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Abstract

Interactions between quaternary amino or guanidino groups with anions are ubiquitous in nature 

and have been extensively studied phenomenologically. However, little is known about the binding 

energies in non-covalent complexes containing these functional groups. Here, we present a first 

study focused on quantifying such interactions using complexes of phosphorylated A3pXA3-NH2 

(X = S, T, Y) peptides with decamethonium (DCM) or diaguanidinodecane (DGD) ligands as 

model systems. Time- and collision energy-resolved surface-induced dissociation (SID) of the 

singly charged complexes was examined using a specially configured Fourier transform ion 

cyclotron resonance mass spectrometer (FTICR-MS). Dissociation thresholds and activation 

energies were obtained from RRKM modeling of the experimental data that has been described 

and carefully characterized in our previous studies. For systems examined in this study, covalent 

bond cleavages resulting in phosphate abstraction by the cationic ligand are characterized by low 

dissociation thresholds and relatively tight transition states. In contrast, high dissociation barriers 

and large positive activation entropies were obtained for cleavages of non-covalent bonds. 

Dissociation parameters obtained from the modeling of the experimental data are in excellent 

agreement with the results of density functional theory (DFT) calculations. Comparison between 

the experimental data and theoretical calculations indicate that phosphate abstraction by the ligand 

is rather localized and mainly affected by the identity of the phosphorylated side chain. The 

hydrogen bonding in the peptide and ligand properties play a minor role in determining the 

energetics and dynamics of the phosphate abstraction channel.

Introduction

Interactions of quaternary amino or guanidino groups with anions play an important role in 

materials science,1 host–guest chemistry,2,3 biology,4–7 and drug discovery.8,9 For example, 

host–guest chemistry involving phosphate–amine interactions has been used for the selective 

and rapid detection of phosphate and phosphonate compounds, which include biologically 
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important signaling molecules, pesticides, and chemical warfare agents. In another area of 

research, non-covalent binding between guanidino groups and oxyanions has been used in 

the development of high-water-content mouldable hydrogels10 and ‘‘molecular glues’’—

materials that can adhere to proteins and stabilize protein assemblies in aqueous buffers.11 

Because of the weak binding between the protonated guanidino group and an oxyanion 

under physiological conditions, interactions involving more than one guanidino group are 

often used in designing biocompatible materials.

Interaction between charged amino groups and phosphate anions are ubiquitous in biology. 

For example, protonated arginine residues form voltage-sensor paddles responsible for the 

function of voltage-gated channels.12 The paddles’ movement across the membrane couples 

the pore opening to membrane voltage. It also has been demonstrated that the phospho head-

groups of membrane lipids provide the necessary countercharges for the positively charged 

voltage-sensing residues, suggesting that interactions between protonated guanidino and 

deprotonated phosphate groups may play a role in the voltage gating.13 Arginine side chains 

are commonly involved in non-covalent binding of proteins to phosphate groups of nucleic 

acids or other proteins in protein–nucleic acid14 and protein–protein complexes.15 In 

addition, it has been demonstrated that arginine–phosphate binding involved in receptor 

heteromer formation plays a key role in determining the quaternary structure of heteromer 

complexes.16–19

As the binding energy is affected by a variety of environmental factors,4 studying the 

energetics of non-covalent binding of amine-phosphate interactions in solution is 

challenging. Gas-phase studies provide an opportunity to examine the energetics of such 

interactions in the absence of solvent. Furthermore, because abstraction and transfer of the 

phosphate group facilitated by the basic arginine residues often complicates structural 

characterization of phosphopeptides, phospholipids, and proteins by using tandem mass 

spectrometry,20–24 understanding factors that determine the competition between cleavage of 

covalent and non-covalent bonds in such systems is also important for analytical 

applications. Previous studies demonstrated that quaternary amine–phosphate15 and 

arginine–phosphate electrostatic interaction16 as represented by non-covalent bonds is often 

stronger and more stable than covalent binding. For example, cleavage of the phosphate ester 

bond has been reported for non-covalent complexes composed of polyalanine peptides 

containing a phosphorylated amino acid residue and decamethonium—a compound with two 

terminal tetramethylammonium groups.15 Similarly, loss of phosphate was observed in gas-

phase fragmentation of non-covalent complexes between peptides with two or more adjacent 

arginine residues and non-basic phosphopeptides16 or DNA strands.25 Furthermore, Loo and 

co-workers observed fragmentation of the covalent phosphate bonds in collision-induced 

dissociation of ribonuclease–nucleotide complexes.26

From the above discussion it follows that quaternary amino and guanidino groups facilitate 

phosphate abstraction from phosphorylated amino acid residues. In this study we used two 

similar compounds, decamethonium (DCM) and diguanidinodecane (DGD), to represent 

molecules of biological interest possessing two quaternary amino and guanidino groups. We 

note that DCM is a neuromuscular blocking agent while DGD is an anti-diabetic drug. 

Model alanine-containing peptides with one phosphorylated amino acid residue in the 

Laskin et al. Page 2

Phys Chem Chem Phys. Author manuscript; available in PMC 2020 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



middle, Ala-Ala-Ala-pX-Ala-Ala-Ala-NH2 (X = S, T, Y), referred to as A3pXA3-NH2, used 

in this study represent the peptide/protein backbone involved in cation–phosphate 

interactions. We present a first quantitative study focused on a molecular-level understanding 

of the stability and dissociation of non-covalent complexes involving these functional 

groups. The energetics and dynamics of dissociation of the model complexes composed of 

phosphorylated A3pXA3-NH2 and either DCM or DGD, denoted as DCM–A3pXA3-NH2 

and DGD–A3pXA3-NH2, respectively, were examined using time- and collision energy-

resolved surface-induced dissociation (SID) experiments in a Fourier transform ion 

cyclotron resonance mass spectrometer (FTICR-MS) combined with RRKM modeling of 

the experimental data.27,28 This approach has been extensively used in the past to obtain 

accurate energetics of dissociation of covalent and non-covalent bonds in complex 

molecules.29–35

Experimental

SID experiments were conducted on a uniquely manufactured 6T FTICR mass spectrometer 

described in detail elsewhere.36 The SID target is introduced through a vacuum interlock 

assembly and positioned at the rear trapping plate of the ICR cell. Ions are electrosprayed at 

atmospheric pressure and transferred into the vacuum system via an electrodynamic ion 

funnel.37 Two quadrupoles following the ion funnel provide collisional focusing and mass 

selection of the ion of interest. A collisional octopole held at elevated pressure (about 2–5 × 

10−3 Torr) is used for accumulation of mass-selected ions and collisional relaxation of any 

internal energy possessed by ions generated by electrospray ionization prior to their injection 

into the ICR cell. Mass-selected ions were accumulated for 0.8–2 s, extracted from the 

accumulation octopole, transferred into the ICR cell, and allowed to collide with the surface. 

Scattered ions were captured by raising the potentials on the front and rear trapping plates of 

the ICR cell by 15 V. The pressure in the vacuum chamber containing the ICR cell was 2 × 

10−9 Torr. Time-resolved mass spectra were acquired by varying the delay between the gated 

trapping and the excitation/detection event (the reaction delay) from 1 ms to 1 s. 

Immediately following the reaction delay, ions were excited through a broadband chirp and 

detected. The collision energy is defined by the difference between the potential applied to 

the accumulation quadrupole and the potential applied to the rear trapping plate and SID 

target.

Experimental control is accomplished with a modular FTICR data acquisition system 

developed by Heeren and co-workers,38,39 which is used to control the voltages and timing 

of the ion source and transfer optics, as well as ion manipulation in the ICR cell. Typical 

experiments involved changing the collision energy across a relatively wide range from 17 

eV to 73 eV in 2 eV increments and at each reaction delay. In this study, reaction delays of 1 

ms, 5 ms, 10 ms, 50 ms, 0.1 s, and 1 s were examined. Survival curves and time-resolved 

fragmentation efficiency curves (TFECs) were constructed from experimental mass spectra 
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by plotting the relative abundance of the precursor ion and its fragments as a function of 

collision energy for each reaction delay time.

The hydrocarbon self-assembled monolayer (HSAM) surface was chosen as an SID target 

based on the relatively low kinetic-to-internal energy transfer efficiency (< 10%)40,41 that 

determines the range of kinetic energies in SID experiments. At low kinetic energies (< 15 

eV) ion soft-landing is a dominant process that significantly suppresses the intensity of 

scattered ions.42,43 The HSAM surface was prepared on a single gold {111} crystal 

(Monocrystals, Richmond Heights, OH) using a standard procedure. The target was cleaned 

in an ultraviolet (UV) cleaner (Model 135500, Boekel Industries Inc., Feasterville, PA) for 

10 min and allowed to stand in a 98% 1-dodecanethiol thiol (CH3(CH2)11SH) solution 

(Sigma-Aldrich) for 8–12 h. The target was removed from the thiol solution and 

ultrasonically washed in ethanol for 10 min to remove extra layers.

Non-covalent complexes (NCXs) examined in this study were generated by electrospraying 

solutions containing A3pXA3-NH2 (X = S, T, Y) peptides and DCM or DGD. The elemental 

composition of the complexes was confirmed by comparing the exact mass of the complex 

measured experimentally with the calculated mass (Table 1). Decamethonium salt was 

purchased from Sigma (St. Louis, MO). Synthalin sulfate (diguanidinodecane) was 

purchased from Tocris Bioscience (Ellisville, MO). A3pXA3-NH2 (X = S, T, Y) peptides 

were synthesized at the John Hopkins School of Medicine Peptide Synthesis Core Facility 

(Baltimore, MD). The samples were dissolved in methanol to a final concentration of 20–50 

μM (peptide) and 100–200 μM (DCM or DGD). A syringe pump (Cole Parmer, Vernon 

Hills, IL) was used for direct infusion of the electrospray samples at a rate of 20 μL h−1. A 

typical high voltage applied to the ESI emitter was 2 kV.

RRKM modeling

Survival curves and TFECs were modeled using an RRKM-based approach developed by 

our group.44 Microcanonical rate constants as a function of internal energy for all reaction 

channels were calculated using the RRKM/QET expression.45 The breakdown graph—a 

collection of breakdown curves (BDC) representing fragmentation probability of the 

precursor ion into a particular reaction channel as a function of the internal energy of the 

precursor ion (E) and the reaction delay (tr)—is calculated using the appropriate equations of 

formal kinetics derived for a particular reaction scheme. Because of the long reaction delay 

times involved in our FTICR SID experiments, radiative cooling of excited ions must be 

considered. The same radiative rate, krad, is used to model radiative cooling of the precursor 

ion and its fragments. The energy deposition function is described by the following 

analytical expression:46

P E, Ecoll = E − Δ lexp − E − Δ /f Ecoll /C (1)

where l and Δ are parameters, C = Γ(l + 1)[f(Ecoll)]l+1 is a normalization factor, and f(Ecoll) 

has the form:

f Ecoll = A2Ecoll
2 + A1Ecoll + Eth/ l + 1 (2)
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where A1 and A2 are parameters, Eth is the thermal energy of the ensemble of peptide ions 

prior to ion activation, and Ecoll is the collision energy. The normalized signal intensity for a 

particular reaction channel is given by the equation:

Ii Ecoll = ∫
0

∞

BDCi E, tr P E, Ecoll dE (3)

Calculated TFECs were constructed using the preceding procedure and compared to the 

experimental data. The same energy deposition function was used for all reaction times. The 

fitting parameters were varied until the best fit to experimental curves was obtained. The 

fitting parameters included the critical energy and activation entropy for all reaction 

channels. The parameters characterizing the energy deposition function (eqn (1) and (2)) 

were determined by fitting the experimental survival curves of the singly protonated 

RVYIHPF and leucine enkephalin, for which the dissociation parameters are known from 

our previous studies,30,31 and kept the same for all reaction times. Vibrational frequencies of 

the precursor ion were obtained from the theoretical calculations described as follows. 

Vibrational frequencies for the transition state were estimated by removing one C–N stretch 

(reaction coordinate) from the parent ion frequencies, as well as varying all frequencies in 

the range of 500–1000 cm−1 until the best fit to the experimental data was obtained.

Theoretical calculations

Structures and stabilities of A3pSA3-NH2 and its complexes with DCM and DGD were 

examined using density functional theory (DFT) calculations. Molecular mechanics 

modeling was performed on an SGI Onyx 3200 workstation running Insight II/Discover 

(97.0, Accelrys Software Inc., San Diego, CA). Initial structures of A3pSA3-NH2, DCM, 

DGD, and the NCXs were built using the Biopolymer builder of Insight II (Biosym 

Technologies, San Diego, CA). The structures were energy minimized using the CFF91 

force field47 and the quasi-Newton–Raphson (VA09A) minimization algorithm.48 The 

conformational space of monomers and complexes was explored using simulated annealing. 

Molecular dynamics (MD) simulations were performed at 1000 K and 500 K. Two types of 

complexes were considered for complexes of A3pSA3-NH2 with DGD: (1) NCX composed 

of a deprotonated peptide and a doubly protonated DGD, [A3pSA3-NH2-H]−[DGD+2H]2+ 

and (2) NCX composed of a neutral peptide and a singly protonated DGD, [A3pSA3-NH2]

[DGD+H]+. Ten lowest energy structures of each species were selected for DFT calculations 

carried out using NWChem (version 5.1) developed and distributed by Pacific Northwest 

National Laboratory (PNNL).49 The selected structures of NCXs, neutral A3pSA3-NH2, 

[DGD+H]+, and doubly charged DCM were initially optimized at the B3LYP/3–21G level of 

theory. Subsequent optimization and vibrational frequency calculation for selected three 

lowest-energy structures were performed using the B3LYP/6–31G(d) level of theory. Single-

point energies were calculated at a higher level of theory, B3LYP/6–31++G(d,p), for all 

optimized structures, and zero-point energy (ZPE) corrections were included. In addition, 

three simplified model systems (CH3-ApSA-CH3, CH3-ApTA-CH3, and CH3-ApYA-CH3) 

were constructed to evaluate the energetics and mechanisms of the H2PO4 − loss from the 

deprotonated A3pSA3-NH2 peptide, the H2PO4
−and PO3

− losses from deprotonated 
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A3pTA3-NH2 peptide, and the PO3
− loss from deprotonated A3pYA3-NH2 peptide, 

respectively. All calculations for this model system were performed at the MP2(full)/ 6–31+

+G(d,p)//B3LYP/6–31G(d) level of theory, including ZPE corrections.

Results and discussion

In this study, time- and collision energy-resolved SID of mass-selected non-covalent 

complexes of phosphorylated A3pXA3-NH2 peptides (X = S, T, Y) with DCM and DGD was 

performed using HSAM as a target. Exact mass-to-charge ratios of the complexes are listed 

in Table 1. The DCM ligand is a dication of molecular formula C16H38N2
2+ that binds to a 

deprotonated peptide forming a singly charged complex. In contrast, DGD is a neutral ligand 

(C12H28N6) that may form a proton-bound dimer with a peptide molecule. Differences 

between these two ligands determine the observed differences in fragmentation behavior and 

the relative stability of the complexes.

Fragmentation pathways

Fig. 1 shows SID spectra corresponding to ca. 90% fragmentation obtained for all six 

complexes. In agreement with previous work,15 dissociation of DCM2+–[A3pXA3-NH2-H]− 

complexes is dominated by the H2PO4
− abstraction from peptides containing phosphorylated 

S or T and the PO3
− abstraction from peptides containing phosphorylated T or Y. The 

observed losses are characteristic of deprotonated phosphopeptides, which is consistent with 

the composition of the complexes. The resulting DCM2+ + H2PO4
− (m/z 355.273) and 

DCM2+ + PO3
− (m/z 337.262) are observed as singly charged fragment ions in SID spectra. 

Other fragmentation channels include loss of N(CH3)3 from complexes containing T and Y 

and the formation of the [DCM-CH3]+ fragment ion. Losses of N(CH3)3 and CH3X were 

observed by Gross and Williams50 as primary dissociation pathways of singly charged 

decamethonium salts containing small counteranions (DCM2+X−, X = Br, I, or OAc) in the 

gas phase. Our results indicate that similar dissociation pathways are available to DCM2+ 

bound to a complex peptide anion. However, in DCM2+–[A3pXA3-NH2−H]− complexes 

examined in this study, cleavages of phosphate bonds efficiently compete with cleavages of 

DCM bonds.

Gronert and Azebu51 studied gas-phase fragmentation of complexes composed of a dianion 

of 4-carboxy-4′-sulfodiphenylacetylene and a series of tetraalkylammonium cations. Two 

competing processes were observed upon collisional activation of these complexes: (1) 

alkylation of the dianion through the SN2 reaction and (2) the E2 elimination reaction 

resulting in protonation of the dianion. They found that the substitution on the methyl group 

is a preferred pathway for the tetramethylammonium cation, while the elimination reaction 

is important for longer alkyl chain substituents. Similar reactivity was reported by Hodyss et 
al. for alkylammonium cations and triphosphate dianions.52 The formation of the [DCM-

CH3]+ fragment ion observed in this study is likely another example of the SN2 reaction 

reported in these studies. Furthermore, the absence of the E2 pathway resulting in formation 

of a protonated peptide is also in agreement with that study.

As discussed earlier, dissociation of DCM2+–[A3pXA3-NH2-H]− complexes is dominated by 

covalent bond cleavages resulting in abstraction of the H2PO4
− or PO3

− from the 
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phosphorylated side chain. This pathway is a reverse of the phosphorylation reaction in gas-

phase clusters examined by Beauchamp and co-workers.53 Cleavage of the non-covalent 

interaction resulting in formation of the DCM2+ and [A3pXA3-NH2-H]− product ions is 

unlikely because of the large Coulomb barrier for separation of the oppositely charged 

products. In contrast, because DGD is a neutral ligand, dissociation of DGD–A3pXA3-NH2 

complexes is dominated by cleavage of the non-covalent bond, resulting in formation of an 

abundant [DGD+H]+ fragment. Interestingly, minor fragments corresponding to covalent 

bond cleavages, [DGD+H3PO4 + +H]+ and [DGD+HPO +H]+, are also observed in SID 

spectra.

Relative stability of the complexes

Relative stabilities of the complexes towards dissociation are compared in Fig. 2, where the 

relative abundance of each precursor ion is plotted as a function of collision energy (Fig. 2a, 

b) and a function of collision energy normalized to the number of vibrational degrees of 

freedom (Fig. 2c, d). It is well known that the kinetic shift54—the internal energy in excess 

of the dissociation threshold required to produce detectable fragmentation of a polyatomic 

ion on the time-scale of a mass spectrometer—increases linearly with the number of number 

of vibrational degrees of freedom. Scaling of collision energy by the number of number of 

vibrational degrees of freedom eliminates the effect of the size of the precursor ion on the 

position of survival curves shown in Fig. 2a and b. As a result, the differences in positions of 

survival curves plotted as a function of collision energy scaled by the number of number of 

vibrational degrees of freedom (Fig. 2c, d) can be attributed only to differences in the 

energetics and entropy effects in dissociation of the complexes. Interestingly, similar 

stabilities were obtained for complexes containing DGD. Meanwhile, the stability of DCM–

A3pXA3-NH2 complexes shows a significant dependence on the identity of the 

phosphorylated amino acid. Specifically, the stability of the DCM–A3pXA3-NH2 complexes 

towards fragmentation increases in the order pS < < pT < pY, while the stability of the 

DGD–A3pXA3-NH2 complexes increases in the order pS ≌ pT < pY.

Fragmentation efficiency curves of the major fragments of DCM–A3pXA3-NH2 complexes 

at 1 s reaction delay are shown in Fig. 3. The results demonstrate that the observed 

differences in stability of these complexes are mainly attributed to the differences in 

appearance energies (AEs) of DCM2++H2PO4
− and DCM2+ +PO3

− fragment ions. Facile 

loss of H2PO4
− from phosphoserine determines the stability of the DCM–A3pSA3-NH2 

complex, for which other dissociation products are observed at relatively high collision 

energies. In contrast, significantly higher energy is required for the H2PO4 loss from 

phosphothreonine. As a result, other dissociation channels of the DCM–A3pTA3-NH2 

complex efficiently compete with the DCM2++H2PO4
− ion formation. Notably, the AE for 

the PO3
− loss from phosphotyrosine is higher than the AE for the formation of the [DCM-

CH3]+ fragment, which is observed as a major product ion of the DCM–A3pYA3-NH2 

complex. The higher threshold for the loss of PO3
− from phosphotyrosine is consistent with 

a previous study of Bowie and co-workers.55

In contrast to DCM–A3pXA3-NH2 complexes, the stability of DGD–A3pXA3-NH2 

complexes is determined by the strength of the non-covalent binding. The covalent bond 
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cleavage is observed as a minor channel. Comparison of fragmentation efficiency curves 

obtained for fragment ions corresponding to the covalent bond cleavage shown in Fig. 4 

indicates that the AE for this channel depends on the identity of the phosphorylated amino 

acid. Specifically, similar to DCM–A3pXA3-NH2 complexes, the lowest AE for covalent 

bond cleavage was observed for the DGD complex containing phosphoserine, while higher 

AEs were observed for fragment ions originating from phosphothreonine and 

phoshotyrosine.

The energetics and dynamics of fragmentation

RRKM modeling of the experimental data was performed by fitting TFECs of individual 

dissociation channels. Comparison between the experimental results and simulated TFECs 

obtained for complexes of A3pSA3-NH2 is shown in Fig. 5. Simulated curves provide a 

reasonable representation of the time- and collision energy-dependent data over a broad 

range of collision energies and reaction delay times. Similar results were obtained for other 

complexes examined in this study. We note that abstraction of the phosphate group from the 

peptide is characterized by fairly slow kinetics (Fig. 5b and e) compared to other 

dissociation channels (Fig. 5c and f) with slower kinetics observed for the DGD-A3pSA3-

NH2 complex.

Dissociation parameters for cleavages on non-covalent bonds and phosphate bonds derived 

from the simulations for all six complexes are listed in Table 2. Both the threshold energy 

and the activation entropy associated with the formation of DCM2+ + H2PO4
− (for X = S 

and T) and DCM2+ + PO3
− (for X = Y) fragment ions of DCM–A3pXA3-NH2 complexes 

increase in the order S < T < Y, which matches the increase in the stability of these 

complexes towards dissociation observed experimentally. Because the threshold energy and 

activation entropy have opposing effects on the dissociation rate constant (the rate constant 

increases with a decrease in the threshold energy and an increase in the activation entropy), 

the increase in the relative stability in the order S < T < Y indicates the energy effect plays a 

more important role than the entropy effect in determining the stability of DCM–A3pXA3-

NH2 complexes. In contrast, the small increase in the stability of the DGD–A3pYA3-NH2 

complex is attributed to the lower activation entropy (slower kinetics) of the non-covalent 

bond cleavage in this system.

In agreement with previous studies on different systems,34,35,56 dissociation of the non-

covalent binding is characterized by high positive activation entropy and a fairly high 

dissociation threshold. Interestingly, the lowest threshold energy was obtained for the most 

stable DGD–A3pYA3-NH2 complex, indicating that its stability mainly results from lower 

activation entropy that hinders dissociation. In contrast, similar entropy effects, but different 

energetics were obtained for cleavages of phosphate bonds in DGD–A3pXA3-NH2 

complexes. Although the covalent bond cleavage in DGD–A3pXA3-NH2 complexes is 

associated with a substantially lower dissociation threshold, this channel is observed only as 

a minor dissociation pathway in SID spectra. The dominant cleavage of the non-covalent 

binding observed experimentally is promoted by the large positive entropy effect. This 

finding further emphasized the role of activation entropy in the gas-phase fragmentation of 

large molecules and biomolecular complexes.57
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Fig. 6a compares microcanonical rate-energy dependences for dissociation of non-covalent 

binding with cleavages of phosphate bonds in DGD–A3pXA3-NH2 complexes. While 

covalent bond cleavages are characterized by lower threshold energies, they can compete 

with dissociation of non-covalent binding only on a long timescale of an ion trap or an 

FTICR instrument. Microcanonical rate constants for cleavages of phosphate bonds in 

DCM– and DGD–A3pXA3-NH2 complexes are shown in Fig. 6b as solid and dashed lines, 

respectively. While threshold energies for dissociation of complexes containing A3pSA3-

NH2 and A3pTA3-NH2 are similar, DCM–peptide complexes are less stable towards 

fragmentation because of higher entropy effects.

Comparison with electronic structure calculations

DFT calculations were performed to examine structures and stabilities of the non-covalent 

complexes containing A3pSA3-NH2. Fig. 7 shows lowest-energy structures of the DCM and 

DGD complexes with A3pSA3-NH2. We found that the most stable structure of the DGD–

peptide complex (Fig. 7a) is composed of doubly protonated DGD and the singly 

deprotonated peptide, [DGD+2H]2+[A3pSA3-NH2-H]−. Meanwhile, the canonical structure, 

[DGD+H]+[A3pSA3-NH2], shown in Fig. S1,† is approximately 16.8 kcal mol−1 less stable. 

In the DGD–peptide complex, the deprotonated phosphate group is chelated by the 

protonated guanidino groups. The structure is stabilized by six hydrogen bonds—four of 

which are formed between the phosphate and guanidino groups of the DGD. The structure of 

the DCM2+[A3pSA3-NH2-H]− complex is shown in Fig. 7b. In this complex, only the 

deprotonated phospho group is solvated by one quaternary amino group of DCM and by the 

C-terminal NH2 group of the peptide. Another quaternary amino group of DCM interacts 

with the first and second carbonyls of the peptide backbone.

Because dissociation of the non-covalent binding in the [DGD + 2H]2+[A3pSA3-NH2-H]− 

complex is characterized by a loose transition state, the binding energy for this complex can 

be calculated from the energy difference between the lowest-energy structures of the 

complex and the products, A3pSA3-NH2 and [DGD + H]+. The calculated value of 40.5 kcal 

mol−1 (1.76 eV), including the ZPE correction, is in excellent agreement with the 

experimentally measured threshold energy (1.79 eV) for the non-covalent bond cleavage in 

the DGD–A3pSA3-NH2 complex.

The experimentally measured threshold energies for the abstraction of H2PO4
− from 

A3pXA3-NH2 peptides increase when phosphoserine is replaced with phosphothreonine but 

show only weak dependence on the type of the cationic ligand (DCM versus DGD) bound to 

the peptide. It follows that the energetics of this dissociation pathway is largely determined 

by the properties of the phosphorylated residue. We hypothesized that the threshold energy 

for this pathway could be reasonably estimated using electronic structure calculations for the 

phosphate loss from a simple deprotonated model system [CH3-NH(C=O)pX-NH(C=O)-

CH3-H]− (X = S, T, Y). Andreazza et al.55 used a similar system for understanding the 

energetics and mechanisms of phosphate loss from deprotonated phosphopeptides. The 

†Electronic supplementary information (ESI) available: Complete ref. 49; the canonical structure, [DGD + H]+[A3pSA3-NH2], of the 
DGD-A3pSA3-NH2 complex. See DOI: 10.1039/c1cp00029b
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results of DFT calculations are summarized in Fig. 8; the model system is denoted as 

[ApXA-H]−.

Loss of H2PO4
− from the deprotonated phosphate group of phosphoserine involves transfer 

of the proton from the a-carbon of serine to a phosphate oxygen atom followed by the 

formation of a Cα = Cβ double bond. Two possible pathways for this reaction were 

examined in this study: (1) the proton is transferred to the phosphate oxygen atom connected 

to the β-carbon of serine (TSa, Fig. 8a), and (2) the proton is transferred to a phosphate 

oxygen that is not connected to the Cβ of serine (TSb, shown in Fig. 8b). The results indicate 

that for both pathways, proton transfer and O–Cα bond cleavage occur simultaneously. 

However, the transition state of the second pathway (TSb), shown in Fig. 8b, is characterized 

by a much lower activation energy (32.3 kcal mol−1, 1.40 eV) than the transition state of the 

first pathway (TSa, 62.6 kcal mol−1, 2.72 eV) shown in Fig. 8a. The energy barrier 

calculated for dissociation pathway 2 of this model system is only slightly higher than the 

experimental value of 1.21 eV for the H2PO4
− loss from the DCM–A3pSA3-NH2 complex. 

However, it is in excellent agreement with the experimental threshold energy of 1.37 eV 

obtained for the phosphate transfer in dissociation of the DGD–A3pSA3-NH2 complex. The 

calculated entropy change of 3.0 cal mol−1 K−1 at 450 K is in excellent agreement with the 

experimental value of 3.1 cal mol−1 K−1 obtained for the DCM–A3pSA3-NH2 complex and 

is slightly higher than the activation entropy of 4.1 cal mol−1 K−1 obtained for the DGD–

A3pSA3-NH2 complex. These results demonstrate that the model system used in this study 

adequately represents the energetics and dynamics of phosphate loss observed in our SID 

experiments.

It should be noted that the calculated threshold energies for phosphate loss obtained in this 

study are significantly higher than the values reported by Bowie and co-workers.55 In that 

study, the initial structure of the [CH3-ApSA-CH3-H]− model system was deprotonated at 

the α-carbon. We used a different initial structure deprotonated at the phosphate group and 

found that this structure is 21.6 kcal mol−1 more stable than the structure deprotonated at the 

α-carbon. Starting with a lower-energy structure and using the transition state barrier height 

reported by Bowie and co-workers we estimate the overall barrier for H2PO4
− loss of 33 kcal 

mol−1, which is quite close to the 32.3 kcal mol−1 value obtained in this study.

Loss of H2PO4
− from phosphothreonine (Fig. 8c) is characterized by a somewhat higher 

dissociation barrier of 35.1 kcal mol−1 (1.52 eV), which is consistent with the experimental 

data obtained in this study for both DCM–A3pTA3-NH2 and DGD–A3pTA3-NH2 complexes 

(Table 2). In addition, the DCM–A3pSTA3-NH2 complex undergoes loss of PO3
− as shown 

in Fig. 3. Our calculations indicate that PO3
− loss is initiated by proton transfer from the 

phosphate oxygen to the oxygen atom connected to the Cb carbon of threonine followed by 

fragmentation of a weakly bound [CH3-NH(C=O)T-NH(C=O)-CH3] [PO3]− complex. The 

first step of this reaction pathway is associated with a fairly low barrier (31.8 kcal mol−1) 

and tight transition state, while the second rate-determining step is characterized by a high 

dissociation threshold (42.8 kcal mol−1, 1.85 eV) and loose transition state. The 

experimentally measured dissociation threshold of 1.9 eV and high positive activation 

entropy of 34 cal mol−1 K−1 are consistent with this mechanism.
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Similar energetics and mechanism of PO3
− loss was observed for the model system 

containing the phosphotyrosine side chain (Fig. 8e). The dissociation threshold of 41.4 kcal 

mol−1 (1.80 eV) for the rate-determining step of this process is in excellent agreement with 

the experimental value of 1.82 eV obtained for the PO3
− transfer in dissociation of the 

DCM–A3pYA3-NH2 complex. In contrast, lower activation energy and entropy (1.50 eV, 

−2.7 cal mol−1 K−1) were found for the PO3
− loss from DGD complex, which likely is 

attributed to the formation of a relatively tight transition state for the proton transfer during 

the fragmentation of this complex. The barrier for the PO3
− loss from phosphotyrosine 

obtained in this study is somewhat lower than the barrier of 2.05 eV reported by Andreazza 

et al.55 for a similar model system. The higher barrier and a tight transition state were 

reported in that study for the loss of PO3
− through a direct P–O bond cleavage. In contrast, 

the lower-energy pathway consistent with the experimental data reported in this study (Fig. 

8e) is associated with proton transfer from the phosphate oxygen to the oxygen atom of the 

phenyl group followed by the formation of a proton-bound dimer. As a result, the rate-

determining step of this fragmentation pathway is characterized by a loose transition state.

Our results indicate the covalent bond cleavage resulting in abstraction of the phosphate 

group from model phosphopeptides examined in this study can be adequately described 

using a rather small model system containing the phosphorylated side chain. However, such 

small model systems cannot describe the role of hydrogen bonding in non-covalent 

complexes on the energy and entropy effects observed experimentally. For example, lower 

activation entropies obtained for the phosphate loss from DGD–peptide complexes 

compared to DCM–peptide complexes could be attributed to the influence of the protonated 

guanidino groups in DGD on the proton transfer.

Conclusions

Understanding the energetics of interactions between amino groups in biomolecules with 

phosphates is of great interest for development of novel materials and drugs, understanding 

biomolecular recognition and self-assembly processes in biological systems, and 

enhancement of chemical sensors. Previous work demonstrated the unusual stability of 

arginine– phosphate7,16 and quaternary amine–phosphate7,15 electrostatic interactions. This 

study presents an initial step toward quantifying such interactions in the absence of solvent 

using complexes of DCM and DGD ligands with phosphorylated A3pXA3-NH2 (X = S, T, 

Y) peptides as model systems. Time- and collision energy-resolved fragmentation of these 

complexes following collisions with HSAM surfaces was examined using a specially 

configured FTICR-MS.

DFT calculations indicate, although DCM is a dication and DGD is a neutral ligand, both 

peptide–ligand complexes are composed of a deprotonated peptide and a doubly charged 

DCM or DGD ligand. SID experiments demonstrate that the properties of the ligand 

determine both the fragmentation behavior and the stability of the complexes toward 

dissociation. For example, complexes of peptides with the dicationic DCM ligand undergo 

facile abstraction of the phosphate group by the ligand. In contrast, dissociation of DGD–

A3pXA3-NH2 complexes is dominated by the cleavage of the non-covalent binding with 

phosphate abstraction observed as a minor reaction channel. Detailed RRKM-based 
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modeling of the time- and collision energy-resolved SID data demonstrated that cleavages of 

covalent C–O and P–O bonds are associated with low energy barriers and tight transition 

states, while dissociation of the non-covalent binding is characterized by relatively high 

threshold energy and large positive activation entropy. These findings indicate that the major 

reaction pathway of DGD–A3pXA3-NH2 complexes in the gas-phase resulting in cleavage 

of the non-covalent binding is promoted by the activation entropy, while the energetics 

favors cleavages of covalent C–O and P–O bonds of the phosphate group.

Dissociation parameters from DFT calculations are in excellent agreement with the results 

obtained from modeling the experimental data. Because dissociation of the non-covalent 

binding is characterized by a loose transition state, the dissociation barrier is readily 

obtained from the relative energies of the reactant and the products. Experimental threshold 

energies and activation entropies for covalent bond cleavages were compared with 

computational results obtained for a deprotonated model system, [CH3-NH(C=O)pX-

NH(C=O)-CH3-H]− (X = S, T, Y). Dissociation parameters obtained for the loss of H2PO4
− 

and PO3
− from [CH3-NH(C=O)pX-NH(C=O)-CH3-H]− system are in good agreement with 

the experimental data, indicating this model system adequately describes the energetics, 

dynamics, and mechanism of phosphate abstraction by the cationic ligands observed in our 

SID experiments. Because this rather simple model system does not take into account the 

role of hydrogen bonding in the larger complexes examined experimentally, we conclude 

that for non-covalent complexes examined in this study phosphate abstraction is not 

significantly affected by the hydrogen bonding interactions within the peptide. This finding 

is consistent with the results of DFT calculations showing the deprotonated phosphate group 

is strongly solvated by the charged amino groups of the ligand for both DGD and DCM 

complexes.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
SID spectra corresponding to 90% fragmentation obtained on the HSAM surface at 1 s 

reaction delay for non-covalent complexes of DCM (left panels) and DGD (right panels) 

with A3pXA3-NH2 peptides, X = S (a, d); X = T (b, e); X = Y (c, f).
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Fig. 2. 
Survival curves obtained at a reaction delay of 1 s plotted as a function of collision energy 

(left panels) and collision energy scaled by the number of vibrational degrees of freedom, 

DOF, (right panels) for DCM–A3pXA3-NH2 complexes (a, c) and DGD–A3pXA3-NH2 

complexes (b, d). The green squares correspond to X = S, black circles correspond to X = T, 

and red triangles correspond to X = Y.
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Fig. 3. 
Fragmentation efficiency curves of the major DCM2+ + H2PO4

− (filled squares), DCM2+ + 

PO3
− (crosses), DCM-CH3 (open circles), and NCX-N(CH3)3 (open squares) product ions of 

DCM–A3pXA3-NH2 complexes—(a) X = S, (b) X = T, (c) X = Y—obtained at 1 s reaction 

delay.
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Fig. 4. 
Fragmentation efficiency curves of the fragment ions corresponding to covalent bond 

cleavages in DGD–A3pXA3-NH2 complexes obtained at a reaction delay of 1 s. The green 

squares correspond to X = S, black circles correspond to X = T, and red triangles correspond 

to X = Y.
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Fig. 5. 
Experimental time-resolved survival curves for (a) the DCM–A3pSA3-NH2 and (d) DGD–

A3pSA3-NH2complexes; TFECs for the (b) DCM2+ + H2PO4
− and (c) other fragment ions 

of the DCM–A3pSA3-NH2 complex combined together for RRKM modeling; TFECs for (e) 

the [DGD + H3PO4 + H]+ fragment; (f) [DGD + H]+ fragment. The results are shown for 

reaction delays of 1 ms (red squares), 5 ms (blue triangles), 50 ms (black crosses), and 1 s 

(green circles). Solid lines show RRKM modeling results obtained for the corresponding 

reaction delays.
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Fig. 6. 
Comparison between microcanonical rate constants for dissociation of phosphate bonds in 

DGD–A3pXA3-NH2 complexes (dashed lines), (a) non-covalent binding (solid lines) in 

DGD–A3pXA3-NH2 complexes, and (b) phosphate bonds in DCM–A3pXA3-NH2 

complexes (solid lines).
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Fig. 7. 
Low-energy structures of (a) DGD–A3pSA3-NH2 and (b) DCM–A3pSA3-NH2 complexes 

from DFT calculations.
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Fig. 8. 
Calculated potential energy surfaces (MP2(full)/6–31++G(d,p)// B3LYP/6–31G(d) with ZPE 

correction) for the phosphate loss from a deprotonated model system [CH3-NH(C=O)pX-

NH(C=O)-CH3-H]− (X = S, T, Y): (a) loss of H2PO4
− from pS via transition state TSa; (a) 

loss of H2PO4
− from pS via transition state TSb; lowest-energy pathways for the (c) loss of 

H2PO4
− from pT; (d) loss of PO3

− from pT; (e) loss of PO3
− from pY.
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Table 1

Exact mass-to-charge ratios of NCX

DCM DGD

A3pSA3-NH2 867.5432 867.4929

A3pTA3-NH2 881.5589 881.5086

A3pYA3-NH2 943.5745 943.5242
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