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ABSTRACT: Transferring biomolecules from solution to vacuum facilitates a detailed analysis of molecular structure and dynamics 
by isolating molecules of interest from a complex environment. However, inherent in the ion desolvation process is the loss of solvent 
hydrogen bonding partners, which are critical for the stability of con-
densed-phase structure. Thus, transfer of ions to vacuum can favor 
structural rearrangement, especially near solvent-accessible charge 
sites, which tend to adopt intramolecular hydrogen bonding motifs in 
the absence of solvent. Complexation of monoalkylammonium moi-
eties (e.g., lysine side chains) with crown ethers such as 18-crown-6 
can disfavor structural rearrangement of protonated sites, but no 
equivalent ligand has been investigated for deprotonated groups. 
Herein we describe diserinol isophthalamide (DIP), a novel reagent 
for the gas-phase complexation of anionic moieties within biomole-
cules.  Complexation is observed to the C-terminus or side chains of 
small model peptides GD, GE, GG, DF-OMe, VYV, YGGFL, and 
EYMPME in electrospray ionization mass spectrometry (ESI–MS) studies. In addition, complexation is observed with the phosphate 
and carboxylate moieities of phosphoserine and phosphotyrosine. DIP performs favorably in comparison to an existing anion recog-
nition reagent, 1,1’-(1,2-phenylene)bis(3-phenylurea), that exhibits moderate carboxylate binding in organic solvent. This improved 
performance in ESI–MS experiments is attributed to reduced steric constraints to complexation with carboxylate groups of larger 
molecules. Overall, diserinol isophthalamide is an effective complexation reagent that can be applied in future work to study retention 
of solution-phase structure, investigate intrinsic molecular properties, and examine solvation effects. 

INTRODUCTION 
Electrospray ionization (ESI) enables the transfer of biomolec-
ular ions, such as proteins and peptides, from solution to the gas 
phase for characterization in vacuum.1–3 In addition to primary 
sequence analysis via tandem mass spectrometry (MS),4–7 the 
isolation of biomolecular ions in vacuum facilitates the investi-
gation of secondary, tertiary, and even quaternary structure,8,9 

for example by the combination of mass spectrometry (MS) and 
ion mobility spectrometry (IMS)10–16 or ion action spectros-
copy.17–19 These methods leverage the selectivity and control af-
forded by vacuum conditions to characterize well-defined and 
isolated structures, yielding information complementary to that 
obtained by traditional condensed-phase techniques that sample 
an ensemble of states. To yield further insight, experimental re-
sults often are compared to predictions from a variety of com-
putational approaches including molecular dynamics simula-
tions or electronic structure methods.3,20–26  
As biomolecules are transferred from solution to vacuum via 
ESI, the loss of a solvation shell can favor structural rearrange-
ment.27 As intermolecular interactions are lost, intramolecular 
interactions often become the most energetically favored alter-
native, leading to conformational changes.21,28–31 This phenom-
enon is especially prominent for charged functional groups, 
which form stabilizing ionic hydrogen bonds with solvent mol-
ecules.27,32–34 Two approaches are typically employed to address 

any differences between condensed-phase and gas-phase struc-
ture. In one approach, model structural motifs such as short pep-
tide sequences,35–37 α-helices,38–40 β-sheets,27,41–43 and β-hair-
pins28,29,44 are investigated in vacuum to reveal intrinsic struc-
tural properties. Characterization of solvent adduct species can 
then further unravel the contribution of intermolecular interac-
tions.14,27,37,45–50 Alternatively, native condensed-phase struc-
tures are kinetically trapped upon transfer to vacuum by care-
fully selecting instrument parameters to minimize energy dep-
osition during the electrospray and vacuum transfer pro-
cesses.14,18,31,51,52 Experimental and theoretical investigations 
suggest that, for many model proteins, the condensed-phase 
structure is largely preserved under the appropriate condi-
tions.15,17,22,51 However, in other cases, side chain collapse oc-
curs to accommodate intramolecular hydrogen bonding of 
desolvated charged moieties, resulting in structural perturba-
tion.22,53–55  
To modulate or disfavor structural rearrangement arising from 
intramolecular hydrogen bonding, charge recognition “mi-
crosolvation” reagents can be employed. For example, 18-
crown-6 (18C6) has been used extensively to form noncovalent 
complexes with monoalkylammonium functional groups (e.g., 
protonated lysine and N-terminal residues).33,56-65 Although the 
affinity of 18C6 for such sites is moderate in solution (estimated 
dissociation constant on the order of mM),62,66 abundant adduct 
formation is observed in MS-based studies, suggesting that 



 

complexation is favored during the electrospray process.62 No-
tably, for biomolecules that adopt a well-defined conformation 
in solution, complexation occurs preferentially at solvent-ac-
cessible sites, yielding a correlation between condensed-phase 
structure and number of complexed 18C6 molecules. This rela-
tionship has been leveraged in selective noncovalent adduct 
protein probing (SNAPP) to quantify the influence of solvent 
conditions or primary sequence on protein struc-
ture.33,34,57,61,63,64,67,68 In addition, IMS–MS and ultraviolet pho-
todissociation (UVPD) MS experiments have indicated that 
complexation of proteins with 18C6 favors the retention of na-
tive-like structure upon transfer to vacuum.32,33,69 IMS–MS has 
also been combined with tandem mass spectrometry experi-
ments to elucidate the contribution of protonated lysine residues 
to structural rearrangement of ubiquitin during the ESI pro-
cess.70 
Although complexation with 18C6 has proven a valuable tool 
for the analysis of isolated biomolecular cations, no equivalent 
ligand has been developed for complexation with anionic func-
tional groups such as carboxylate moieties. Design require-
ments for such a reagent include (1) high solubility in aqueous 
solution, (2) strong binding to anionic sites through multiple co-
ordinated hydrogen-bond donors, and (3) minimal steric hin-
drance to complexation with biomolecular ions. Despite exten-
sive efforts to develop reagents for the recognition of small an-
ions in the condensed phase,71-81 few molecules exist that fulfill 
these conditions. Herein we present N1,N3-bis[2-hydroxy-1-
(hydroxymethyl)ethyl]-1,3-benzenedicarboxamide (Scheme 1, 
left), or diserinol isophthalamide (DIP), a suitable reagent for 
complexation to anionic moieties. We examine the complexa-
tion of this reagent with carboxylate groups in short peptides by 
ESI–MS and compare the results to those obtained with an es-
tablished, commercially available, and relatively small anion 
recognition reagent, 1,1’-(1,2-phenylene)bis(3-phenylurea) 
(Scheme 1, right), or PBP. 
Scheme 1. Anion Complexation reagents for MS studies 

 

EXPERIMENTAL  
Synthesis of N1,N3-bis[2-hydroxy-1-(hydroxyme-
thyl)ethyl]-1,3-benzenedicarboxamide  
The synthesis was adapted from a procedure by Håland and 
Sydnes.82 Dimethyl isophthalate, a white solid, and 2-amino-
1,3-propanediol, a clear liquid, were purchased from Acros Or-
ganics (Fairlawn, NJ) and used without further purification. Di-
methyl isophthalate (1 Eq, 0.64 mmol) and 2-Amino-1,3-pro-
panediol (2.3 Eq. 1.47 mmol) were added to a 25 mL round-
bottom flask equipped with a water-cooled condenser and 
slowly heated to 120–130° C (measured at the heating mantle-
glass interface) while stirring for three hours to yield a sticky 
light-yellow gel. After three hours, the reaction was cooled to 
approximately 70° C, and a two-solvent recrystallization was 
performed; water was added dropwise until the reaction was 
clear, followed by the addition of methanol to cloudy, and fi-
nally water added to clear. The reaction mixture was cooled to 

room temperature and then placed into the freezer overnight.  
Vacuum filtration was performed, and the product was rinsed 
with cold methanol yielding a white, flakey solid (0.21 mmol, 
49.3% yield).  1H NMR (400 MHz, DMSO-d6) δ 3.52 (m, 8H, 
CH-CH2-OH), 3.94 (m, 2H, CH-CH2-OH), 4.66 (t, 4H, OH), 
7.54 (t, 1H, aryl), 7.97 (dd, 2H, NH), 8.07 (d, 2H, aryl) 8.30 (s, 
1H, aryl). MS (ESI/quadrupole) m/z: [M−H]−: 311.0.  
Collection of Mass Spectra 
Leucine Enkephalin (YGGFL) was purchased from Alfa Aesar 
(Fairlawn, NJ USA). Aspartame (DF-OMe), Valine-Tyrosine-
Valine (VYV), Glycyl-L-aspartic acid (GD), O-Phospho-L-ty-
rosine (pY) and 1,1’-(1,2-phenylene)bis(3-phenylurea) (PBP) 
were purchased from Sigma-Aldrich (St. Louis, MO USA). 
Glycyl-L-glutamic Acid (GE), O-phospho-L-Phosphoserine 
(pS)  and glycyl glycine (GG) were purchased from TCI (Port-
land, OR USA), and amidated YGGFL was purchased from 
Thermo Fisher Scientific (Fairlawn, NJ USA). Glu-Glu epitope 
tag (EYMPME) was purchased from Anaspec (Fremont, CA 
USA). All reagents were used as supplied. To prepare 1 mM 
solutions; PBP was dissolved in 90/10 MeOH/DMSO (v/v%); 
GE, GG, GF-OMe, pS, pY, EYMPME, and DIP were dissolved 
in H2O; VYV was dissolved in MeOH; and YGGFL was dis-
solved in 80/20 H2O/MeOH (v/v%). From 1 mM stock solu-
tions, all final samples were then prepared in 80/20 H2O/MeOH 
(v/v%) with 10 µM peptide and 10-30 µM complexation rea-
gent, respectively, except for EYMPME, where a complexation 
reagent concentration of 60 µM was used. Mass spectra were 
collected in negative mode on a Shimazdu LCMS 2020 with an 
eluent flow of 80/20 H2O/MeOH (v/v%) at 20 µL/min and an 
injection volume of 10 µL. All samples were run in triplicate. 
Determination of Association Constants via NMR titration  
The association constant of acetate ions, provided as a tetrabu-
tylammonium acetate (TBAA), purchased from Sigma Aldrich 
(St. Louis, MO USA), to complexation reagents 1,1’-(1,2-phe-
nylene)bis(3-phenylurea) and N1,N3-bis[2-hydroxy-1-(hy-
droxymethyl)ethyl]-1,3-benzenedicarboxamide was measured 
by NMR titration. The concentration of complexation agent was 
10 mM in 99.5% DMSO-d6 with 0.5% D2O (v/v%) for all spec-
tra collected, with varying acetate equivalence from 0 to 2.4 for 
1,1’-(1,2-phenylene)bis(3-phenylurea) and 0 to 3.2 for N1,N3-
bis[2-hydroxy-1-(hydroxymethyl)ethyl]-1,3-benzenedicarbox-
amide. All samples were collected in duplicate. Spectra were 
collected on a Bruker Avance III HD NMR Spectrometer (400 
MHz). Association constants were calculated as previously de-
tailed by Kadam et al.81 
Electronic Structure Methods 
Structural optimization of the complex between DIP or PBP and 
acetate was carried out using the Gaussian 16 software package 
with default convergence criteria.83 The hybrid density func-
tionals PBE0,84,85 B3LYP,86-88 and CAM-B3LYP89 were em-
ployed in combination with the empirical dispersion correction 
developed by Grimme and co-workers with Becke-Johnson 
damping (D3BJ).90,91 Structures were also optimized using the 
Møller-Plesset second-order perturbation method (MP2).92 For 
all methods, the 6-311++G(d,p) Pople basis set was used.93,94 
Additional optimization was performed with the def2-TZVPP 
basis set of Ahlrichs and co-workers95,96 in combination with 
the PBE0(D3BJ) density functional method. 
  



 

 

Figure 1.  The ESI mass spectrum from solutions of 30 µM PBP (A) or DIP (B) and 10 µM VYV in 80/20 H2O/MeOH (v/v%) are shown. 
Complexation to several peptides was examined for PBP (C) and DIP (D), and the ratio of the intensity of the bound complex to free peptide 
was calculated. Error bars show the minimum and maximum values from three samples.

RESULTS AND DISCUSSION 
As discussed in the introduction, the ideal reagent for ESI–MS-
based studies of biomolecules should be soluble in water, form 
a complex with anionic sites via hydrogen bond donors, and be 
small enough to avoid steric hindrance to complexation. In ad-
dition, commercial availability and/or facile synthesis are 
highly desirable. In this work, we have investigated the com-
plexation between two candidate reagents and short anionic 
peptides (two to four residues) using ESI–MS. The first reagent, 
1,1’-(1,2-phenylene)bis(3-phenylurea) (Scheme 1, right), or 
PBP, is commercially available, whereas the second, N1,N3-
bis[2-hydroxy-1-(hydroxymethyl)ethyl]-1,3-benzenedicarbox-
amide (Scheme 1, left), or diserinol  isophthalamide (DIP), is 
easily synthesized. 
Peptide complexation of PBP and DIP 
PBP, first synthesized in 1966,97 was found by Brooks and co-
workers to exhibit moderate association constants of ca. 103 M−1 
with small carboxylate molecules in 99.5/0.5% (v/v) 
DMSO/H2O solutions.71 Further, a crystal structure of the com-
plex with benzoate revealed the formation of four hydrogen 
bonds coordinating the two urea bridges to the acceptor carbox-
ylate moiety. These results suggested PBP as a promising anion 
recognition reagent for MS experiments. However, PBP is 

poorly soluble in water and common polar organic solvents, ex-
cept for dimethyl sulfoxide (DMSO), therefore limiting its ap-
plicability in aqueous studies of biomolecular structure.98 Nev-
ertheless, we were able to perform MS experiments by prepar-
ing a stock solution in DMSO and diluting to a final concentra-
tion of 10–30 µM in 80/20% (v/v) H2O/MeOH (0.1% DMSO 
by volume) with a peptide concentration of 10 µM, yielding a 
reagent:peptide ratio ranging from 1:1 to 3:1. As a metric to as-
sess and compare the extent of complexation, the observed in-
tensity ratio between bound and unbound peptide anion was cal-
culated for each sample. 
In contrast to the moderate affinity for small carboxylates ob-
served in DMSO, poor complexation of PBP with peptides was 
observed from aqueous solutions by ESI–MS (Figure 1c). Of 
the peptides tested (GD, GE, GG, DF-OMe, VYV and 
YGGFL), the most abundant complexation was observed for 
the 3:1 PBP:peptide samples of VYV (Figure 1a) and GG (Fig-
ures S1, S14), with bound:unbound ratios of 1:3 and 1:1.7 re-
spectively.  The complexation of GG is not ascribed to an ex-
ceptional affinity for PBP but rather is attributed to the low in-
tensity of free anion, possibly arising from poor ionization effi-
ciency or inefficient ion transfer through the front end of the 
instrument. Poor complexation was observed for all other 



 

peptides (Figure 1c), indicating limited utility for PBP as an an-
ion complexation reagent in MS experiments.  
Because of the poor performance of PBP, an alternative com-
plexation reagent, DIP (Scheme 1, left), was designed and syn-
thesized. DIP comprises two serinol (2-amino-1,3-propanediol) 
moieties symmetrically linked via amide bonds to a rigid spacer 
based on isophthalic acid. This polar reagent is highly water-
soluble and easily synthesized in a neat one-pot reaction. In ad-
dition, the six potential hydrogen bond donor sites may favora-
bly coordinate with carboxylate moieties. In comparison to 
PBP, more abundant complexation is observed with all model 
peptides studied here (Figure 1c vs 1d). The degree of complex-
ation was found to increase approximately linearly with in-
creasing concentration ratio of reagent to peptide in solution, a 
trend which was not conclusively observed with PBP.  For GD 
and GE, which possess two possible binding sites (both the C-
terminus and the D or E side chain), simultaneous complexation 
at both charged sites was not observed, and the spectra were 
dominated by singly charged anions. This result is attributed to 
the proximity of the two charge sites, which may disfavor both 
formation of the doubly charged species and complexation with 
DIP.  Interestingly, VYV and DF-OMe were observed to ex-
hibit complexation with comparable or increased abundance to 
that of GD and GE despite having only one carboxylate site. 
Both peptides contain an aromatic side chain in proximity to the 
binding site, suggesting a possible contribution from aromatic 
stacking interactions between the peptide and DIP.99 The abun-
dance of DIP adducts with YGGFL was significantly lower than 
that of the other examined peptide sequences, which may be 
attributed in part to the strong binding of DIP to trifluoroacetate 
present in the sample (Figure S20). Additional investigation is 
required to elucidate the origin of this phenomenon.  
In addition to complexation with peptide carboxylate moieties, 
significant adduction of DIP to background chloride and car-
boxylate ions was observed (Figure 1b, Figures S16–S21). Sim-
ilar adduction to background cationic species, namely potas-
sium, sodium, and ammonium, was previously reported for 
18C6.100 Furthermore, the deprotonated form of DIP (m/z 311) 
was the base peak in all spectra. The propensity for deprotona-
tion of DIP is attributed to the multiple hydrogen bond donors 
in this reagent, which may form intramolecular hydrogen bonds 
that stabilize a deprotonated hydroxyl group. The abundance of 
[DIP − H+]−  is somewhat problematic, as it may lead to ioniza-
tion suppression of the target peptides. Future reagent design 
that eliminates or minimizes this tendency for deprotonation, 
for example by replacing hydroxyl groups with amide or amine 
hydrogen bond donors, is therefore deserving of future investi-
gation. 
Multiple Site Complexation of DIP 
To enable structural analysis of larger biomolecular ions, DIP 
complexation with multiple anionic sites is necessary. How-
ever, such multiple binding was not observed for GE and GD. 
Therefore, we expanded our substrate scope to determine the 
plausibility of concurrent multi-site complexation by DIP. As 
shown in Figure 2, DIP binding to phosphoserine (pS, Figure 
2A), phosphotyrosine (pY, Figure 2B), and the peptide 
EYMPME (Figure 2C) was investigated. Because DIP is a non-
specific anionic complexation agent, we expected possible 
complexation to both phosphate and carboxylate moieties of pS 
and pY. Both phosphorylated amino acids were observed to 
ionize rather weakly, and the spectra are dominated by the 
deprotonated DIP anion. In the case of pY (Figure 2A), the 

intensity of the doubly complexed, doubly deprotonated anion 
is approximately equal to that of the unbound, doubly deproto-
nated anion. The singly complexed, doubly deprotonated anion 
is also observed with roughly equal intensity. In contrast, pre-
dominant double complexation is observed for the doubly 
deprotonated pS anion (Figure 2B), with signal from the singly 
complexed, doubly deprotonated ion (m/z 247.6) extremely 
weak. The binding efficiency cannot be assessed for this spe-
cies, as doubly deprotonated pS is found below the low-mass 
cutoff of the instrument. These results indicate that concurrent 
complexation can occur in certain species even at proximal 
binding sites. In this case, the different ionization properties 
and/or binding affinities of the phosphate groups appear to in-
crease the propensity for double complexation over the some-
what analogous dicarboxylate peptides GD and GE. 

 
Figure 2. The ESI mass spectrum from solutions of 30 µM 
DIP: 10 µM pY (A), 30 µM DIP: 10 µM pS (B) and 60µM 
DIP: 10µM EYMPYE in 80/20 H2O/MeOH (v/v%) are shown.  
Complexation of DIP with the peptide EYMPYE was investi-
gated to assess concurrent reagent complexation at remote car-
boxylate moieties, where any steric hinderance is expected to 
be reduced. As shown in Figure 2C, doubly deprotonated 
EYMPME is found as the base peak in the mass spectrum, and 



 

the singly and doubly complexed peptides are observed at ap-
proximately 25% and 5% of base peak intensity, respectively. 
Surprisingly, no appreciable complexation to the singly depro-
tonated peptide is observed (m/z 1104), and further experimen-
tation is required to understand this phenomenon. These results 
demonstrate that multiple concurrent binding of DIP reagents is 
possible, although additional work is needed to assess the limi-
tations of this reagent. 
 
NMR Titration Studies and Comparison with ESI–MS 
Based on the ESI–MS experiments, we expected that the acetate 
binding constant of DIP in solution should be higher than that 
of PBP. To test this theory, host-guest NMR titrations were per-
formed in DMSO with a small percentage of water added, 
standard conditions for the study of anion complexation rea-
gents.74,75,79,81 The association constants (logKass) for binding to 
acetate, measured in DMSO-d6 (0.5% D2O), were found to be 
3.88 M-1 and 2.39 M-1 for PBP and DIP, respectively. Measure-
ment quality can be characterized by an average pooled stand-
ard deviation of 0.13 from the four-measurement series of PBP 
and DIP.  The measured constant for PBP is in good agreement 
with previous studies in DMSO-d6 (0.5% H2O),71,78,101. Interest-
ingly, the measured association constants are inverse to the 
complexation propensity observed by ESI–MS, with the bind-
ing significantly weaker for DIP than PBP. Notably, as dis-
cussed in the next section, these binding constants were ob-
tained for acetate, which is much less susceptible to steric hin-
drance during reagent complexation than the peptide anions 
studied by ESI–MS.  
Given the difference in solution conditions between the NMR 
titration and ESI–MS experiments, it is difficult to ascertain 
whether the favorable complexation of DIP observed in mass 
spectra is attributable to electrospray conditions or to some 
preferential binding in aqueous solvent. Unfortunately, NMR 
titration experiments under aqueous conditions are not feasible 
as carboxylates are strongly solvated, and therefore weakly 
complexed. Generally, binding affinities of anion recognition 
reagents decrease as the aqueous solvent component is in-
creased, which suggests that the observed complexation of DIP 
occurs preferentially during the electrospray process. Similar to 
DIP, solution phase complexation between cationic primary 
amines and 18C6 is low compared to gas phase adduction.64 
This increased complexation is thereby attributed to the elec-
trospray process. In the case of 18C6, experimental evidence 
indicates that charge sites of biomolecules bind to 18C6 on a 
shorter time scale than that for structural rearrangement, allow-
ing for structural retention.102 It is reasonable to expect similar 
complexation time scales for DIP during the electrospray pro-
cess. 
An alternate explanation for the abundance of peptide com-
plexes with DIP in ESI–MS experiments may be complexation 
between the anionic form of the reagent (i.e., [DIP − H+]–) and 
neutral peptide species. To investigate whether the DIP anion 
undergoes such complexation, a control ESI–MS experiment 
was performed to examine potential complexation between DIP 
and amidated YGGFL, which lacks an anionic site.  No com-
plexation was observed (Figure S22), suggesting that the DIP 
anion does not bind strongly to neutral peptide species. We 
therefore expect that the observed complexes are formed be-
tween neutral reagent and anionic peptides.  
Binding Motif of DIP and PBP from Electronic Structure 
Methods 

To identify possible binding motifs of DIP and PBP with car-
boxylate moieties, structures for the complex between acetate 
and these reagents were optimized using electronic structure 
methods. Shown in Figure 3 are the low-energy structures for 
each complex obtained at the PBE0(D3BJ)/6-311++G(d, p) 
level of theory (1, 3) and the MP2/6-311++G(d, p) level of the-
ory (2, 4). The local and global minimum-energy structure was 
found to be dependent on the method and level of theory em-
ployed, indicating the challenge of accurately predicting the 
structure and energetics in these systems. For acetate complex-
ation with DIP (1 and 2, Figure 3), both methods predict the 
formation of four ionic hydrogen bonds between the anion and 
reagent, with an additional two intramolecular hydrogen bonds 
participating in an extended hydrogen bonding network. How-
ever, the PBE0(D3BJ) method predicts a nearly symmetric 
structure (1), with the two serinol moieties residing on opposite 
sides of the aromatic plane.  

 

Figure 3.  Computed low-energy structures for complexation of 
acetate with DIP (1, 2) and PBP (3, 4). Slight conformational dif-
ferences are found at the PBE0(D3BJ)/6-311++G(d, p) level of the-
ory (1, 3) and the MP2/6-311++G(d, p) level of theory (2, 4). 

In contrast, the low-energy structure obtained with the MP2 
method (2) shows both serinol moieties on the same side of the 
aromatic plane. This structure was found to be only slightly 
lower in energy (−0.4 kJ mol−1) than structure 1 with the MP2 
method. In contrast, structure 2 was not found as a local mini-
mum with the PBE0(D3BJ) method. Optimization with addi-
tional hybrid functionals [CAM-B3LYP(D3BJ), 
B3LYP(D3BJ)] and an additional basis set [PBE0(D3BJ)/def2-
TZVPP] yielded similar results to those obtained at the 
PBE0(D3BJ)/6-311++G(d, p) level of theory (i.e., structure 1). 
For the complex of acetate with PBP, optimization at the 
PBE0(D3BJ)/6-311++G(d, p) level of theory yielded an asym-
metric structure featuring a single ionic hydrogen bond to one 
carboxylate oxygen and three ionic hydrogen bonds to the sec-
ond carboxylate oxygen (3, Figure 3). Similar binding motifs 
were found using the B3LYP(D3BJ) and CAM-B3LYP(D3BJ) 
density functionals with the same basis set. Optimization at the 
MP2/6-311++G(d, p) level of theory yielded a more symmetric 
interaction of the acetate molecule with the two urea moieties 
and a much larger deviation from planarity (4, Figure 3). Nota-
bly, optimization at the PBE0(D3BJ)/def2-TZVPP level of the-
ory yields a conformer similar to 4 rather than 3. 
Irrespective of the method-dependent differences in low-energy 
structures, the overall results reveal a stark contrast in the ac-
cessibility of the anion binding motif between DIP and PBP. In 
the DIP-acetate complex, structures 1 and 2 show that the 



 

acetate methyl group extends away from the reagent, suggesting 
that the same binding motif should be accessible in larger mol-
ecules featuring a carboxylate moiety. In contrast, the binding 
pocket in the PBP-acetate complex (structures 3 and 4) is 
closely flanked by the two phenyl moieties, which may impose 
substantial steric limitations on the binding of larger molecules. 
These results may partially account for the disparate perfor-
mance of the two reagents in peptide complexation by ESI–MS. 

CONCLUSIONS 
The reagent diserinol isophthalamide, or DIP, exhibits favora-
ble complexation to a series of small anionic peptide species, 
indicating its potential for anion binding in ESI–MS experi-
ments. As compared to the established anion recognition rea-
gent PBP, DIP was found to yield greater complexation in aque-
ous ESI-MS studies of peptides. However, NMR titration stud-
ies indicated that the binding affinity of DIP is significantly 
lower than that of PBP in DMSO solutions, suggesting that the 
DIP complexation occurs preferentially during the ESI process. 
The poor complexation of PBP in ESI–MS experiments may 
arise from steric constrains imposed by the flanking phenyl 
groups. Although complexation was observed across the model 
peptides examined, one considerable weakness of DIP is the 
propensity to readily deprotonate, yielding strong abundance of 
the anionic species in ESI–MS.  
Future work will focus on structural modifications to DIP to 
better retain the neutral form while maintaining high solubility 
in aqueous media, strong hydrogen bonding, and a compact 
structure. In addition, spectroscopic studies will be useful to 
identify the binding motif of this reagent. Further investigation 
is also needed to assess the propensity of DIP for multiple con-
current complexation with biomolecular anions. Finally, studies 
are necessary to investigate the complexation of DIP with larger 
peptides and proteins and to explore possible complexation 
with phosphorylated peptides and nucleic acids. Overall, DIP 
provides a starting point for the development of anion recogni-
tion reagents to study the retention of biomolecular structure in 
vacuum and the examination of microsolvation effects. 
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Figure S1.  The ratio of bound complex to unbound free peptide is shown for PBP/peptide spectra. Concentration of peptide 

was 10 M and the concentration of  PBP was varied: 10 M (yellow), 20 M (green) and 30 M (pink) respectively. Error bars 
show the high/low values from three samples. 
 

 
 

Figure S2.  The ratio of bound complex to unbound free peptide is shown for DIP/peptide spectra. Concentration of peptide 

was 10 M and the concentration of DIP was varied: 10 M (yellow), 20 M (green) and 30 M (pink) respectively. Error bars 
show the high/low values from three samples. 
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Figure S3.  The normalized intensity of complexed species is shown for PBP/peptide spectra. Concentration of peptide was 10 

M and the concentration of PBP was varied:  10 M (yellow), 20 M (green) and 30 M (pink) respectively. Error bars show 
the high/low values from three samples. 
 

 
 
Figure S4.  The normalized intensity of complexed species is shown for DIP/peptide spectra. Concentration of peptide was 10 

M and the concentration of DIP was varied:  10 M (yellow), 20 M (green) and 30 M (pink) respectively. Error bars show 
the high/low values from three samples. 



 4 

 
 

Figure S5.  The normalized intensity of free peptide is shown for PBP/peptide spectra. Concentration of peptide was 10 M 

and the concentration of PBP was varied: 10 M (yellow), 20 M (green) and 30 M (pink) respectively. Error bars show the 
high/low values from three samples. 

 

 
 

Figure S6.  The normalized intensity of free peptide is shown for DIP/peptide spectra. Concentration of peptide was 10 M 

and the concentration of DIP was varied: 10 M (yellow), 20 M (green) and 30 M (pink) respectively. Error bars show the 
high/low values from three samples. 
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Figure S7. 1H NMR spectrum of DIP. 
 

 
 
Figure S8. 1H NMR titration curve for DIP (10mM) with varied concentration of TBAA. Analysis was performed in duplicate. 
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Figure S9. 1H NMR titration curve for PBP (10mM) with varied concentration of TBAA. Analysis was performed in duplicate 
 

 
 

Figure S10. Mass spectra for PBP: DF-OMe in 80/20 H2O/MeOH at varied concentrations of reagent to peptide: 10:10 M 

(top), 20:10 M  (middle) and 30:10 M (bottom).  
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Figure S11. Mass spectra for PBP: GE in 80/20 H2O/MeOH at varied concentrations of reagent to peptide: 10:10 M (top), 

20:10 M  (middle) and 30:10 M (bottom).  
 
 

 
 

Figure S12. Mass spectra for PBP: GD in 80/20 H2O/MeOH at varied concentrations of reagent to peptide: 10:10 M (top), 

20:10 M  (middle) and 30:10 M (bottom).  
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Figure S13. Mass spectra for PBP:VYV in 80/20 H2O/MeOH at varied concentrations of reagent to peptide: 10:10 M (top), 

20:10 M  (middle) and 30:10 M (bottom).  
 

 
 

Figure S14. Mass spectra for PBP:GG in 80/20 H2O/MeOH at varied concentrations of reagent to peptide: 10:10 M (top), 

20:10 M  (middle) and 30:10 M (bottom).  
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Figure S15. Mass spectra for PBP: YGGFL in 80/20 H2O/MeOH at varied concentrations of reagent to peptide: 10:10 M 

(top), 20:10 M  (middle) and 30:10 M (bottom).  
 

 
 

Figure S16. Mass spectra for DIP: DF-OMe in 80/20 H2O/MeOH at varied concentrations of reagent to peptide: 10:10 M 

(top), 20:10 M  (middle) and 30:10 M (bottom).  
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Figure S17. Mass spectra for DIP: GE in 80/20 H2O/MeOH at varied concentrations of reagent to peptide: 10:10 M (top), 

20:10 M  (middle) and 30:10 M (bottom). 
 

 
 

Figure S18. Mass spectra for DIP: GD in 80/20 H2O/MeOH at varied concentrations of reagent to peptide: 10:10 M (top), 

20:10 M  (middle) and 30:10 M (bottom).  
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Figure S19. Mass spectra for DIP: GG in 80/20 H2O/MeOH at varied concentrations of reagent to peptide: 10:10 M (top), 

20:10 M  (middle) and 30:10 M (bottom).  
 

 
 

Figure S20. Mass spectra for DIP: YGGFL in 80/20 H2O/MeOH at varied concentrations of reagent to peptide: 10:10 M 

(top), 20:10 M  (middle) and 30:10 M (bottom).  
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Figure S21. Mass spectra for DIP: VYV in 80/20 H2O/MeOH at varied concentrations of reagent to peptide: 10:10 M (top), 

20:10 M  (middle) and 30:10 M (bottom).  
 

 
 

Figure S22. Mass spectrum of DIP: amidated YGGFL (30: 10 M) in MeOH/H2O (80/20 v/v%).   
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Table S1. Computed Electronic Energies of PBP and DIP Complexes with Acetate.a 

Structure 
MP2/ 

6-311++G(d, p) 
PBE0(D3BJ)/ 
6-311++G(d, p) 

PBE0(D3BJ)/d
ef2-TZVPP 

B3LYP(D3BJ)/6
-311++G(d, p) 

CAM-
B3LYP(D3BJ)/6

-311++G(d, p) 

1 -1331.848901562 -1333.9731353 -1334.120988 -1335.52573257 -1334.89540998 

2 -1331.8490590768 N/A N/A N/A N/A 

3 N/A -1369.96145875 N/A -1371.59621249 -1370.86923842 

4 -1367.6377608205 N/A -1370.11876356 N/A N/A 

a. values reported in Hartrees. 
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