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ABSTRACT: Peptide separations by reversed-phase liquid chromatography (RPLC) are an 

integral part of bottom-up proteomics. These separations typically employ C18 columns with 

water/acetonitrile gradient elution in the presence of formic acid. Despite the widespread use of 

such workflows, the exact nature of peptide interactions with the stationary and mobile phases are 

poorly understood. Here we employ microsecond molecular dynamics (MD) simulations to 

uncover details of peptide RPLC. We examined two tryptic peptides, a hydrophobic and a 

hydrophilic species, in a slit pore lined with C18 chains that were grafted onto SiO2 support. Our 

simulations explored peptide trapping, followed by desorption and elution. Trapping in an aqueous 

mobile phase was initiated by C18 contacts with Lys butyl moieties. This was followed by 

extensive anchoring of nonpolar side chains (Leu/Ile/Val) in the C18 layer. Exposure to 

water/acetonitrile triggered peptide desorption in a stepwise fashion; charged sites close to the 

termini were the first to lift off, followed by the other residues. During water/acetonitrile elution, 

both peptides preferentially resided close to the pore center. The hydrophilic peptide exhibited no 

contacts with the stationary phase under these conditions. In contrast, the hydrophobic species 

underwent multiple transient Leu/Ile/Val binding interactions with C18 chains. These nonpolar 

interactions represent the foundation of differential peptide retention, in agreement with the 

experimental elution behavior of the two peptides. Extensive peptide/formate ion pairing was 

observed in water/acetonitrile, particularly at N-terminal sites. Overall, this work uncovers an 

unprecedented level of RPLC molecular details, paving the way for MD simulations as a future 

tool for improving retention prediction algorithms, and for the design of novel column materials. 
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Introduction 

Reversed-phase liquid chromatography (RPLC) is one of the most widely used analytical tools in 

biochemical research, drug development, environmental testing, food chemistry, clinical analyses, 

forensics, and many other areas.1-5 Typical RPLC columns contain a stationary phase consisting 

of porous silica (SiO2) particles that carry surface-bound alkyl chains, often C4, C8, or C18 

moieties.3-6 The mobile phase being pumped through the column is a mixture of water and an 

organic cosolvent such as acetonitrile.2, 3 This mobile phase is acidified, e.g., by formic or 

trifluoroacetic acid, generating conjugate base anions that can act as ion pairing agents.7-12 

Separation in RPLC is based largely on hydrophobic contacts between the analyte and the 

stationary phase.2, 13 Simply speaking, analytes that bind strongly to the stationary phase elute later, 

because binding restricts their convective transport in the mobile phase.14 In reality, the situation 

is more complex, because RPLC separations employ gradient elution where the mobile phase 

composition changes over time.13 The process starts with a high-water percentage to promote 

analyte trapping on the stationary phase close to the column inlet.13 The organic content is then 

gradually ramped up, such that analytes desorb and migrate through the column. Nonpolar analytes 

migrate more slowly, because they experience more extensive interactions with the stationary 

phase. Ideally, this process results in well separated chromatographic bands.15 The molecular 

mechanism of analyte retention has been a subject of debate for many years, particularly the 

question whether analytes adsorb on, or partition into, the stationary phase. Today it is believed 

that both factors can contribute, as governed by the properties of the stationary and mobile phases, 

as well as the nature of the analyte.16-20 

Electrospray ionization (ESI) mass spectrometry (MS) represents one of the most versatile 

detection methods for RPLC. Analytes that elute off the column are converted into gaseous ions 
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by the ESI source. These ions are then analyzed by the mass spectrometer. Conveniently, typical 

RPLC mobile phases are “ESI-friendly”, providing high signal stability and intensity,21, 22 

particularly when using formic acid (trifluoroacetic acid suppresses ESI-MS signals).1, 8, 12, 23 

RPLC/ESI-MS is particularly important for proteomics. Most bottom-up workflows 

involve the analysis of peptides generated using trypsin, a protease that cleaves on the C-terminal 

side after Arg and Lys (unless followed by Pro).24-26 Similar RPLC-based bottom-up strategies are 

used for protein hydrogen/deuterium exchange,27 covalent labeling,28, 29 and crosslinking.30, 31 

Peptide separation in bottom-up experiments is typically performed on C18 columns with a 

water/acetonitrile LC gradient in the presence of 0.1% formic acid.1, 3, 5, 12, 25, 27, 32 Under these low 

pH conditions, acidic groups (Asp and Glu side chains, C-termini) are neutral, while basic sites 

(Arg, Lys, His, N-termini) are positively charged.33  

The optimization of RPLC separations often involves labor-intensive trial-and-error 

procedures aimed at identifying the best gradient, column material, temperature, pH, ion pairing 

agent, etc.34-36 Retention prediction algorithms can help streamline these optimization efforts, and 

they can assist in analyte identification by providing information that is complementary to analyte 

mass and MS/MS fragments.15, 37-41 Current retention prediction algorithms employ semi-empirical 

modelling and machine learning.15, 41 Much remains to be learned about the exact relationships 

that govern the interplay between analyte composition, conformation, and interactions with the 

stationary and mobile phases A better mechanistic understanding of analyte retention could 

streamline RPLC method optimization, improve the robustness of prediction algorithms, and aid 

in the development of novel column materials.  

Computational techniques can provide atomistic insights into a wide range of 

(bio)chemical processes. For example, Monte Carlo (MC) simulations report on the equilibrium 
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behavior of various solute/solvent systems, while molecular dynamics (MD) simulations can 

uncover both equilibrium and kinetic aspects. These computational tools have led to major 

advances in various fields.42-44 Surprisingly, the application of computer simulations to RPLC 

remain limited, despite the tremendous promise of this approach.41, 45, 46 Some MD and MC studies 

examined RP stationary phases in various solvents.47-52 Others focused on stationary phase 

interactions with short alkanes19, 53, 54 and benzene derivatives.55, 56 Computational studies of 

peptide RPLC are more challenging, owing to the relatively large size of these analytes, their 

conformational dynamics, and their chemical diversity. Consequently, only few computational 

forays into peptide RPLC have been undertaken. Those studies employed very short simulation 

time windows (tens of ns or less),57, 58 leaving major gaps in the mechanistic understanding of 

proteomic workflows. 

The current study uses microsecond MD simulations to uncover novel information on 

peptide RPLC mechanisms by probing how tryptic digestion products with different sequences 

interact with a C18 stationary phase. Rather than attempting to provide retention predictions for a 

large number of peptides, we focused on two model species with different physicochemical 

properties to examine fundamental aspects. All three stages of the RPLC process were 

investigated, i.e., peptide trapping in an aqueous mobile phase, as well as desorption, and elution 

in water/acetonitrile. The data obtained in this way provide the most detailed insights to date into 

the atomistic foundation of peptide RPLC. 

  



6 
 

Materials and Methods 

Myoglobin (Mb) was purchased from Sigma (St. Louis, MO). Sequencing grade trypsin was from 

Promega (Madison, WI). Peptides were separated on a Waters (Milford, MA) BEH C18 RPLC 

column with a nanoACQUITY LC using a linear water/acetonitrile gradient, coupled to a Waters 

Synapt G2-Si Q-TOF mass spectrometer. GROMACS 2020.459 was used for all-atom µs MD 

simulations with the CHARMM36m forcefield.60 A stationary phase for MD simulations was 

assembled using β-cristobalite as support, reflecting the prevalence of this SiO2 material (or closely 

related materials) in commercial columns45, 61 and in previous computational studies.46, 47 C18 

chains [dimethyl octadecyl silane, -Si(CH3)2(C18H37)] were grafted to every second vacant surface 

oxygen. The remaining vacant oxygens were capped with hydrogen, creating free silanol groups. 

The resulting C18 and silanol surface densities were 4.7 µmol m-2, matching typical high carbon 

loading stationary phase properties.2, 49, 51, 53, 57 Periodic boundary conditions were used to generate 

a 10 nm wide slit pore, consistent with the pore dimensions of typical porous silica RPLC 

columns.5, 62, 63 Similar slit pore geometries have been used in earlier simulations.45, 46, 54, 64 The 

number of atoms in our simulations was on the order of 105. Simulations were performed on 

commercially available “gaming” workstations with 4 or 8 core Intel CPUs (Santa Clara, CA), and 

with NVIDIA GPUs (Santa Clara, CA) that used CUDA acceleration. Wall clock times required 

for each µs simulation ranged between 10 and 21 days. Additional computational details are 

provided in Figure S1 and the associated SI text. 

Like previous RPLC simulations,19, 53-56 we did not explicitly model convective transport 

of analytes in the mobile phase, i.e., the net flow rate was zero. This is justified because average 

flow velocities in RPLC are on the order of 0.2 nm µs-1 for typical conditions with a ~66% column 
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void volume and a flow rate of 60 µL min-1,65 such that convective analyte displacement is minimal 

on the time scale of our 1 µs simulations.  

 

 

Results and Discussion 

RPLC Experiments on Tryptic Peptides. Starting point for examining the mechanism of RPLC 

peptide retention was a bottom-up analysis of the model protein myoglobin. Tryptic digests were 

separated on a C18 RPLC column using a water/acetonitrile gradient with 0.1% formic acid, 

followed by on-line ESI-MS. A typical chromatogram is shown in Figure 1A. Peptides T1-T12 

eluted as well-separated peaks at different acetonitrile concentrations, and they were identified 

based on their intact mass and MS/MS fragments (Figure 1B). 

For examining peptide-column interactions, this work focused on two peptides. Our aim 

was to select peptides of similar length, but with different physicochemical properties. We settled 

on T6 [Nt+H+GTVVLTALGGILK+Ct0]3+ (retention time 12 min, 37 s) and T7 

[Nt+GH+H+E0AE0LK+PLAQSH+ATK+Ct0]6+ (6 min, 12 s), highlighted in Figure 1 using green 

and red. These peptides have roughly the same length (14 and 17 residues), such that their retention 

differences must be related to factors other than size.66 Bold letters highlight the six highly 

nonpolar residues (Leu/Ile/Val) in T6, whereas T7 possesses only two of these nonpolar residues. 

The indicated charges on titratable side chains and termini (Nt and Ct) refer to those encountered 

in the acidic RPLC mobile phase. The resulting net charge is 3+ and 6+ for T6 and T7, respectively. 

On the basis of their charge, retention time, and amino acid composition, we will refer to T6 as 

“hydrophobic peptide”, whereas T7 will be denoted as “hydrophilic peptide”. 
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Consistent with our naming convention, T6 and T7 have the highest and the lowest summed 

Kyte-Doolittle (KD) scores, +16.4 and -18.4 (Figure 1C). KD scores are widely used for 

characterizing protein sequences,67 but they are not reliable predictors of RPLC retention (Figure 

S2).68 The reason underlying the limited predictive power of KD scores and related parameters 

such as logP2, 37, 69, 70 is that they only consider the amino acid composition, but not the peptide 

sequence, structural dynamics, or ion pairing interactions.13, 38, 71  
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Figure 1. RPLC/ESI-MS analysis of myoglobin tryptic peptides. (A) Chromatogram and gradient 
composition. (B) Myoglobin sequence (PDB 1WLA), with tryptic cleavage sites shown in yellow. 
Expected peptides > 500 Da are indicated by solid bars below the sequence. (C) Kyte-Doolittle 
(KD) hydropathy scores of all peptides, calculated by adding the hydropathy values of individual 
residues.67 The two peptides examined in subsequent MD simulations are highlighted in green (T6, 
hydrophobic peptide) and red (T7, hydrophilic peptide). 
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MD Characterization of Stationary and Mobile Phase. The MD simulations of this work 

employed a 10 nm wide slit pore built from a C18-grafted silica stationary phase (Figure 2A). Prior 

to conducting peptide RPLC simulations, we characterized the stationary and mobile phase in the 

absence of analytes. Two different mobile phases were examined in 500 ns runs, i.e., pure water, 

and a 1:1 molar mixture of water and acetonitrile. The latter contains 74% acetonitrile by volume. 

We will refer to this specific mixture as “water/acetonitrile” throughout this manuscript. 

In pure water, the solvent was evenly distributed throughout the pore (Figure 2A). The 

water concentration sharply decreased in the vicinity of the C18 chains, except for local maxima 

close to the silica surface (Figure 2B). These local maxima arise from buried H2O molecules that 

were H-bonded to silanol groups, as seen in earlier RPLC simulations.55 Water exclusion from 

most of the C18 layer can be attributed to hydrophobic packing of the alkyl chains. Nonetheless, 

local parting of the C18 chains occasionally opened up “craters” in the alkyl layer that allowed 

water protrusions to reach from the bulk all the way to the silica support. Owing to the C18 chain 

dynamics, these craters were short-lived and persisted only for tens of nanoseconds (Figure S3A). 

Filling the pore with water/acetonitrile triggered partial solvent segregation, with a ~1 nm 

layer at the C18 surface where water was depleted (Figure 2C). The water concentration increased 

with increasing distance from the C18 chains, having its maximum in the pore center (Figure 2D). 

Water depletion at the pore walls reflects the fact that alkyl chains interact more favorably with 

nonpolar molecules (acetonitrile) than with highly polar species (H2O). Similar segregation at 

nonpolar surfaces has been reported for other binary solvents.53-55 



11 
 

 
 
Figure 2. Slit pore used for RPLC simulations, prior to addition of peptides. (A) MD snapshot of 
a water-filled pore. (B) Molecular distributions for the water-filled pore. (C) MD snapshot of a 
pore filled with water/acetonitrile. (D) Molecular distributions for the water/acetonitrile-filled 
pore. C18 chains are shown in light grey, Si and O atoms of the silica support are dark grey and 
red, respectively. Water molecules are shown in blue, acetonitrile in orange. Panels A and C 
represent systems at t = 500 ns. Data in panels B and D were averaged over t = 250 to 500 ns.  
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Inspection of the ~6 nm wide center region of the pore reveals that water/acetonitrile did 

not form a homogeneous mixture here either (Figure 2C). Instead, acetonitrile was interspersed 

with a loose network of water clusters, consistent with earlier data on water/acetonitrile72 and 

water/alcohol.73-75 This microimmiscibility is caused by the tendency of H2O to maximize H-

bonding contacts. Each H2O can form up to four H-bonds with other H2O molecules,43 while 

acetonitrile can only form a single H-bond with H2O.72 H-bonding among acetonitrile molecules 

is not possible. The microimmiscibility seen in the pore center region therefore reflects a 

compromise between the opposing trends of the solvent to maximize its entropy via mixing, and 

to minimize its enthalpy via H-bond formation. 

Figure 2C/D also shows several water molecules that were buried in the C18 layer and 

hydrogen-bonded to silanol groups, as well as a few acetonitrile molecules that were interspersed 

between the alkyl chains. Similar to the water-only simulations, occasional parting of alkyl chains 

gave rise to short-lived acetonitrile-filled “craters” in the C18 layer (Figure S3B). 

Overall, the stationary and mobile phase data of Figure 2 are consistent with expectations 

and with previous studies, setting the stage for peptide RPLC simulations. The final stationary 

phase configurations generated for t = 500 ns were used as starting points of these peptide runs. 

 

Peptide Trapping. The first stage of any RPLC separation is analyte trapping on the stationary 

phase in a mobile phase with high water content.2, 13 To explore this trapping regime, our initial 

MD simulations examined peptide interactions with the C18 stationary phase in water. Three 

independent 1 µs simulations were conducted for both T6 (hydrophobic peptide) and T7 

(hydrophilic peptide). For all these runs, a single peptide was initially placed in the pore center, in 

maximum distance from the C18 chains. Peptide-stationary phase contacts were tracked using (i) 



13 
 

dMIN, i.e., the minimum distance between any peptide atom and any C18 atom, and (ii) dCOM, i.e., 

the distance between the peptide center-of-mass (COM) and the closest Si atom. The information 

provided by these two metrics is different; dMIN < 0.25 nm signifies that at least one amino acid is 

in direct van der Waals contact with a C18 chain. Conversely, dCOM indicates the overall peptide 

penetration depth into the C18 layer, keeping in mind that this layer is ~2 nm thick (Figure 2B/D).  

 In all water simulations, the peptides became trapped on the stationary phase within < 1 

µs, evident from Figure 3A/B and 3F/G. The time points when dCOM dropped to < 2 nm indicate 

how long it took the peptides to undergo quasi-irreversible binding (Figures 3B/G). These trapping 

times were shorter for the hydrophobic peptide (between 87 and 291 ns) than for the hydrophilic 

peptide (177 to 777 ns). Trapping of the hydrophobic peptide took place immediately following 

its first contact with a C18 chain (Figure 3A/B), whereas the hydrophilic peptide experienced 

several transient C18 contacts prior to trapping. Such transient contacts are exemplified by the blue 

trajectory in Figure 3F, where dMIN dipped below 0.25 nm several times prior to trapping at t = 777 

ns. Despite the variability of the triplicate simulations in Figure 3, the observed binding behavior 

confirms the expected trend where the hydrophobic peptide has a higher affinity for the C18 chains, 

promoting faster trapping than for the hydrophilic species. 

The MD snapshots of Figure 3 illustrate different stages of peptide trapping. Most of the 

initial peptide/C18 contacts were mediated by the C-terminal Lys side chains. This behavior may 

seem surprising, considering that Lys carries a positive charge. However, Lys/C18 contacts only 

involved the aliphatic region of the -CH2-CH2-CH2-CH2-NH3
+ side chains, while the charged 

amino groups remained in water contact (Figure 3C/H). It has been demonstrated previously that 

Lys can engage in hydrophobic contacts via its aliphatic region, e.g., during protein aggregation.76 

The Lys/C18 contacts seen here are consistent with those earlier data. 
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Figure 3. MD simulations of peptide trapping on the stationary phase in water. C18 chains are 
shown as grey lines, peptides as sticks, and formate as spheres. Solvent has been omitted for clarity. 
Top row: hydrophobic peptide T6. Single letter residue codes with yellow background denote 
residues in contact with C18 chains. (A) dMIN, minimum distance between any peptide atom and 
the closest C18 atom. (B) dCOM, distance between peptide center-of-mass and the closest Si atom. 
Panels A/B show three independent runs in different color. (C-E) MD snapshots depicting different 
time points of the “green” trajectory. (F-J) Same as above, but for the hydrophilic peptide T7.  
 

 Subsequent quasi-irreversible peptide trapping encompassed burial of several side chains 

into the upper third of the C18 layer. Nonpolar side chains (Leu/Ile/Val) penetrated into the 

stationary phase most deeply, whereas charged side chains and much of the peptide backbone 

retained partial contact with water (Figure 3D/E, I/J). However, the trapped peptides remained 

very dynamic, allowing some of the nonpolar side chains to transiently protrude into the aqueous 

phase (Val in Figure 3E), as well as polar groups into the C18 layer (Ct in Figure 3E). The overall 

penetration of the trapped hydrophobic peptide into the C18 layer was somewhat deeper than for 

the hydrophilic peptide, with dCOM values of 1.5 ± 0.3 nm and 1.7 ± 0.1 nm, respectively. 
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Peptide Desorption. After trapping in water (Figure 3), we examined peptide desorption in 

water/acetonitrile. Ideally, desorption simulations would explore a range of solvent mixtures with 

increasing acetonitrile content, mimicking the linear gradient used for the experiments of Figure 

1. However, the large computational cost of such simulations prompted us to examine just a single 

mixture. As noted earlier, we chose an acetonitrile content of 50/50 (mol/mol), which corresponds 

to 74% acetonitrile by volume. This composition was chosen because none of the myoglobin 

peptides were retained under these conditions (Figure 1). Six repeat simulations were conducted 

for each peptide. Representative data are depicted in Figure 4. All runs resulted in peptide 

desorption from the stationary phase within < 50 ns. For quantifying these desorption events we 

tracked how long it took for dMIN to exceed 0.5 nm (Figure 4A/F). The desorption time points 

determined in this way were 13 ± 9 ns for the hydrophobic peptide T6, and 4 ± 0.7 ns for the 

hydrophilic peptide T7. Similar to the trapping kinetics of Figure 3, these desorption data followed 

the expected trend where T6 desorbed more slowly because of its higher C18 affinity. 

 The MD snapshots of Figure 4 illustrate different time points of the desorption process. 

The initial configurations represent the trapped states produced in water, where the peptides were 

anchored in the C18 layer, predominantly via their nonpolar residues (Figure 4C/H). Desorption 

in water/acetonitrile proceeded in a stepwise fashion. Initially, charged and hydrophilic moieties 

close to the termini lifted off into the mobile phase, while hydrophobic side chains (Leu/Ile/Val, 

occasionally also Ala) remained in contact with the C18 chains (Figure 4D/I). Eventually, these 

nonpolar contacts dissociated as well, generating free peptides in solution (Figure 4E). 

It is interesting to examine the peptide solvation in water/acetonitrile during desorption. As 

discussed above (Figure 3), the trapped peptides were initially anchored in the C18 layer. The 

anchoring was primarily mediated by nonpolar side chains, while charged moieties (Nt+, His+, 
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Lys+) protruded into the solvent. When exposed to water/acetonitrile, these protruding charges 

became extensively solvated by H2O (Figure S4A/C). This solvation caused local enrichment of 

water at the sites of peptide binding, in contrast to other regions in the vicinity of the C18 chains 

that exhibited water depletion (Figure 2C/D). As noted, acetonitrile/water contains a network of 

water clusters in an acetonitrile matrix (Figure 2C). After desorption, the free peptides in this 

binary solvent tended to have their charged sites (particularly the termini) in contact with these 

water clusters (Figure S4B/D). 

 

 
 
Figure 4. MD simulations of peptide desorption from the stationary phase in water/acetonitrile, 
after initial trapping in water. The distance metrics and graphic representations correspond to those 
of Figure 3. (A-E) Hydrophobic peptide T6. (F-I) Hydrophilic peptide T7. Panels A/B and F/G 
show three independent runs for each peptide in different color. MD snapshots in panels C-E and 
H/I represent different time points of the “red” trajectories. 
 



17 
 

The data discussed thus far reveal that the different hydrophobicity of the two peptides 

translates into different trapping and desorption kinetics. Because of its more nonpolar character, 

T6 exhibited faster trapping and slower desorption than T7 (Figures 3/4). Ultimately, however, 

trapping and desorption went to completion for both peptides within less than 1 µs, i.e., on a time 

scale much shorter than the elution process (Figure 1). This implies that the MD results discussed 

thus far cannot directly explain the differential elution of the two peptides. To uncover the reasons 

underlying the retention differences between T6 and T7, the subsequent section takes a closer look 

at the peptide behavior under elution conditions. 

 

Differential Peptide Retention During Elution. During RPLC elution, the mobile phase flow 

drags analytes through the column. In the absence of analyte interactions with the stationary phase 

the analyte velocity would be identical to the solvent velocity. Separation relies on the fact that the 

analyte migration velocity is modulated by the analyte affinity to the stationary phase. Transient 

binding to C18 chains will temporarily anchor an analyte to the stationary phase, thereby lowering 

its migration velocity.3, 13, 77 The current section examines peptide-C18 interactions that are 

responsible for differential peptide migration velocities in water/acetonitrile. 

Three 1 µs runs were performed for each peptide. These “elution simulations” started with 

peptides that were positioned in the pore center. For both peptides, dCOM remained above ~2.5 nm, 

implying that most peptide atoms stayed quite far from the C18 chains during elution (Figure 

5B/F). This behavior is different from trapping in water, where dCOM rapidly dropped to < 2 nm 

(Figure 3). Importantly, the elution simulations showed major differences in the dMIN behavior of 

the two peptides. For the hydrophobic peptide T6 there were multiple incidents where dMIN dipped 

below the 0.25 min threshold, as a result of transient peptide binding to C18 chains (Figure 5A). 



18 
 

All these retentive interactions were mediated by hydrophobic side chains of Val, Leu, and Ile 

(Figure 5C/D). In contrast, the hydrophilic peptide T7 remained well separated from the stationary 

phase throughout the entire simulation time with dMIN > 0.25 (Figure 5E/G), except for a single 

brief interaction (Figure 5E/H). In contrast to the trapping simulations of Figure 3, C18/Lys 

interactions were not prevalent during elution (Figure 5). 

 

 
Figure 5. MD simulations of differential peptide retention during elution in water/acetonitrile. (A-
D) Hydrophobic peptide T6. (E-H) Hydrophilic peptide T7. Distance metrics and graphic 
representations are identical to those of Figures 3 and 4. Panels A/B and E/F show three 
independent runs for each peptide in different color. MD snapshots in panels C/D and G/H 
represent different time points of the “green” trajectories. 
 



19 
 

Because our simulations did not explicitly consider mobile phase flow, the extent of 

peptide-C18 binding was used as a qualitative proxy for the retention behavior. We calculated the 

parameter fB which represents the fraction of time that a peptide was bound to the stationary phase. 

This parameter was determined by tracking dMIN in 50 ps intervals. Time points with dMIN < 0.25 

nm were counted as “bound”, with at least one peptide atom was in van der Waals contact with a 

C18 chain. Conversely, time points where dMIN > 0.25 nm were counted as “unbound”, meaning 

that the peptide did not interact with the stationary phase, such that fB = (time bound)/(total time). 

For fB = 1 a peptide would be permanently trapped on the column, whereas fB = 0 would correspond 

to no retention.14 For the hydrophobic peptide T6, the elution simulations of Figure 5 correspond 

to fB = 0.034. In contrast, the hydrophilic peptide T7 had fB = 0.001. These MD-derived fB values 

qualitatively match the experimentally observed trend, where T6 was retained more strongly than 

T7 (Figure 1). Overall, it is remarkable that our MD strategy correctly captures key aspects of the 

RPLC process, although the absence of a solvent gradient precludes using the Figure 5 data for 

quantitative retention predictions. 

 

Ion Pairing. RPLC separations generally involve an ion pairing agent that can bind to analytes via 

electrostatic (cation-anion) contacts, thereby enhancing the retention of polar species. The basic 

properties of various ion pairing agents have been studied experimentally, but many molecular 

details remain to be uncovered.7-12 One key question is how the extent of ion pairing depends on 

the mobile phase composition. The data of this work provide insights into the behavior of formate 

which represents the most common ion pairing agent for peptide RPLC.1, 8  

Ion pairing during our RPLC simulations was tracked by monitoring peptide-formate 

distances for all atoms. For distances below a certain cut-off, the corresponding amino acid was 

considered to be ion-paired. N- and C-termini were treated separately from the corresponding 
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amino acids. The analysis was conducted with two cutoff values: 0.25 nm was used to probe direct 

van der Waals contacts. A larger cutoff of 0.5 nm served to additionally capture instances where 

formate resided in the vicinity of a charged site, but not directly bound to it (i.e., in loose “screening 

contact” with the peptide).38 None of the ion pairing contacts were permanent; instead, peptide-

formate association/dissociation events took place within tens of nanoseconds (Figure S5). The 

MD data were compiled into fIP values which represent the fraction of time that any peptide moiety 

was ion paired. A value of fIP = 1 would indicate that a residue is engaged in ion pairing all the 

time, whereas fIP = 0 represents the absence of ion pairing. Figure 6 reveals that the overall extent 

of ion pairing was larger for T7 than for T6, reflecting the higher positive charge of the hydrophilic 

peptide (6+ vs. 3+). The fIP data of Figure 6 reveal additional interesting features: 

(i) As expected, formate-peptide interactions were found predominantly at cationic sites, 

i.e., N-termini and His/Lys side chains. The four N-terminal residues showed the highest ion 

pairing propensity, reflecting the accumulation of cationic sites in these regions (two positive 

charges for T6, and three positive charges for T7). Such N-terminal ion pairing has previously 

been suggested to play an important role for the peptide retention behavior.38 

(ii) Ion pairing was less pronounced in water than in water/acetonitrile, evident from the 

fact that the fIP values in Figure 6A/B are lower than the corresponding values in Figure 6C/D. 

This trend can be attributed to the fact that H2O weakens cation/anion interactions by outcompeting 

them via ion/dipole binding, and by increasing the dielectric constant.43 Both factors are less 

pronounced in the presence of acetonitrile, a molecule with lower H-bonding propensity and a 

weaker dipole moment.72 Hence, our data reveal that the capability of formate to lower the peptide 

hydrophilicity via cation/anion binding7-12 is markedly more pronounced in water/acetonitrile than 
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in water. We conclude that ion pairing with formate is unlikely to play a major role during peptide 

trapping, where the mobile phase is mostly aqueous (Figure 3). 

(iii) The overall patterns for both cutoff values are quite similar, with 1 > fIP(0.5 nm) > 

fIP(0.25 nm). This implies that even in the absence of direct contacts, formate tends to remain in 

the vicinity of cationic sites on the peptide. 

 

 

Figure 6. Extent of ion pairing during peptide trapping in water (A, B) and during elution in 
acetonitrile/water (C, D). Panels A/C: hydrophobic peptide T6; panels B/D: hydrophilic peptide 
T7. The y-axes represent fIP, i.e., the fraction of time that peptide moieties (listed along the x-axes) 
were paired with a formate ion. fIP values were calculated for distance cutoffs of 0.25 nm (blue) 
and 0.5 nm (red). These data were derived from the trajectories of Figures 3 and 5, sampled in 0.05 
ns intervals. Error bars represent standard deviations.  
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Conclusions 

Despite the widespread use of RPLC, most existing workflows were developed using empirical 

trial and error strategies. Atomistic details of the interactions between stationary phase, mobile 

phase, and analytes have remained poorly understood for many years. The current study provides 

an in-depth molecular view of peptide RPLC using MD simulations. Standard MD force fields of 

the type employed here were designed primarily to model protein folding and dynamics in water.60 

It is a testament to the robustness of these force fields that they can also be applied to 

peptide/stationary phase interactions in mixed solvents. To the best of our knowledge, this work 

marks the first time that MD simulations successfully captured all stages of peptide RPLC, i.e., 

trapping on C18 chains in water, as well as desorption, and differential elution in water/acetonitrile. 

One of the key questions that has been discussed in the RPLC literature is whether analytes 

interact with the stationary phase via adsorption, or whether they partition into the stationary 

phase.16-20 Our peptide simulations exhibit elements of both scenarios. In contrast to small 

hydrocarbons,19, 53-56 the sheer size of tryptic peptides precludes them from completely partitioning 

into the C18 stationary phase. Nonetheless, certain parts of the peptides (the hydrophobic side 

chains of Leu/Ile/Val) were found to penetrate quite deep into the C18 layer during peptide 

trapping in water, reminiscent of a partitioning process. In contrast, peptide elution in 

water/acetonitrile proceeded with adsorption-like behavior, characterized by transient binding of 

Leu/Ile/Val side chains to C18 chains at the stationary/mobile phase interface. Peptide-C18 

association and dissociation were readily observable on the 1 µs time scale of our MD runs, 

whereas many of these dynamic events would have gone undetected in the much shorter time 

windows used for earlier RPLC simulations.57, 58   
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 Our work sets the stage for future MD simulations that will be able to assist in the 

development of improved retention prediction algorithms. We also envision that MD simulations 

will become helpful for the design of novel column materials and ion pairing agents that are 

tailored for specific applications. The computational cost of such endeavors may be quite high, but 

we are confident that ongoing improvements of computer hardware and software will help 

overcome existing hurdles in a few years’ time. In any case, the success of the current work raises 

the possibility that MD simulations will one day become an integral part of the chromatographer’s 

tool box. 
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