions, CpG, ApU, DIP, and DMP were dissolved in H20;
TCC was dissolved in MeOH, and PBP was dissolved in 90/10 MeOH/ DMSO (v/v %). From the
prepared 1 mM stocks, all samples were prepared in 80/20 H2O/MeOH (v/v%) with concentrations of
10 uM analyte and 30 pM complexation reagent, except for angiotensin Il phosphate, where a
complexation reagent concentration of 90 uM was used. Mass spectra were collected in negative mode
on a Shimadzu 2020 instrument in 80/20 (v/v%) H20/MeOH at a flow rate of 20 uL/min. An injection
volume of 10 uL was used. All spectra were collected in triplicate.

2.2 Electronic Structure Calculations

Conformational searching for complexes between DMP and DIP, PBP, or TCC was performed
using the conformer-rotamer ensemble sampling tool (CREST) developed by Pracht, Grimme, and co-
workers.3'-3 The semi-empirical tight binding method, GFN2,3* was used with the default energy window
of 6 kcal mol™"'. Structural optimization of these complexes was then performed using the ORCA 5.0.3
software package.3® 36 The hybrid density functional B3LYP37-3 was used with the Grimme empirical
dispersion correction and Becke-Johnson damping (D3BJ).4% 41 The def2-TZVP basis set was used for all
calculations.*2 For B3LYP calculations, the RIJCosX approximation*® was used with auxiliary basis set
def2/J.#* The lowest-energy conformers identified for each of the three complexation agents were also
optimized using Mgller-Plesset second order perturbation (MP2) with the resolution of identity
approximation*® 46 and auxiliary basis sets def2-TZVP/C*” and def2/J.44 48



3. Results and Discussion

Complexation of microsolvation reagents to a variety of molecules containing either terminal or
central phosphate moieties was investigated. To account for the varying ionization efficiencies of the
phosphate species and the microsolvation reagents studied,*® complexation is quantified by a ratio of the
intensity of the bound complex to the unbound free phosphate anion, bound:unbound. The intensities
used in the bound:unbound ratios were taken as the sum of intensities for all detected isotopes.

Scheme 2. Phosphate-Containing Molecules Studied
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3.1 DMP Complexation
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To examine reagent complexation propensity with minimal steric effects, we began by studying
adduction to dimethyl phosphate (DMP, Scheme 2), for which large flanking moieties are absent. As seen
in Figure 1, significant adduction to dimethyl phosphate was observed for all microsolvation reagents
studied. For both PBP and DIP (Figures 1B and 1C, respectively), only a 1:1 complex between reagent
and anionic DMP was observed. In contrast, TCC (Figure 1A) was found to form both a 1:1 complex and
a 2:1 complex, [2TCC + DMP - HJ,, which is not included in the calculated complexation ratio.
Additionally, a prominent deprotonated homodimer, [2TCC — H]~ was observed, as well as an unidentified
ion (m/z 706), which is also present in the ESI spectrum of TCC alone (Figure S17). For all reagents,
appreciable complexation to background chloride ions was also found, with PBP and DIP forming a 1:1
reagent:Cl- complex and TCC forming a 2:1 complex, [2TCC + CI].
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Figure 1. ESI mass spectrum of 30 uM TCC (A), PBP (B), and DIP (C) with 10 uM DMP in 80/20
H20/MeOH (v/v%).
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For all reagents, the bound:unbound ratio with DMP is nearly an order of magnitude larger than
that of all other target molecules studied, with values of 2:1, 5:1 and 4:1 for TCC, PBP, and DIP,
respectively (Figure 2A). In addition to minimal steric constraints, the substantial intensity of the
complexed species may arise from enhanced surface activity during the electrospray process. As
observed for complexation of 18C6 to cationic residues,!" complexation of reagents with DMP creates a
more hydrophobic complex as compared to the free anionic DMP, lowering the free energy of solvation
and promoting preferential ionization of the complexed species in ESI.3 This effect is less pronounced for
larger target molecules, where the change in free energy of solvation of the charge site is a smaller
fraction of the molecular free energy of solvation.

As compared to DIP and PBP, TCC complexation is significantly lower, which may be partially
explained by the propensity of TCC to form both deprotonated and chloride-bound dimers rather than
complex with the target molecule. As noted previously for PBP and DIP,%8 one disadvantage of the
examined microsolvation reagents is the abundance of the anionic species, [TCC — H]-, [PBP — HJ-, and
[DIP — H]". Ideally, the singly deprotonated forms of the complexation reagents would not be as prevalent,
as these species may lead to ionization suppression of phosphate species.

3.2 Phosphopeptide Complexation to DIP, PBP and TCC
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Figure 2. Ratio of bound phosphate + microsolvation reagent complex to unbound phosphate intensities
for 30 uM TCC (pink), PBP (blue), or DIP (green) with (A) 10 uM dimethyl phosphate or (B) 10 uM of
phosphate-containing biomolecules. Error bars represent the maximum and minimum bound:unbound
ratios from three trials.

A variety of small model biomolecules, including RNA dinucleotides, CpG and ApU, and cyclic
nucleotides, cAMP and DBcAMP, were chosen to assess the influence of molecular structure on
complexation propensity (see Scheme 2 for molecular structures). The bound:unbound complexation
ratios for these species are illustrated in Figure 2B. PBP exhibits relatively poor performance for this class
of molecules, with complexation ratios ranging from 1:20 for CpG and DBcAMP to 1:10 for cAMP. The
most appreciable complexation is observed to ApU, with a complexation ratio exceeding 1:10. Given the
strong complexation of PBP to DMP, the substantially decreased affinity for more sterically encumbered
species may be explained by steric hindrance arising from the phenyl moieties, consistent with results
from electronic structure methods (see section 3.4). Overall, the performance of PBP in binding
phosphate moieties is similar to that previously reported for carboxylates,?® with decreased binding affinity
for larger molecules.

TCC performs rather poorly for both ApU and CpG, with ratios of bound:unbound at or below
1:20. In the case of complexation to ApU, the ratio reported is possibly exaggerated, as background ions
with the same m/z as the complex, [TCC + ApU — H]™ (m/z 885), were observed in samples containing
only TCC . However, complexation is improved for the cyclic nucleotides, with complexation ratios of 1:10
and nearly 1:5 for DBCAMP and cAMP, respectively.



Of the three reagents studied, DIP showed the highest binding to the cyclic peptides DBCAMP
and cAMP, with bound:unbound ratios of approximately 1:3 and 1:2, respectively. Complexation to CpG
was only moderately stronger than that of PBP or TCC. For ApU, DIP performs slightly worse than PBP.
Although adduction is observed for DIP, it is notable that the binding to these phosphate species is nearly
an order of magnitude less than the complexation previously reported with carboxylate moieties.?® This
result may arise in part from the central location of the phosphate groups as compared to the terminal
carboxylate groups, leading to greater steric hindrance. The strong binding of DIP to DMP, where steric
effects are minimal, supports this assertion.

3.3 Multisite Complexation to DRVpYIHPF

For larger peptide and protein systems with defined higher-order structures in solution, it is
desirable to have concurrent complexation to multiple solvent-accessible sites, which facilitates structural
retention upon transfer to vacuum and provides additional tools to study the influence of charge solvation
on conformation. We previously reported simultaneous binding of DIP molecules to two anionic
carboxylate moieties of the hexapeptide EYMPYE and to the carboxylate and phosphate groups of
phosphoserine and phosphotyrosine.?6 Herein, we extend upon these results by examining complexation
to DRVpYIHPF, an analog of angiotensin Il with a phosphorylated tyrosine residue. Although DRVpYIHPF
does not have a well-defined solution-phase structure, it is used in this work to determine if multisite
complexation occurs when both phosphate and carboxylate sites are present. There are three possible
anionic sites on this peptide: the phosphorylated tyrosine side chain, the aspartic acid side chain, and the
C-terminal carboxylic acid. When using TCC, no complexation with the target peptide is observed (Figure
S23). Notably, binding may be suppressed by competitive complexation of TCC with trifluoroacetate
([TFA — H] ) in the sample, which yields the complex [TCC + TFA — H] as the base peak in the mass
spectrum. A similar spectrum is observed when using PBP (Figure 3A), with [PBP + TFA — H] as the
base peak and minimal complexation with DRVpYIHPF observed, yielding a bound:unbound ratio of 1:10
for the doubly deprotonated, singly bound complex. In addition to adduction with TFA, significant
complexation to background chloride anions is observed for PBP, although litle to no chloride
complexation is observed for TCC.
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Figure 3. Mass Spectra of 90 uM PBP (A) or DIP (B) and 10 uM DRVpYIHPF in 80/20 H.O/MeOH
(vIv%).
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For DIP, the doubly deprotonated, singly bound complex with DRVpYIHPF is present at a
bound:unbound ratio of 1:5 as compared to the doubly deprotonated DRVpYIHPF anion (Figure 3B). The
doubly bound complex, [2DIP + DRVpYIHPF — 2H]?, is also present at low intensity. It is unclear if this
adduction occurs at two carboxylates or at one phosphate and one carboxylate residue. Although pKa
values would suggest that deprotonation is more probable at the phosphate moieties than at the
carboxylate sites in solution,5% 51 it is unclear which would preferentially deprotonate in the gas phase.
However, the proximity of the two possible carboxylate sites would likely disfavor binding to only these
groups. Overall, there is a possibility of simultaneous multisite complexation for DIP, albeit at low
intensity, and additional work is required to deduce whether preferential binding occurs at carboxylate or
phosphate moieties when multiple charge sites are present.

3.4 DMP Complexes from Electronic Structure Methods

To assess the structural motifs associated with reagent complexation to phosphate moieties, the
binding geometry of PBP, TCC, and DIP with DMP was assessed using electronic structure methods.
Conformer sampling was performed within a 6 kcal mol~' energy window using the semi-empirical GFN2
method from the CREST software package, yielding 144, 152 and 1277 unique complexation motifs for
PBP, TCC, and DIP, respectively. The conformers identified were then optimized at the
B3LYP(D3BJ)/def2-TVZP level of theory. After this optimization, the energy spread of predicted
conformers for DMP with PBP, TCC, and DIP were 7.0, 6.6 and 9.2 kcal mol™', respectively. Additionally,



the lowest-energy complexes were reoptimized at the RI-MP2/def2-TVZP level of theory. The computed
low-energy structures were consistent independent of the level of theory used (Figure S24). As
compared to TCC and PBP, the near tenfold increase of DIP complexes identified by CREST, with 1277
complexes within an energy window of 6 kcal mol™", is likely explained by the increased flexibility of the

DIP backbone.
TCC L‘
S

PBP

DIP

Figure 4. Computed complexation motifs of TCC (top), PBP (center) and DIP (bottom) with DMP.
Structures were optimized at the B3LYP(D3BJ)/def2-TZVP level of theory.

Figures 4 and S24 show the lowest-energy structures obtained from the B3LYP and RI-MP2
methods, respectively. For complexation of DIP to DMP, calculations predict four ionic hydrogen bonds,
two from the DIP hydroxyl groups and two from the amide hydrogen atoms, all coordinated to the
phosphate oxygen atoms. Consistent with previously reported results for binding to carboxylate
moieties,?® the phosphate group is not fully coordinated with all potential hydrogen bond donors of DIP,



with two of the hydroxyl groups instead forming intramolecular hydrogen bonds. Notably, the methyl
groups of DMP extend beneath the binding pocket and away from DIP, minimizing steric hindrance. The
ten lowest-energy conformers exhibited a wide range of orientations for the DIP hydroxyl groups and the
DMP within the binding pocket (see Figure S25). The energy difference between these conformers was
also relatively small, with all ten structures yielding an electronic energy within 1 kcal mol=' of the lowest-
energy conformer (Table S1). These results suggest that complexation may exhibit a degree of entropic
favorability, although this conformational freedom is likely present for the uncomplexed reagent as well.
Indeed, in solution the complexation of DIP with carboxylates is not favorable, likely reflecting an entropic
penalty to binding.?® However, the complexation in vacuum is strongly favored enthalpically in the
absence of steric constraints, as reflected in the high complexation ratios for DIP with DMP.

For complexation of PBP with DMP, four ionic hydrogen bonds are also observed, all arising from
the amide hydrogen atoms of the urea groups coordinated with the phosphate oxygen atoms. The
complexation motif is pseudo-symmetric, with two hydrogen bonds coordinating each of the urea moieties
to an oxygen atom of DMP. Within the 144 conformers identified, there is a slight variation in the torsional
angle of the phenyl groups that facilitates complexation. However, most of the conformational space
sampled corresponds to the rotation and translation of the DMP anion within the binding pocket. In
contrast to DIP, the ten lowest-energy conformers for PBP with DMP (Figure S26) exhibit nearly identical
orientation of PBP. However, the relative energy of these conformers is much broader (ca. 5 kcal mol™*,
Table S1), reflecting the large steric penalty for reorientation of DMP within the binding pocket. Thus, the
proximity of the bulky phenyl groups to the anion binding site suggests that complexation to larger
molecules containing a phosphate group will be hindered, consistent with experimental results.

Of the three complexation reagents studied, TCC shows the least defined binding pocket, as only
two ionic hydrogen bonds are predicted between the amide hydrogens of TCC and the phosphate oxygen
atoms of DMP. Similar to PBP, the 152 conformers sampled indicate a variety of DMP orientations in
binding to TCC, with minimal alterations to the rigid backbone of TCC. This result is again observable in
the conformations of the ten lowest-energy structures (Figure S27), which all exhibit similar orientations of
TCC. Because the DMP methyl groups protrude above and below the plane of complexation, little
evidence for steric hindrance of complexation is observed, and the relative energies of the lowest-energy
conformers are quite similar as a result (<1.5 kcal mol™!, Table S1). However, this low energy spread
depends strongly on the orientation of any groups extending from the phosphate group, and possible
conformations may be restricted in larger molecules. The reduced size of the hydrogen bonding network,
as compared to PBP and DIP, may explain the decreased complexation propensity observed for TCC,
despite the relatively strong binding affinity observed for TCC in organic solvent.28

4. Conclusion

Of the three reagents examined for complexation with phosphate moieties, DIP is found to exhibit
the best performance, forming complexes with both terminal and central phosphate groups. These results
indicate that DIP can be used as a suitable gas-phase microsolvation reagent for the preservation of
solution-phase structure and the study of charge microsolvation effects. As compared to PBP, DIP shows
slightly lower complexation for DMP as well as ApU. However, DIP shows more favorable complexation to
the cyclic nucleotides (DBcAMP and cAMP) and exhibits multisite adduction in DRVpYIHPF, albeit at low
intensities. Further improvements in binding affinity are desirable to improve multisite adduction in larger
systems. The limited complexation of PBP to larger phosphates may be explained by the bulky phenyl
groups flanking the binding pocket, which suggests that steric hindrance strongly influences the
complexation propensity of charge recognition reagents with larger biomolecules. TCC showed moderate
complexation to most systems studied. From the target molecules studied in this work, complexation
affinity is associated with the accessibility of the binding site, as determined by steric constraints, as well
as the strength of the hydrogen bond network formed. A decrease in the free energy of solvation upon
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complex formation may also yield enhanced signal of the complexed species, especially for smaller
molecules.

Future work will focus on the examination of structural retention upon complexation to DIP. To
this point, we have demonstrated the possibility of complex formation at anionic sites in biomolecules, but
further spectroscopic characterization is required to determine if solution-phase structure is retained upon
complexation. Additionally, further analysis is required to assess the influence of DIP complexation on
low-energy gas-phase conformation. In summary, DIP is a suitable reagent for gas-phase complexation
both carboxylate and phosphate sites in biomolecules, presenting a sterically accessible binding pocket
supported by an extended hydrogen bonding network. This complexation is promising for the potential of
solution-phase structure retention and microsolvation studies.
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