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Abstract 

Chirality effects on the intrinsic acidity of oligopeptides have been studied using a pair of 

stereoisomeric tripeptides containing two alanine (A) residues and either an L- or a D-cysteine, 

ACA and AdCA, where the C-terminus is amidated. The gas-phase acidities were determined by 

mass spectrometry measurements. The extended kinetic method yielded the deprotonation 

enthalpy (∆acidH) and the gas-phase acidity (∆acidG) of ACA to be 328.0 and 322.7 kcal/mol 

(1372.4 and 1350.2 kJ/mol), and of AdCA to be 327.8 and 322.4 kcal/mol (1371.5 and 1348.9 

kJ/mol), respectively. Although the quantitative difference is small, the branching ratio 

bracketing experiments clearly indicate that AdCA is a stronger gas-phase acid than ACA. 

Conformations were obtained via a step-wise conformational search, followed by geometry and 

frequency calculations at the B3LYP/6-311+G(d,p) level of theory. Theoretical gas-phase 

acidities are in good agreement with the experiments, which also suggests that AdCA is a 

stronger gas-phase acid. The enhanced acidity of the D-cysteine containing peptide is likely due 

to the adoption of a unique bent conformation upon deprotonation at the thiol group, which 

enables more favorable hydrogen bonding interactions within the peptide ion. The findings imply 

that chirality change on a single amino acid residue may have a notable effect on the biochemical 

properties of peptides.  
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D-cysteine peptide, gas-phase acidity, deprotonation enthalpy, chirality effect, kinetic method, 
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1. Introduction 

Amino acids with one stereocenter can exist in both the Dextro (D) and Levo (L) 

configurations. An overwhelmingly vast majority of proteomic code seem to have preference for 

the L-amino acid residue in protein conglomerates. Although L-amino acids are preferentially 

selected by nature as the building blocks for proteins, D-amino acids (D-AA) have been found to 

be present in all living organisms, including humans, and fulfill specific biological functions.1-3 

For example, D-amino acids have been found to play regulatory roles in bacteria cell wall 

remodeling,4 and in neurotransmission in the central nervous system in both animals and 

humans.5, 6 Often times the presence of D-amino acids is associated with a variety of disorders 

and diseases ranging from ocular complications, arteriosclerosis, to Alzheimer’s disease.7-11 

Since the isolation of the first D-amino acid containing peptide (DAACP), called dermorphin, 

from a frog skin in the early 1980s,12 different DAACPs have been discovered from nervous 

tissue of various molluscs.3, 13, 14 These peptides share an interesting common feature that only a 

single amino acid residue is in the D-form and the D-AA is most frequently located at the second 

position from the N-terminus.15 Amidation at the C-terminus is another common feature of these 

DAACPs. The single D-AA is thought to be incorporated into the peptides through post-

translational modifications, which converts the residue from the L-form to the D-form. The 

change of the configuration of the amino acid residue often modifies the biological activity of the 

peptides, and in many cases, enhances their biological functions.13 The nature of the chirality 

change and the biochemistry of the DAACPs play remain largely unknown. To gain insight into 

the biochemistry of the DAACPs, it is important to study their intrinsic chemical properties as 

compared to peptides containing all L-amino acids.  
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Various mass spectrometry based analytical studies have been carried out by other 

researchers, including qualitative and quantitative identification of peptides containing D- and L-

amino acids,16-19 structural characterization of D-amino acid-containing peptides and peptide 

oligomers,20-22 and identification and characterization of D-amino acid-containing 

neuropeptides,13, 15, 23 Other researchers have also demonstrated that tripeptides displaced varied  

gas-phase acidities when the position of the acidic residue was changed.24 An early study by 

Vaisar and co-workers shows that pentapeptide epimers displayed different proton affinities.25 

We have studied the intrinsic acid-base properties of a series of poly-alanine based oligopeptides 

containing an acidic or a basic residue as the acid-base probe.26-30 These peptides are designed to 

reflect the structural features of the protein’s active sites. For example, the cysteine-polyalanine 

series is based on the active site of the thioredixin family of enzymes that have an unusually 

acidic cysteine residue residing at the N-terminus of a helix motif.31-35 The active site cysteine 

residue is readily deprotonated under physiological conditions and the resulting thiolate is 

considered one of the most powerful nucleophiles found in proteins.36 A recent study by other 

researchers shows that incorporating a D-cysteine as opposed to an L-cysteine in a protein 

increased binding with metal ions.37 Our studies have shown that in oligopeptides, a cysteine 

residue on the N-terminus displaces a significantly greater gas-phase acidity compare to the one 

on the C-terminus.26-28 

In this study, we focus on using two stereoisomeric tripeptides as a model to examine 

how chirality change can alter the conformations and the gas-phase acidity, an intrinsic 

thermochemical property, of the peptides. As shown in Scheme 1, both peptides (ACA and 

AdCA) have an alanine (A) residue on the N- and the C-terminus, and an L- or a D-cysteine (C or 

dC) in the middle, which is effectively the second position from the N-terminus. Both peptides 
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are amidated at the C-terminus, and therefore the thiol group of the side-chain of Cys is the only 

site for deprotonation in the gas-phase. In a previous study, we briefly measured the gas-phase 

acidity of ACA.28 Because of the small structural difference between the two model peptides, the 

difference in the chemical properties could be subtle. Hence, it is important to carry out 

comparative experiments under the same conditions. In this work, ACA and AdCA are 

characterized in detail with respect to their conformational features and gas-phase acidity.  

 

Scheme 1. The stereoisomeric tri-peptides containing an L- and a D-cysteine  

 

 

 

2. Experimental and Theoretical Methods 

2.1 Peptide synthesis 

The peptides used in this study were synthesized in our laboratory following the solid-

phase peptide synthesis (SPPS) techniques.38, 39 The detailed synthesis process has been 

described in our previous publications.30 Briefly, the reactions were carried out in a semi-manual 

synthesis apparatus comprised of disposable synthesis vessels (Polypropylene reaction vessel, 

Torviq, Niles, MI) mounted onto a mechanical agitator (Model 75 Wrist-Action Shaker, Burrel 

Scientific, Pittsburgh, PA). Rink-amide resin was used as the solid support to yield the amide 

group at the C-terminus. Depending on the chirality of the Cys residue, either the Fmoc-
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Cys(Trt)-OH (Chem-Impex International Inc.,Wood Dale, IL), or Fmoc-D-Cys(Trt)-OH (Sigma-

Aldrich) was used for incorporating the Cys residue. Rink-amide resin, Fmoc-Ala, and other 

synthesis reagents were purchased from Chem-Impex International Inc., and were used without 

further purification. The synthesis reagents included O-Benzotriazole-N,N,N’,N’-tetramethyl-

uronium-hexafluoro-phosphate (HBTU), and 9-fold excess N,N-Diisopropylethylamine 

(DIPEA). The peptide was cleaved off the resin by using a cleavage cocktail (88% trifluoroacetic 

acid (TFA), 5% phenol, 5% H2O, and 2% triisopropylsilane (TIPS)). The crude product was 

purified by recrystallization from a mixture of diether ether and hexane, and then dissolved in 

HPLC-grade water. After lyophilization twice, the resulting peptides were used for mass 

spectrometry experiments. Peptide sequence was confirmed by tandem mass spectrometry 

sequence analysis.  

 

 

2.2 Mass spectrometry and parameters 

Mass spectrometry measurements were performed using a Varian 320L (Agilent 

Technologies, Santa Clara, CA) triple quadrupole mass spectrometer coupled to an electrospray 

ionization (ESI) source. Data was acquired and recorded using the Varian MS Workstation 

software package (Version 6.9). All experiments were carried out in the negative ion mode. 

Compressed air (Fresno Oxygen, Fresno, CA) was used as the nebulizing gas with a pressure of 

38.0 to 45.0 psi. Nitrogen (Ultra-High Purity, Air Products and Chemicals Inc.) was utilized as 

the drying gas with a pressure of 10.0 to 14.0 psi and a temperature of 160°C to 190 °C. The ESI 

needle voltage and the shield voltage remained at -4.5 kV and 600 V, respectively, throughout 

the experiments. The capillary voltage was around -40 to -45 V. The ion guide chamber 
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remained at about 1 mTorr and had a temperature of about 40 °C. Some experimental parameters 

(capillary voltage, nebulizer and drying gas pressures, and drying gas temperature) were further 

adjusted to maximize the precursor ion signal to at least 40 mV (instrument parameter). Ions 

generated were presumed to be thermalized within the ion guide chamber by multiple collisions 

with ~1 mTorr nitrogen gas prior to entry into the first quadrupole unit (Q1). Product ion 

analysis experiments were performed by selecting the ion of interest (the proton-bound dimer, 

based on the m/z value) in Q1 with a peak width of 1.0 to 1.2 (instrument parameter) depending 

on the ion intensity. The selected ions then entered into the quadrupole collision cell (Q2) where 

they were subjected to collision induced dissociation (CID) with argon gas. For most 

experiments, the argon gas pressure remained at 0.300 ± 0.020 mTorr. The collision energy 

ranged from 1.5 eV to 3.0 eV, in the center-of-mass frame. The center-of-mass energy (Ecm) was 

calculated using the equation Ecm=Elab[m/(M+m)], where Elab is the laboratory frame collision 

energy, m is the mass of argon, and M is the mass of the precursor ion. The dissociation product 

ions were analyzed using the third quadrupole (Q3) with a peak width up to 1.2.  

 

2.3 Branching ratio bracketing for gauging relative gas-phase acidity 

For the purpose of examining the relative gas-phase acidity of the peptides, the CID 

branching ratio bracketing experiments were carried out. A series of reference acids with known 

gas-phase acidities were selected. The reference acids as well as the peptides were dissolved 

separately into a mixed solvent of MeOH:H2O (1:1, v:v) to make stock solutions of about 10-3 M. 

A mixed solution of a peptide and a reference acid was diluted to about10-4 to 10-5 M and was 

introduced into the ion source to form a proton-bound dimer ion, [pep•H•ref]¯, where “pep” and 

“ref” represented the components of deprotonated peptide and reference acid, respectively. The 
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proton-bound dimer was isolated in Q1, fragmented in Q2 (the CID process), and analyzed in 

Q3. The CID experiments were carried out at 7 collision energies (Ecm) from 1.5 eV to 3.0 eV 

with 0.25 eV energy increments. At lower collision energies, the main fragment ions were the 

deprotonated peptide (pep¯) and the deprotonated reference acid (ref¯). At higher collision 

energies, secondary fragments occurred. The fragment ion intensities (Ipep¯ and Iref¯) were 

recorded using the selected reaction monitoring (SRM) mode continuously for 3 minutes. The 

dwell time during the SRM experiments for each selected product ion was 0.100 seconds with a 

total of forty separate scans for each product ion. Each experiment was replicated on three 

separate days and the data was averaged. Branching ratios, ln[(Ipep¯)/(Iref¯)], were obtained at all 

collision energies. Secondary fragment ions were linearly incorporated into the primary 

fragments to yield the data of Ipep¯ and Iref¯. Branching ratio plots were constructed by plotting 

ln[(Ipep¯)/(Iref¯)] against collision energy (Ecm). 

 

2.4 Extended kinetic method for gas-phase acidity determination 

 The quantitative values of the gas-phase acidity of the peptides were determined using 

the extended kinetic method (EKM). The method was introduced by Cooks and coworkers and 

was refined by other researchers.40-47 The gas-phase acidity is given by the equation, pepH  

pep¯ + H+, which can be described with the thermodynamic values of gas-phase acidity ∆acidG, 

deprotonation enthalpy ∆acidH, and deprotonation entropy ∆acidS. The EKM procedure begins 

with generating and isolating the proton-bound dimer, [pep•H•ref]¯, in the ion source and Q1, 

respectively. The proton-bound dimer undergoes the CID process (in Q2) to produce 

corresponding fragment ions, pep¯ and ref¯ (detected in Q3). The CID experiments are carried 

out at multiple collision energies, and the branching ratios, ln[(Ipep¯)/(Iref¯)], are obtained. The 
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data are analyzed using the linear relationship described in eq. (1), where ∆acidHpep and ∆acidHref 

are the deprotonation enthalpies of the peptide and the reference acid, respectively, ∆acidHavg is 

the average deprotonation enthalpy of the reference acids,45, 46 and R is the ideal gas constant. In 

this equation, Teff is the “effective temperature” of the activated proton-bound dimer.48-52 The 

term ∆(∆acidS) is the difference in deprotonation entropy between the peptide and the reference 

acid. The latter can be represented by the average deprotonation entropy of the reference acids, 

eq. (2), considering that the reference acids used are of similar structure and have similar 

deprotonation entropies.26  The values of ∆acidHpep and ∆acidSpep are directly obtained from the 

EKM. Although the exact temperature of the gas-phase ions is unknown, the value of “effective” 

gas-phase acidity at 298 K, ∆acidGpep, can be obtained from eq. (3).  

           (1) 

    (2) 

       (3) 

 

 

The data treatment involves constructing two linear thermo-kinetic plots by using eq. (1). 

First, a plot of ln([Ipep ̄ ]/[Iref ̄ ])  against  ∆acidHref  − ∆acidHavg is generated, in which the slope 

represents 1/RTeff and the y-intercept represents Y = –[(ΔacidHpep  – ΔacidHavg)/RTeff – Δ(ΔacidS)/R]. 

Next, a plot of Y (y-intercept) against (1/RTeff) is made, in which the slope represents –[(ΔacidHpep 



10 

 

– ΔacidHavg] and the y-intercept represents ∆(∆acidS)/R, where ∆(∆acidS) ≈ ΔacidSpep  – ΔacidSavg. 

Since ΔacidHavg and ΔacidSavg are known, so ΔacidHpep and ΔacidSpep can be obtained.  

The absolute uncertainty of ΔacidHavg (σavg
) was calculated as the root sum square of the 

systematic error (σ
cys

) and the random error (σ
rand

), σ
avg = √[(σ

cys
)2 + (σ

rand
)2]. Assuming that N 

number of reference acids is used and each reference acid has an uncertainty of ±2.0 kcal mol-1, 

thus, σ
cys = √2.0, σ

rand = 2.0/√N, and σ
avg = √[(√2.0)2 + (2.0/√N)2]. The uncertainty analysis was 

carried out through the linear regression for both of the thermo-kinetic plots using the 

ODRPACK program, which simultaneously calculates the uncertainties in both the x and the y 

directions.53 In the first plot, a ±2.0 kcal mol-1 was used for the x-axis and an average of ±5% 

was used for the y-axis, which was based on the variations of the measured branching ratios over 

several days. The resulting uncertainties in the slope and the y-intercept were then inputted into 

the second plot, which yielded the corresponding uncertainties σ
x
 for the term ∆acidHavg  − 

∆acidHpep and σ
y for the term ∆acidSavg  − ∆acidSpep. The final uncertainties in ∆acidHavg and ∆acidSavg 

were given by σ = √ (σ
avg

2 + σx
2) and σ = √(σ

avg
2 + σy

2), respectively.  

The source of the absolute uncertainty is mainly due to the errors associated with the 

acidity scale if the reference acids used for the measurements. For peptide systems using the 

same or comparable reference acids, the absolute uncertainties in the relative gas-phase acidities 

between the peptide systems are largely canceled out. The relative uncertainties allow for the 

comparison of the subtle acidity changes among isomeric peptides. The relative uncertainties can 

be gauged by using the standard deviations of the acidity values measured in multiple days. An 

example is given in the result section.  
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The extended kinetic method has been shown to produce precise values of 

thermochemical properties for systems involving rigid molecules for which the entropic effects 

and the reverse activation barriers are minimized.41 However, for systems involving structurally 

flexible analyte and reference compounds, entropic effects and reverse activation barriers could 

cause errors to the measured values of ion affinity.54, 55 The issues have been discussed by other 

researchers in a series of papers.46, 47, 49, 56 This problem could be reduced by carefully selecting 

reference compounds, employing as many references as possible, and measuring the branching 

ratios over a wide energy range.  

 

2.5 Computational method 

 Computations were carried out by a conformational search at low levels of theory and 

followed by geometry and frequency calculations at a high level of theory. We employed two 

approaches to search for the most possible conformations of the neutral and the charged peptides. 

The first one is the “funneling-approach” which begins with generating a large number of 

conformations and gradually filters away high energy conformations. We have used this 

approach to calculate several small peptides systems.30, 57 By using an ideal helical conformation 

as the input geometry, 100,000 possible conformations were sampled with the Merck Molecular 

Force Field (MMFF) implemented in Spartan’14 software package (Wavefunction, Irvine, 

CA).58 The 100 lowest energy conformations were retained and were subjected to PM3 semi-

empirical quantum level calculations for both geometry and frequency. The same set of 

conformations were further calculated for both geometry and frequency at the Hartree Fock (HF) 

level of theory with the 3-21G basis set to yield a better energy ladder. This step and additional 

calculations were carried out using the Gaussian 16’ suite of programs.59 The final 20 lowest 
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energy conformers were retained and were subjected to geometry and frequency calculations 

using the density functional theory (DFT) at the B3LYP/6-311+G(d,p) level. Degenerate 

structures were removed in the case of input structures converging into the same final geometry. 

For all calculations, it was ensured that every conformer had a geometry absence of an imaginary 

frequency, which implies that the true energy minimum had been reached. The calculations 

yielded the enthalpy and the Gibbs free energy (corrected to 298 K) for each conformation.  

 The second approach utilizes a new computational program called CREST (abbreviated 

from Conformer-Rotamer Ensemble Sampling Tool).60 CREST employs a new scheme for the 

generation of conformational ensembles based on direct sampling at a semiempirical quantum 

chemical level, which makes use of multiple iterative cycles involving tight binding geometry 

optimization (GFNn-xTB), metadynamic (MTD) sampling, and genetic Z-matrix crossing.61 The 

term GFNn-xTB stands for Geometry, frequency, and Noncovalent interactions-extended Tight-

Binding, which is a computational method for structural properties develop by Grimmer and co-

workers.62 Our procedure began with building the initial peptide structure with beta-sheet 

dihedral angles using the Spartan’14 software. The initial structure was sent to the CREST 

program to generate conformational ensembles with the default energy window of 6 kcal/mol. 

The ensembles consisted of 150-250 conformations for the neutral tripeptides and 40-50 

conformations for the charged peptides. All conformations in the ensembles were subjected to 

geometry optimization and frequency calculations at the B3LYP/6-311+G(d,p) level of theory to 

yield enthalpy and Gibbs free energy (corrected to 298 K). Degenerate structures were removed. 

For each neutral and charged peptide, the unique conformations obtained from both 

approaches were combined and ranked in Gibbs free energies. A set of the lowest energy 

conformations was selected to represent an individual peptide species. The first lowest energy 
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conformation was located by both approaches. Most other lowest energy conformations were 

found from the CREST conformational search. For the resulting conformations, the Boltzmann 

distribution was calculated based on the free energies. The Boltzmann probability, pi, was 

calculated using eq. (4), where εi represents the Gibbs free energy relative to the lowest energy 

conformation, R is the fundamental gas constant (1.987 × 10-3 kcal mol-1 K-1), and T is the 

temperature (298 K). The weighted average enthalpy (Havg) and free energy (Gavg) were 

calculated using eq. (5), where pi is the Boltzmann probability, and Hi and Gi are the enthalpy 

and free energy of individual conformation, respectively. The values of the weighted average 

were then used to calculate the theoretical deprotonation enthalpy (∆acidHpep) and the gas-phase 

acidity (∆acidGpep), by using the isodesmic proton transfer reaction shown in eq. (6), where pepH 

and refH represent the peptide and the reference acid, respectively. The reference acid used for 

the ACA/AdCA systems was ethanethiol (CH3CH2SH) with reported deprotonated enthalpy of 

355.7 ± 2.1 kcal/mol and gas-phase acidity of 348.9. ± 2.0 kcal/mol.63, 64 

p
i
= 

exp(-εi/RT)

∑ exp(-εi/RT)
 

          (4)    

𝐻𝑎𝑣𝑔 =∑(𝑝𝑖𝐻𝑖) 

𝐺𝑎𝑣𝑔 =∑(𝑝𝑖𝐺𝑖) 

       (5) 

    (6) 
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3. Results 

3.1 Relative gas-phase acidity by branching ratio bracketing 

 The relative gas-phase acidity between the two stereoisomeric peptides was gauged by 

performing the CID branching ratio bracketing experiments against the same set of references 

acids. The resulting branching ratios, ln(Ipep‾/Iref‾), provide a direct comparison of the relative 

degree of acidity between the two peptides. The higher or more positive value of a branching 

ratio indicates a greater gas-phase acidity of the peptide. Seven reference acids with the 

deprotonation enthalpy ranging from 328.4 – 337.0 kcal/mol (1374.0 – 1410.0 kJ/mol) were 

chosen for this study. The reference acids along with relevant thermochemical data are listed in 

Table 1. These compounds are halogen or cyano group substituted small carboxylic acids. The 

carboxyl group is the deprotonation site for a proton-bound dimer formation with the side-chain 

thiol group of a peptide. The CID branching ratio for each proton-bound dimer was measured at 

7 collision energies from 1.50 – 3.0 eV (Ecm). The resulting seven sets of branching ratio are 

plotted in seven graphs, and are shown in Figure 1. The data take into account the secondary 

fragments resulting from the loss of H2S (34 u) and the CO2 (44 u) from the peptide and the 

reference acid ions, respectively. In each set, the plots of both peptides against a single reference 

acid appear to be parallel. In all sets, the plots of AdDA are higher than those of ACA. The 

higher branching ratio of AdCA indicates that AdCA is a stronger gas-phase acid than ACA. A 

positive, negative, or near zero value of the branching ratio indicates that the ion abundance ratio 

(Ipep‾/Iref‾) would be greater than one, less than one, or near one. The positive branching ratios 

with using 2CPA, 2BPA, MCA, and MBA as the reference acids suggest that both peptides have 

an apparent gas-phase acidity greater than the reference acids. While the negative branching 

ratios with DCA indicate that both peptides are apparently a weaker gas-phase acid than DCA. 
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Lastly, the branching ratios with DFA and CYA are closer to zero, suggesting that both peptides 

have an acidity comparable to these two reference acids.   

 Table 1. Reference acids used for the acidity measurements 

Reference Acid ∆acidHref
a  

kcal mol-1 

∆acidGref
a 

kcal mol-1 

∆acidSref
b 

kcal mol-1K-1 

2-Chloropropionic Acid (2CPA) 337.0 330.4 22.1 

2-Bromopropionic Acid (2BPA) 336.8 329.8 23.5 

Chloroacetic Acid (MCA) 336.5 329.0 25.2 

Bromoacetic Acid (MBA) 334.8 328.2 22.1 

Difluoroacetic Acid (DFA) 331.0 323.8 24.2 

Cyanoacetic Acid (CYA) 330.3 323.7 22.1 

Dichloroacetic Acid (DCA) 328.4 321.9 21.8 

Average (avg)c 333.5 326.7 23.0 

 
a Values of ∆acidHref and ∆acidGref are taken from database in the NIST Chemistry WebBook.63 

The average uncertainty is assumed to be ±2.0 kcal mol-1 K-1.    

 
b Values of ∆acidSref are calculated from ∆acidHref and ∆acidGref using the relationship ∆G = ∆H 

–T(∆S), where T = 298 K. The average uncertainty is assumed to be ±2.0 cal mol-1 K-1. 

 
c Values are arithmetic average, where ∆acidHavg = 333.5 kcal/mol and ∆acidSavg = 23.0 cal/mol 

K. 
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Figure 1. Plots of CID branching ratios (ln[(Ipep¯)/(Iref¯)]) against collision energies (Ecm) for the 

dissociation of the proton-bound dimers of the two peptides with seven reference acids. The 

reference acids are shown in Abbreviations in the seven graphs. Data were collected at 7 

collision energies from 1.5-3.0 eV (Ecm). Each graph shows the branching ratio plots for the two 

peptides against a single reference acid, where the plot with blue triangles is for ACA and the 

plot with red squares is for AdCA.  

 



17 

 

3.2 Gas-phase acidity by the extended kinetic method 

The quantitative values of the deprotonation enthalpy (∆acidHpep) for the two peptides were 

determined using the extended kinetic method (EKM). The CID product ion branching ratios of 

the two peptides against the seven reference acids are shown in Table 2. The collision energies 

used in these experiments were from 1.5 – 3.0 eV (Ecm). At lower collision energies, the data 

were scatted, and at higher collision energies, the data were skewed by secondary and tertiary 

fragmentations. The thermo-kinetic plots of ln([Ipep ̄ ]/[Iref ̄ ])  against  ∆acidHref  − ∆acidHavg are 

shown in Figure 2a. Linear regression of the plots yielded the slope of 1/RTeff and the y-intercept 

of Y = –[(ΔacidHpep  – ΔacidHavg)/RTeff – Δ(ΔacidS)/R]. The resulting values are presented in Table 

3. These values were used to construct the thermo-kinetic plots of Y against 1/RTeff, shown in 

Figure 2b. Linear regression of the plots yielded the slope corresponding to the term ∆acidHavg  − 

∆acidHpep and y-intercept corresponding to the term (∆acidSpep  − ∆acidSavg)/R, also shown in Table 

3. Using the values of ∆acidHavg and ∆acidSavg shown in Table 1, ∆acidHpep for ACA and AdCA were 

determined to be be 328.0 ± 2.2 kcal/mol (1372.4 ± 9.2 kJ/mol) and 327.8 ± 2.2 kcal/mol (1371.5 

± 9.2 kJ/mol), and ∆acidSpep were determined to be 17.7 ± 2.7 and 18.1 ± 2.7 cal/mol K (74.1 ± 

11.3 and 75.7 ± 11.3 J/mol K), respectively, shown in Table 4. Finally, the gas-phase acidities in 

the form of free-energy (∆acidGpep, eq. (3)), were determined to be 322.7 ± 2.2 kcal/mol (1350.2 ± 

9.2 kJ/mol) and 322.4 ± 2.2 kcal/mol (1348.9 ± 9.2 kJ/mol), respectively, also shown in Table 4.  

Notice that the errors assigned to the thermochemical values are the absolute 

uncertainties. The absolute uncertainties are mainly due to the errors associated with the gas-

phase acidity scale of the reference acids. Since the same set of reference acids was used for the 

two peptide systems, the uncertainties in the relative gas-phase acidities between the two peptide 

systems are largely canceled out. Using the statistical analysis of standard deviation of the 
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experimental data measured in multiple days, the relative uncertainty of the thermochemical 

values was estimated to be ±0.1 kcal/mol (0.4 kJ/mol). An example is shown in Table S1.  

 

 

Figure 2: Thermo-kinetic plots for the two peptide systems, ACA and AdCA. a) Plots of ln([Ipep ̄ 

]/[Iref ̄ ])  against  ∆acidHref  − ∆acidHavg., and b) Plots of Y = –[(ΔacidHpep  – ΔacidHavg)/RTeff – 

Δ(ΔacidS)/R] against 1/RTeff. Data were collected at seven collision energies from 1.5 – 3.0 eV 

(Ecm). 
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Table 2: The CID branching ratios of ACA and AdCA against seven reference acids at seven 

collision energies 

  Collision Energy (Ecm) 

Peptide Reference  

Acid 

1.50 

eV 

1.75 

eV 

2.00 

eV 

2.25 

eV 

2.50 

eV 

2.75 

eV 

3.00 

eV 

ACA 2CPA 4.72 4.31 4.06 3.82 3.66 3.52 3.42 

 2BPA 3.87 3.55 3.28 3.09 2.99 2.87 2.79 

 MCA 4.21 3.81 3.50 3.24 3.05 2.93 2.84 

 MBA 3.53 3.25 2.97 2.74 2.60 2.43 2.31 

 DFA -0.46 -0.62 -0.70 -0.79 -0.83 -0.86 -0.86 

 CYA -0.01 -0.12 -0.15 -0.17 -0.14 -0.06 0.04 

 DCA -2.93 -3.01 -3.08 -3.12 -3.17 -3.18 -3.15 

         

AdCA 2CPA 5.12 4.70 4.31 4.05 3.84 3.65 3.51 

 2BPA 4.69 4.30 3.94 3.69 3.52 3.32 3.22 

 MCA 4.61 4.15 3.78 3.49 3.28 3.12 2.98 

 MBA 4.06 3.65 3.33 3.10 2.91 2.75 2.62 

 DFA -0.01 -0.21 -0.33 -0.43 -0.50 -0.53 -0.54 

 CYA 0.29 0.16 0.09 0.07 0.11 0.17 0.28 

 DCA -2.39 -2.52 -2.60 -2.67 -2.72 -2.74 -2.73 
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Table 3: Values resulting from linear regression of two sets of thermo-kinetic plots for the ACA 

and AdCA systems 

 

  Collision Energy (Ecm) 

  1.50 eV 1.75 eV 2.00 eV 2.25 eV 2.50 eV 2.75 eV 3.00 eV 

ACA 1/RTeff
a 

0.81  

± 0.07 

0.78  

± 0.07 

0.72  

± 0.08 

0.72  

± 0.07 

0.70  

± 0.07 

0.68  

± 0.08 

0.66  

± 0.08 

 

Ya 

1.85  

± 0.23 

1.59  

± 0.23 

1.22  

± 0.25 

1.26  

± 0.24 

1.16 

 ± 0.24 

1.09  

± 0.25 

1.05  

± 0.26 

 ∆(∆acidH)b 5.53 ± 0.44 

 (∆(∆acidS)/Rb -2.70 ± 0.32 

 (∆(∆acidS) -5.36 ± 0.64 

         

AdCA 1/RTeff
a
 

0.83  

± 0.06 

0.79  

± 0.06 

0.72  

± 0.07 

0.72 

 ± 0.06  

0.69  

± 0.07 

0.67 

 ± 0.07 

0.65  

± 0.07 

 

Ya 

2.34  

± 0.19  

2.03  

 ± 0.19 

1.56  

± 0.22 

1.61  

± 0.21 

1.49  

± 0.22 

1.39  

± 0.23 

1.33 

± 0.24 

 ∆(∆acidH)b 5.74 ± 0.45 

 (∆(∆acidS)/Rb -2.48 ± 0.33 

 (∆(∆acidS) -4.92 ± 0.65 

 
a Results from the first set of the thermo-kinetic plots. The slope is represented by 1/RTeff, and 

the y-intercept is represented by Y = -[(ΔacidHpep - ΔacidHavg) /RTeff – (∆(∆acidS)/R]. 

 
b Results from the second set of the thermo-kinetic plots. The slope is represented by ∆(∆acidH) = 

∆acidHavg  − ∆acidHpep, and the y-intercept is represented by (∆(∆acidS)/R = (∆acidSpep  − ∆acidSavg)/R. 
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Table 4: Summary of the thermochemical values obtained from experimental and computation 

for ACA and AdCA 

Peptide ∆acidHpep
a 

kcal/mol 

(kJ/mol)d 

∆acidGpep
b 

kcal/mol 

(kJ/mol)d 

∆acidSpep
a 

cal/mol K 

(J/mol K)d 

∆acidHcalc
c 

kcal/mol 

(kJ/mol)d 

∆acidGcalc
c 

kcal/mol 

(kJ/mol)d 

ACAe 

328.0 ± 2.2 

(1372.4 ± 9.2)d 

322.7 ± 2.2 

(1350.2 ± 9.2)d 

17.7 ± 2.7 

(74.1 ± 11.3)d 

327.2 

(1369.0)d 

321.3 

(1344.3)d 

AdCAe 

327.8 ± 2.2 

(1371.5 ± 9.2)d 

322.4 ± 2.2 

(1348.9 ± 9.2)d 

18.1 ± 2.7 

(75.7 ± 11.3)d 

326.7 

(1366.9)d 

319.8 

(1338.0)d 

 
a Values determined using the extended kinetic method. 
b Values obtained using eq. (3) where T = 298 K. 
c Values obtained using eq. (6) based on the Boltzmann averaged enthalpies and free energies of 

the lowest energy conformations, where the energetics of the conformations were calculated at 

the B3LYP/6-311+G(d,p) level of theory. 
d Values in parenthesis are in kJ/mol or J/mol K, respectively.  
eThe relative uncertainty in the thermochemical values was estimated to be ±0.1 kcal/mol (±0.4 

kJ/mol). 

 

 

3.3 Computational results 

A conformational search was carried out via two ways, the step-wise funneling approach 

(using the MMFF force field for initial conformational search) and the CREST computational 

procedure. The conformations generated by both methods were subjected to geometry and 

frequency calculations using the density functional theory (DFT) at the B3LYP/6-311+G(d,p) 

level. The resulting conformations were combined and degenerate ones were removed. For each 

peptide species, the 10 lowest energy conformations with unique geometric features were 

selected as the final set of conformations. The free energies associated with the conformations 

were used to rank them on the energy ladder. The results are summarized in Table 5, Table S2, 

and Figure S1. The symbols N1-N10 and N1’-N10’ indicate the conformations of the neutral 
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peptides ACA and AdCA, respectively, with 1 and 1’ having the lowest free energy. Similarly, 

the symbols A1-A10 and A1’-A10’ indicate the conformations of the deprotonated peptides 

[ACA-H]¯ and [AdCA-H]¯, respectively. The conformations located via one or both approaches 

are indicated in Table S2. The two lowest-energy conformations for each peptide species are 

shown in Figure 3, where the dashed lines indicate hydrogen-bonding interactions between the 

negatively charged sulfur atom and the nearby N-H groups, and the values indicate the distance 

between the sulfur and the hydrogen atoms. Apparently, both neutral peptides adopt “coiled” 

conformations, while the shape for AdCA appears to be more compact. The lowest energy 

conformations of [ACA-H]¯ appear to be “linear” with two hydrogen-bonding interactions, and 

of [AdCA-H]¯ appear to be “bent” with three hydrogen-bonding interactions.  
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Figure 3: The two lowest energy conformations of the neutral and deprotonated peptides, where 

N1 and N2 for ACA, N1’ and N2’ for AdCA, A1 and A2 for [ACA-H]¯, and A1’ and A2’ for 

[AdCA-H]¯. The chiral center of the Cys residue is indicated with “*”. The dashed lines indicate 

hydrogen-bonding interactions and the values (Å) indicate the distance between the sulfur and 

the hydrogen atoms involved in the hydrogen bonds. 
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The calculated energetic values for all 10 conformations of each peptide species are listed 

in Table S2, which includes the enthalpy/free energy, relative enthalpy/free energy, weighted 

average of enthalpy/free energy, and the Boltzmann probability. A summary of the relative 

energetic values and Boltzmann probability is shown in Table. 5, where the conformations are 

ranked in free energy. For each peptide species, the first conformation is assigned as the 

reference with 0.0 kcal/mol in free energy. The relative free energies of other conformations are 

calculated accordingly. The relative enthalpies associated with the set of conformations are listed 

according to the rank for their free energies. The Boltzmann probabilities for each set of 

conformations are calculated based on free energies using eq. (4). The energetic data show that 

both neutral peptides have the 10 conformations within 1.5 kcal/mol in free energy. The lowest 

energy conformation contributes about 30% to the population. The second and third 

conformations contribute 30-35%. While for the deprotonated peptides, the 10 conformations 

span a wider energy range of about 3.0-5.0 kcal/mol. The lowest energy conformation 

contributes 78% to [ACA-H]¯  and 97% to [AdCA-H]¯.  

The weighted average of enthalpy (Havg) and free energy (Gavg) associated with the 10 

conformations were calculated using eq. (5). The results are shown at the bottom of each set of 

the conformations in Table 5. In order to compare the relative stability between the L-cysteine 

and the D-cysteine peptides, the relative enthalpy (Rel. Havg) and free energy (Rel. Gavg) were 

calculated using the weighted average of enthalpy and free energy, respectively. As shown in 

Table 5, the two neutral peptides, ACA and AdCA, have about the same enthalpy and free 

energy (within 0.4 kcal/mol). While [AdCA-H]¯ has a lower enthalpy (by 1.0 kcal/mol) and a 

lower free energy (by 1.5 kcal/mol) than [ACA-H]¯, suggesting that [AdCA-H]¯ is more stable. 
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The weighted average of enthalpy and free energy were used to calculate the 

deprotonation enthalpy and the gas-phase acidity of the peptides. Ethanethiol (CH3CH2SH, 

∆acidH = 355.7 kcal/mol, ∆acidG = 348.9 kcal/mol)63 was used as the reference acid. The 

calculated enthalpy and free energy of the neutral and deprotonated enthanethiol are shown in 

Table S2. By using eq. (6), the values of the deprotonation enthalpy (∆acidHcalc) and the gas-phase 

acidity (∆acidGcalc) were calculated to be 327.2 and 321.3 kcal/mol (1369.0 and 1344.3 kJ/mol) 

for ACA, and 326.7 and 319.8 kcal/mol (1366.9 and 1338.0 kJ/mol) for AdCA, respectively. The 

values are in good agreement with the results from the experiments, shown in Table 4.  
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Table 5: Summary of calculated energetics and Boltzmann distributions of the conformations 

obtained for ACA and AdCA 

 

Conf. ∆Ha ∆Ga Pi (%)b Conf. ∆Ha ∆Ga Pi (%)b 

ACA    [ACA-H]¯    

N1 0.0 0.0 30.0% A1 0.0 0.0 78.2% 

N2 -1.9 0.1 25.1% A2 1.7 1.3 9.5% 

N3 -0.4 0.6 10.5% A3 1.8 1.8 3.6% 

N4 -0.6 0.8 8.0% A4 2.9 2.1 2.2% 

N5 -0.1 0.9 6.1% A5 2.6 2.2 1.9% 

N6 0.1 1.1 5.0% A6 3.0 2.3 1.7% 

N7 -0.1 1.1 4.7% A7 3.9 2.3 1.6% 

8N  1.9 1.2 3.9% A8 4.1 2.9 0.6% 

N9 1.2 1.2 3.9% A9 2.7 3.1 0.5% 

N10 1.8 1.4 2.8% A10 4.8 3.2 0.4% 

Havg
c -1196.6968   Havg

c -1196.1807   

Gavg
c -1196.7685  Gavg

c -1196.2498  

Rel. Havg
d 0.0  Rel. Havg

d 0.0  

Rel. Gavg
d 0.0   Rel. Gavg

d 0.0   

AdCA    [AdCA-H]¯    

N1’ 0.0 0.0 31.9% A1’ 0.0 0.0 97.5% 

N2’ 0.5 0.2 21.4% A2’ 2.8 2.5 1.4% 

N3’ 1.6 0.7 10.6% A3’ 2.6 3.0 0.6% 

N4’ 2.1 0.8 8.0% A4’ 4.0 3.8 0.2% 

N5’ 3.0 0.9 7.3% A5’ 4.1 3.9 0.1% 

N6’ 2.1 0.9 6.5% A6’ 3.4 4.2 0.1% 

N7’ 1.6 1.2 4.4% A7’ 4.7 4.3 0.1% 

N8’ 2.3 1.2 3.9% A8’ 4.6 4.6 0.0% 

N9’ 1.7 1.3 3.4% A9’ 5.2 5.1 0.0% 

N10’ 2.0 1.5 2.6% A10’ 5.4 5.3 0.0% 

Havg
c -1196.6975   Havg

c -1196.1823   

Gavg
c -1196.7684  Gavg

c -1196.2522  

Rel. Havg
d -0.4  Rel. Havg

d -1.0  

Rel. Gavg
d 0.1   Rel. Gavg

d -1.5   

 
a Values (kcal/mol) obtained from calculations at the B3LYP/6-311+G(d,p) level of theory. 
b Boltzmann probability calculated using eq. (4). 
c Weighted average of enthalpy and free energy (Hartree) of the 10 conformations calculated 

using eq. (5), where the values of enthalpy and free energy for all conformations are shown in 

Table S2. 
d Relative enthalpy and free energy (kcal/mol) between ACA and AdCA, and between [ACA-

H]¯ and [AdCA-H]¯, calculated using the weighted average of Havg and Gavg, respectively.
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4. Discussion  

 The CID branching ratio bracketing results shown in Figure 1 suggest that AdCA is a 

stronger gas-phase acid than ACA. Quantitatively, AdCA is more acidic than ACA by about 0.3 

kcal/mol (1.3 kJ/mol) determined by using the extended kinetic method. As shown in Table 4, 

the gas-phase deprotonation enthalpies of ACA and AdCA are measured to be 328.0 ± 2.2 

kcal/mol (1372.4 ± 9.2 kJ/mol) and 327.8 ± 2.2 kcal/mol (1371.5 ± 9.2 kJ/mol), respectively, and 

the corresponding gas-phase acidities are 322.7 ± 2.2 kcal/mol (1350.2 ± 9.2 kJ/mol) and 322.4 ± 

2.2 kcal/mol (1348.9 ± 9.2 kJ/mol), respectively. The theoretical predictions agree with the 

experiments. Also shown in Table 4, the calculated deprotonation enthalpy and free energy of 

AdCA are 0.5 kcal/mol (2.1 kJ/mol) and 1.5 kcal/mol (6.3 kJ/mol) lower than those of ACA, 

suggesting AdCA to be a stronger gas-phase acid. Although the quantitative difference is small, 

both experiments and calculations clearly show that converting the cysteine residue from the L-

form to the D-form enhances the gas-phase acidity.  

 Since the gas-phase acidity is associated with both the neutral and the charged form of a 

peptide, changing in the energy (stability) of either form could cause the perturbation in the 

acidity. As indicated by the values of relative free energy (Rel. Gavg) shown in Table 5, ACA and 

AdCA have a comparable energy or stability, while [AdCA-H]¯ is lower in energy than [ACA-

H]¯ by 1.5 kcal/mol, suggesting that the energy difference in the deprotonated peptides is the 

main contribution to the difference in the gas-phase acidity. In other words, the higher stability 

of [AdCA-H]¯ is the main source of the grater gas-phase acidity of AdCA. The same conclusion 

can be obtained by comparing the values of the relative enthalpy (Rel. Havg). Our previous 

studies about isomeric di-and tripeptides also show that the difference in the gas-phase acidities 
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or proton affinities is mainly come from the relative stabilities of the charged molecules in the 

form of deprotonated or protonated peptides, respectively.28, 30  

 The relative stability of the peptides is reflected in the structural features. As shown in 

Figure 3, the neutral peptides are all adopted “coiled” or “folded” conformations, although the 

shape of AdCA appears to be more compact. This may explain the similarity in enthalpy and free 

energy of the two peptides. The conformational features of the deprotonated peptides are quite 

different from those of the neutral ones. The lowest energy conformations of [ACA-H]¯ appear 

to be “extended” or “linear” with two main S---H-N hydrogen bonds. The lowest energy 

conformations of [AdCA-H]¯ appear to be “bent” with three main S---H-N hydrogen bonds. The 

bent conformation allows for more hydrogen-bonding interactions between the negatively 

charged sulfur atom and the N-H groups, which ultimately stabilizes the charged peptide. 

Stabilization of deprotonated peptides due to adopting a more compact conformation was also 

observed in di- and tripeptides in our previous studies.28  

 The results from this study suggest that changing the chirality at the cysteine residue 

alters the conformation as well as the stability of the peptide ions upon deprotonation. While the 

alteration is subtle in the small model peptides, the chirality effect could be magnified in longer 

peptides or in biological systems where the cysteine residue is a part of the active site motif. One 

example is a recent study of incorporating a D-cysteine into a metalloprotein, which results in 

enhanced binding to metal ions.37 In this case, the side-chain of the D-cysteine is pre-organized 

into a suitable geometry which allows a more efficient binding to a metal ion. Although the 

results from the current study do not directly explain the enhanced biological activity of D-AA 

containing peptides, such as those isolated from molluscs,13 the findings show that incorporating 
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a single D-AA into a peptide could modify the chemistry as well as the biochemistry of the 

peptide. 

 

5. Conclusions 

The gas-phase acidities and conformations of two stereoisomeric tripeptides containing a 

D/L-cysteine, ACA and AdCA, have been studied experimentally and computationally. The CID 

branching ratio bracketing experiments clearly show that AdCA is a stronger gas-phase acid than 

ACA. Using the extended kinetic method, the gas-phase deprotonation enthalpies (∆acidH) of the 

ACA and AdCA have been determined to be 328.0 ± 2.2 kcal/mol (1372.4 ± 9.2 kJ/mol) and 

327.8 ± 2.2 kcal/mol (1371.5 ± 9.2 kJ/mol), respectively. The corresponding gas-phase acidities 

(∆acidG) have been determined to be 322.7 ± 2.2 kcal/mol (1350.2 ± 9.2 kJ/mol) and 322.4 ± 2.2 

kcal/mol (1348.9 ± 9.2 kJ/mol), respectively, with the difference of 0.3 kcal/mol (1.3 kJ/mol) in 

favor of AdCA. Computational studies indicate that the stronger acidity in AdCA is mainly due to 

the higher stability of the peptide ion, [AdCA-H]¯. The lowest energy conformations of [AdCA-

H]¯ appears to be “bent”, while of [ACA-H]¯ appear to be “linear”. The bent conformation 

allows more efficient hydrogen-bonding interactions between the negatively charged thiolate 

group (S¯) and the vicinal N-H groups within [AdCA-H]¯, which stabilizes the ion. The study 

shows that the chirality change at a single amino acid residue can alter the intrinsic chemistry of 

oligopeptides. The chirality effect could be magnified in longer peptides and in proteins, 

especially if the unique amino acid is located at the active sites. 
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Supporting Information Description  

Sample analysis of standard deviation of the experimental gas-phase acidity values is 

given in Table S1. Summaries of the calculated energetic values for the ACA and AdCA systems 

are given in Tables S2a and S2b. Four sets of the 10 lowest energy conformations in the ZYZ 

format corresponding to neutral and deprotonated peptides are given in Figures S1(a-d).  
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