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The gas-phase acidities of four cysteine-polyalanine peptides, A3,4CSH and HSCA3,4, were determined using
the extended Cooks kinetic method with full entropy analysis. A triple-quadrupole mass spectrometer with
an electrospray interface was employed for the experimental study. The ion activation was achieved via
collision-induced dissociation (CID) experiments. The deprotonation enthalpies (∆acidH) of the peptides were
determined to be 332.2 ( 2.0 kcal/mol (A3CSH), 325.9 ( 2.0 kcal/mol (A4CSH), 319.3 ( 3.0 kcal/mol
(HSCA3), and 319.2 ( 4.0 kcal/mol (HSCA4). The deprotonation entropies (∆acidS) of the peptides were
estimated based on the entropy term (∆(∆S)) and the deprotonation entropies of the reference acids. By using
the deprotonation enthalpies and entropies, the gas-phase acidities (∆acidG) of the peptides were derived:
325.0 ( 2.0 kcal/mol (A3CSH), 320.2 ( 2.0 kcal/mol (A4CSH), 316.3 ( 3.0 kcal/mol (HSCA3), and 315.4
( 4.0 kcal/mol (HSCA4). Conformations and energetic information of the peptides were calculated through
simulated annealing (Tripos), geometry optimization (AM1), and single-point energy calculations (B3LYP/
6-31+G(d)), respectively. The calculated theoretical deprotonation enthalpies (∆acidH) of 334.2 kcal/mol
(A3CSH), 327.7 kcal/mol (A4CSH), 320.6 kcal/mol (HSCA3), and 318.6 kcal/mol (HSCA4) are in good
agreement with the experimentally determined values. Both the experimental and computational studies suggest
that the two N-terminal cysteine peptides, HSCA3,4, are significantly more acidic than the corresponding
C-terminal ones, A3,4CSH. The high acidities of the former are likely due to the helical conformational effects
for which the thiolate anion may be strongly stabilized by the interaction with the helix macrodipole.

Introduction

The acidities of amino acid residues are among the most
important thermochemical properties that influence the struc-
tures, the reactivity, and the folding-unfolding processes of
proteins.1,2 Individual amino acid residues often exhibit different
acidities depending on their location in proteins. In particular,
the residue located at or near the N-terminus of a helix is often
more acidic than that at or near the C-terminus.3,4 An example
is the cysteine residue residing in the active sites of the
thioredoxin superfamily of enzymes.5,6 This family of enzymes
catalyzes the reduction of the disulfide bonds in proteins.7 The
active site of the enzymes has a helix loop, and the cysteine
residue (the thiol group, SH) located at the N-terminus of the
helix is extremely acidic with pKa values ranging from 3.5 to
6.7, significantly lower than those in unfolded proteins or an
isolated cysteine (pKa ∼ 8.5).8-10 One possible factor causing
the unusual acidity of the N-terminal cysteine may come from
the interaction of the ionized cysteine (the thiolate anion) with
the helix macrodipole.11-13 There have been extensive experi-
mental studies on the acid-base properties of helical peptides
reported in the literature. However, these studies were all carried
out in aqueous solutions.4,14-16 The results were often compli-
cated by solvent effects.15 In fact, most of the active sites in
proteins are located near the interior region where solvent effects
are minimized.1,17 For these reasons, studies of the conforma-
tional effects on acid-base properties of peptides in a solvent-
free environment are of great importance.

The acidities of amino acid residues also play important roles
in the gas-phase ion chemistry of peptides and proteins,
including the ion intensities of negative ions in different
ionization processes, the fragmentation mechanisms under
tandem mass spectrometry (MS/MS) conditions, and hydrogen/
deuterium exchange patterns. A recent study shows that the ion
intensities of the negative ions of amino acids and peptides from
fast atom bombardment (FAB), matrix-assisted laser desorption
ionization (MALDI), and electrospray ionization (ESI) are
tightly correlated to the gas-phase acidities.18 Extensive inves-
tigations of peptide fragmentation mechanisms suggest that
protonated peptides preferentially cleave at the peptide bond
C-terminal to acidic residues.19-23 Similarly, acidic residues often
have strong effects on the fragmentation pathways of negatively
charged peptides. Favored cleavages often occur at the peptide
bond adjacent to acidic residues.24-27 Interestingly, sodiumated
or copperated peptides also exhibit selective cleavage adjacent
to acidic residues.28,29 In addition, the presence of strongly acidic
amino acid residues has a dramatic impact on the observed
hydrogen/deuterium exchange patterns of charged gas-phase
peptides and proteins, presumably due to conformation
changes.30,31

Despite the importance of the acidic amino acid residues in
peptides and proteins, knowledge of the quantitative information
of the gas-phase acidities of amino acid residues is very limited.
The gas-phase acidities of isolated amino acids and simple
derivatives have been determined experimentally using different
gas-phase techniques.32-40 Recent studies provided conflicting
results regarding the relative acidities of the two acidic groups
in cysteine. Results from photoelectron spectroscopy and gas-
phase hydrogen-deuterium exchange experiments show that the
thiol group (SH) is more acidic than the carboxyl group
(CO2H).36,41 On the other hand, gas-phase infrared multiple

* Corresponding author. E-mail: jren@pacific.edu. Phone: 209-946-2393.
Fax: 209-946-2607.

† University of the Pacific.
‡ University of California, Los Angeles, Dental School Graduate Program.
§ Lincoln High School, Stockton, California.

J. Phys. Chem. A 2009, 113, 10903–10912 10903

10.1021/jp903594a CCC: $40.75  2009 American Chemical Society
Published on Web 09/15/2009

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

T
H

E
 P

A
C

IF
IC

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 S

ep
te

m
be

r 
15

, 2
00

9 
| d

oi
: 1

0.
10

21
/jp

90
35

94
a



photon dissociation (IRMPD) experiment suggest that the
deprotonation site is the carboxyl group and not the thiol group.42

For peptides, only a few apparent acidities had been examined
to date.43

In connection with the investigations of the conformational
effects on the gas-phase acidities of peptides, we have studied
a series of cysteine-polyalanine peptides via mass spectrometry
measurements and computational studies. We have previously
reported the determination of the gas-phase acidities of two
oligo-cysteine-polyalanine peptides, Cys-(Ala)3,4 (HSCA3,4).44

Due to scattered data points in some experiments, we assigned
a relatively large uncertainty. For this study, we remeasured
the acidities of these two peptides by extending the number of
repeating measurements and an improved data analysis proce-
dure. In addition, we performed computational studies by
modeling the conformations of the neutral and the ionized
peptides and by calculating the theoretical acidities. To examine
the peptide sequence effect on the observed acidity, we also
studied two C-terminal cysteine analogues, (Ala)3,4-Cys
(A3,4CSH), using similar procedures. In all these peptides, the
C-termini are amidated to avoid the complication by the
C-terminal carboxyl group. The acidities are referred to those
of the thiol group (SH) of the cysteine residue. In this paper,
we report the studies of these four peptides both experimentally
and computationally.

Experimental Methods

The gas-phase acidity of an acid (AH), ∆acidG(AH), is defined
as the Gibbs free energy change of the deprotonation reaction
(generally at 298 K), AH f A- + H+. The deprotonation
entyalpy of AH, ∆acidH(AH), is the enthalpy change of the same
deprotonation reaction. The deprotonation entropy of AH is the
entropy change of the reaction, ∆acidS(AH) ) S(A-) + S(H+)
- S(AH), where S(H+) is 26 cal/mol K (at 298 K).45

Mass Spectrometry Measurements. The deprotonation
enthalpies (∆acidH) of the peptides AnCSH and HSCAn, where
n ) 3 and 4, were determined by using the extended Cooks
kinetic method in which entropy effects were taken into
consideration.46-50 The validity and limitations of using the
extended Cooks kinetic method to determine thermochemical
quantities have been thoroughly discussed in the literature.51-57

Because of the nonvolatile and thermally labile nature of
peptides, the kinetic method is the most practical approach
available at present to produce reasonably accurate acid-base
thermochemical quantities of peptides.58 The general procedure
can briefly be described as following. A series of proton-bound
heterodimers ([A ·H ·Ai]-) of deprotonated peptides, A- (-SCAn

or AnCS-), with a set of conjugate bases of reference acids (HAi)
were generated in the electrospray ionization (ESI) source of
the mass spectrometer. The reference acids all have known gas-
phase acidities. Each proton-bound dimer was activated by
collisions with argon atoms and underwent competitive unimo-
lecular dissociations (the CID process) to produce two ionic
products, A- and Ai

-, with rate constants of k and ki,
respectively (Scheme 1).

It is assumed that there are no reverse activation barriers for
either dissociation channel, and the natural logarithm of the ratio
of the rate constants has a linear correlation to the difference in
the gas-phase acidities, eq 1, where R is the universal gas
constant; Teff is called the “effective temperature”; ∆acidG and
∆acidGi are the gas-phase acidities of HA and the reference acid
(HAi); and ∆acidH and ∆acidHi are the corresponding deproto-
nation enthalpies. The effective temperature is an empirical
parameter (or a kinetic correlation parameter) that depends on
several experimental variables and properties of the proton-
bound dimers.59-64 The term ∆(∆S) is the difference of the
activation entropies between the two competing dissociation
channels, ∆(∆S) ) ∆Sq(with k) - ∆Sq(with ki). If the reference
acids all have similar structures, then the term ∆(∆S) can be
assumed to be constant. Under the assumption of the negligible
reverse activation barrier, ∆(∆S) can be calculated using the
deprotonation entropies of the two acids (HA and HAi), ∆(∆S)
≈ ∆acidS - ∆acidSi. The ratio of the rate constants (k/ki) can be
replaced by the CID product ion branching ratios ([A-]/[Ai

-]),
if the secondary fragmentation is negligible.

To obtain the value of ∆acidH, the proton-bound dimers were
activated at several different collision energies, and the CID
product ion branching ratios were measured at each of the
collision energies. Two sets of thermokinetic plots would be
generated. The first set consists of linear plots of ln([A-]/[Ai

-])
versus ∆acidHi with 1/RTeff as the slope and -[∆acidH/RTeff -
∆(∆S)/R] as the intercept. Ideally, all plots cross at a single
point at which ∆acidH ) ∆acidHi and ln([A-]/[Ai

-]) ) ∆(∆S)/R.
This crossing point is referred to as the isothermal point or iso-
equilibrium point.52,55 The value of ∆acidH corresponding to the
isothermal point is obtained from the second set of the
thermokinetic plots. The plot of [(∆acidH/RTeff - ∆(∆S)/R]
obtained from the first set against 1/RTeff generates a Van’t Hoff-
like plot with a slope of ∆acidH and an intercept of -∆(∆S)/R.
To have a proper statistical treatment of the uncertainty
throughout the data analysis, the average deprotonation enthalpy
of the reference acids, ∆acidHavg, was introduced, and eq 1 was
converted to eq 2, where ln([A-]/[Ai

-]) has a linear relationship
with ∆acidHi - ∆acidHavg.65 The first set of plots would be ln([A-]/
[Ai

-]) versus ∆acidHi - ∆acidHavg with 1/RTeff as the slope and
-[(∆acidH - ∆acidHavg)/RTeff - ∆(∆S)/R] as the intercept. The
second linear plot would be [(∆acidH - ∆acidHavg)/RTeff - ∆(∆S)/
R] against 1/RTeff with a slope of ∆acidH - ∆acidHavg and an
intercept of -∆(∆S)/R. The deprotonation entropy of HA, ∆acidS,
can be calculated using the equation ∆acidS ) ∆(∆S) + ∆acidSi.
Since ∆acidSi slightly varies from one reference acid to the other,
the averaged value of ∆acidSi will be used in this work. By
combining ∆acidH and the entropy term, T(∆acidS), the gas-phase
acidity of the acid HA, ∆acidG, can be derived using eq 3, where
T ) 298 K.

SCHEME 1

ln( k
ki

) )
∆acidGi - ∆acidG

RTeff
)

∆acidHi - ∆acidH

RTeff
+

∆(∆S)
R

where
k
ki

≈ [A-]

[Ai
-]

and ∆(∆S) ≈ ∆acidS - ∆acidSi

(1)
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The uncertainty of the average acidity (∆acidHavg) was
calculated as the root sum square of the random and systematic
errors. For example, for the A3CSH system, the random error
was treated as the averaged uncertainty of the reference acids
((2.2 kcal/mol) divided by the square root of the number of
the reference acids, (2.2/�6) ) 0.9 kcal/mol, and the systematic
error was assigned as �2.2 ) 1.5 kcal/mol. The root sum square
of the random and systematic errors yielded �(0.92 + 1.52) )
1.7 kcal/mol. The uncertainty of the data resulting from the
linear regression was estimated by weighted orthogonal distance
regression (ODR) using the ODRPACK suite of programs.66

In addition, the ODRFIT program developed by Ervin and
Armentrout was also used to analyze the uncertainty.52 This
program incorporates the ODRPACK and Monte Carlo simula-
tions for error analysis where random errors (measurement error
and error in reference acidities) are treated as Gaussian
distributions with ( two standard deviations (95% confidence
limit). By fitting experimental data, it forces all lines to intersect
at a single point. In this work, we used a standard deviation of
4 kJ/mol (∼1 kcal/mol) for the reference and 0.049 for ln([A-]/
[Ai

-]), and these correspond to (8 kJ/mol (∼2 kcal/mol) and
(10%, respectively. We set 5000 iterations in the Monte Carlo
simulations.

The experiments were carried out using a triple quadrupole
mass spectrometer (Varian 1200 L, Varian Inc., Walnut Creek,
CA) located in the Mass Spectrometry Center of the Chemistry
Department at the University of the Pacific. The instrument
consists of a near-horizontal ESI source with nitrogen drying
gas flowing through a capillary, a hexapole ion guide at a
pressure of about 1 mTorr, and a triple quadrupole mass analyzer
with a curved collision chamber. Ions generated in the ESI
source are presumed to be thermalized by multiple collisions
with the bath gas molecules in the ion guide chamber. The
voltage of the ESI needle was set at -4.5 kV, and the drying
gas temperature was set at 150 °C. The first important step to
carry out the acidity measurements was to generate stable
proton-bound heterodimer ions. The dimer ions were formed
by syringe infusion of a solution of methanol and water (50/
50, v/v) containing a mixture of a reference acid and a peptide
(10-5-10-4 M) into the ESI (negative mode) chamber at a flow
rate of 10 µL/min. The signal of the dimer ion was optimized
by adjusting the instrumental conditions, especially the capillary
voltage. The dimer ion was isolated by the first quadrupole and
subsequently subjected to CID experiments in the collision
chamber with argon as the collision gas. The dissociation
product ions were analyzed by the third quadrupole. To
determine the CID product ion ratios, the CID product ion
intensities were measured by setting the instrument in the single
reaction monitoring (SRM) mode (centroid) in which the scan
was focused on selected product ions. For each proton-bound
heterodimer, the CID experiment was carried out at several
collision energies between 0.5 and 2.5 eV in the center-of-mass
frame (Ecm). At too low a collision energy, the minor CID
product ions’ signals were unstable, and at too high a collision
energy, secondary fragmentations were significant. The center-
of-mass energy was calculated using the following equation:

Ecm ) Elab[m/(M + m)], where Elab is the collision energy in
laboratory frame; m is the mass of argon; and M is the mass of
the proton-bound dimer ion. Multiple measurements were
performed on different days, and the CID product ion ratios
were reproducible with a relative uncertainty within (5%.

Several nonideal conditions were examined. The possible
secondary fragmentations were examined by recording the CID
spectra at several collision energies for each proton-bound
heterodimer with a wider range of the m/z window. The
observed secondary fragments were taken into consideration for
the data analysis. The collision gas effects on the CID product
ion ratios were evaluated by performing the CID experiments
at several collision gas pressures, ranging from 0.40 to 0.70
mTorr (software readout). At too low a pressure, the minor CID
product ion intensities were unstable, and at too high a pressure,
multiple secondary fragmentations became significant when the
collision energy was increased. In this paper, the data were
measured at the collision gas pressure of 0.50 ( 0.03 mTorr.

The peptides were synthesized in our laboratory using the
standard method of solid phase peptide synthesis.67-69 The
apparatus consists of a glass peptide synthesis vessel (Kemtech
America, Inc., Whittier, CA) mounted on an agitator assembled
in our laboratory. The aminomethyl Rink amide resin (Sigma-
Aldrich Co., Milwaukee, WI) was used as the solid support to
yield the peptides with amide C-termini. All chemicals used in
the peptide synthesis, including fmoc-cysteine and fmoc-alanine,
were purchased from Sigma-Aldrich Chemical Co. and were
used without further purification.

Computational Methods. The conformations of the neutral
and deprotonated peptides were calculated by the simulated
annealing process using the Tripos force field implemented in
the SYBYL 7.2 package of programs (Tripos, Inc., St. Louis,
MO). The peptide starting structures were ideal R-helices. The
general procedure involved heating the system to 500 K for
1500 fs, followed by annealing to 50 K for 1500 fs for 100
cycles per simulation. Structures were saved at regular intervals
(50 fs) throughout the simulations. Upon completion, the ten
lowest-energy conformations for each peptide were selected for
further geometry optimization using the AM1 semiempirical
method70 implemented in the Gaussian W03 suite of programs.71

Vibrational frequencies were also calculated using AM1 to yield
the zero-point energies and the thermal corrections to the
enthalpy at 298 K. True energy minima were determined by
checking the absence of imaginary frequencies from the set of
obtained frequencies. Following geometry optimization, single
point energies were calculated using density functional theory
at the B3LYP/6-31+G(d) level.72-75 The enthalpy for each
species was obtained by combining the electronic energy
calculated at the B3LYP level and the zero-point energy plus

ln
[A-]

[Ai
-]

)
∆acidHi - ∆acidHavg

RTeff
- [∆acidH - ∆acidHavg

RTeff
-

∆(∆S)
R ] (2)

∆acidG ) ∆acidH - T(∆acidS) (3)

TABLE 1: Thermochemical Quantities of the Reference
Acids Used in This Research

reference acida
∆acidH, exptb

(kcal/mol)
∆acidG, exptb

(kcal/mol)
∆acidSc

(cal/mol K)

ClCH2CO2H (MCAH) 336.5 ( 2.2 329.0 ( 2.0 25.2
BrCH2CO2H (MBAH) 334.8 ( 2.3 328.2 ( 2.0 22.1
F2CHCO2H (DFAH) 331.0 ( 2.2 323.8 ( 2.0 24.2
Cl2CHCO2H (DCAH) 328.4 ( 2.1 321.9 ( 2.0 21.8
Br2CHCO2H (DBAH) 328.3 ( 2.2 321.3 ( 2.0 23.5
F3CCO2H (TFAH) 323.8 ( 2.9 317.4 ( 2.0 21.5
C3F7CO2H (HFAH) 321.9 ( 2.2 314.9 ( 2.0 23.5

a The names (e.g., MCAH) are the abbreviations used in this
paper. b Obtained from the NIST Chemistry Webbook.45 c Derived
from the relationship ∆G ) ∆H - T(∆S), where T ) 298 K. It is
assumed that each ∆acidS value has 2.0 cal/mol K uncertainty.
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the thermal correction calculated using the AM1 method. The
theoretically predicted deprotonation enthalpy for each peptide
was calculated using an isodesmic proton transfer reaction with
ethane thiol (CH3CH2SH) as the reference acid (eq 4).

Results of Experimental Studies

The relative acidities of the peptides were first bracketed
against a series of known reference acids by using standard full
product ion scan CID experiments. Seven structurally similar
halogenated carboxylic acids were selected as the references:

ClCH2CO2H (MCAH), BrCH2CO2H (MBAH), F2CHCO2H
(DFAH), Cl2CHCO2H (DCAH), Br2CHCO2H (DBAH),
F3CCO2H (TFAH), and CF3CF2CF2CO2H (C3F7CO2H) (HFAH).
The gas-phase acidities and related thermochemical properties
of these molecules are listed in Table 1. The CID experiments
were performed with the proton-bound heterodimer ions,
[Ai ·H ·A3,4CS]- and [Ai ·H ·SCA3,4]-, at 1.5 eV (Ecm) collision
energy under 0.5 mTorr of argon gas. The relative acidity of
each peptide can be examined by comparing the relative
intensities of the CID product ions. If the peptide is a stronger
acid than the corresponding reference acid, then the CID product
ion intensity of the deprotonated peptide will be stronger than
that of the deprotonated reference acid. Selected CID spectra

Figure 1. CID spectra collected at 1.5 eV (Ecm) collision energy for [MBA ·H ·A3CS]- (a1), [DFA ·H ·A3CS]- (b1), [DFA ·H ·A4CS]- (a2),
[DCA ·H ·A4CS]- (b2), [DFA ·H ·SCA3]- (a3), [DCA ·H ·SCA3]- (b3), [DBA ·H ·SCA4]- (a4), and [TFA ·H ·SCA4]- (b4).

AnCSH + CH3CH2S¯ f AnCS¯ + CH3CH2SH (4)

10906 J. Phys. Chem. A, Vol. 113, No. 41, 2009 Ren et al.
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for the A3,4CSH and the HSCA3,4 systems are shown in Figure
1. Apparently the acidity of A3CSH is stronger than that of
BrCH2CO2H but weaker than that of F2CHCO2H, and the acidity
of A4CSH is stronger than that of F2CHCO2H, but weaker than
that of Cl2CHCO2H. Similarly the acidity of HSCA3 is stronger
than that of F2CHCO2H but slightly weaker than that of
Cl2CHCO2H, and the acidity of HSCA4 is stronger than that of
Br2CHCO2H but weaker than that of F3CCO2H. These spectra
also show that A3,4CSH are weaker acids than HSCA3,4

respectively. In other words, the thiol group (SH) is more acidic
when the cysteine residue is located at the N-terminus rather
than at the C-terminus.

The deprotonation enthalpies of the peptides were determined
using the extended Cooks kinetic method. The selections of the
references for the four peptides are shown in Table 2. For each
peptide, the reference acids were chosen based on the stability
of the ion signals for the proton-bound heterodimers and the
CID product ions. The stability of the heterodimer ion signals
is largely determined by the relative acidities of the two acid
components within the dimer. For example, C3F7CO2H is too
strong an acid compared to A3CSH. As a result, the signal of
the heterodimer ion, [C3F7CO2 ·H ·A3CS]-, is too weak and the
signal of the CID product ion, A3CS-, is not stable and hence
not reliable. Therefore, C3F7CO2H was not selected as a
reference for A3CSH. The reference acid F3CCO2H was
eliminated from the A4CSH system. Although the signal of the
heterodimer, [F3CCO2 ·H ·A4CS]- was stable, the resulting
acidity value had an unusually large uncertainty (the reason for
this behavior is currently under investigation). The CID experi-
ments were performed at four collision energies: 1.0, 1.5, 2.0,
and 2.5 eV (Ecm) under the collision gas pressures of 0.5 mTorr.
The ion signals produced at 0.5 eV were not stable, and the
data obtained were not used for the kinetic analysis. There are
two isotopic peaks for the dimer with ClCH2CO2H and
BrCH2CO2H and three isotopic peaks for the dimers with
Cl2CHCO2H and Br2CHCO2H. The most abundant isotopic

peaks were selected as the precursor ions for the CID experi-
ments and should be isotopically pure. Some CID product ions
fragment further to yield secondary ions at higher collision
energies. The ions of A3,4CS- and SCA3,4

- often fragment
further by losing H2S. Both Br2CHCO2

- and C3F7CO2
- yield

secondary ions by losing the CO2 group. The intensities of the
secondary ions were combined with the corresponding primary
ions for data analysis.

The natural logarithms of the CID product ion branching
ratios of [AnCS-]/[Ai

-] and [SCAn
-]/[Ai

-] are shown in Table
2. The data measured at the same collision energy were plotted
against the relative deprotonation enthalpies of the reference
acids (∆acidHi - ∆acidHavg), eq 2. The plots are shown in Figure
2. Linear regression with the least-squares fit of the data points
measured at each collision energy gives a straight line with the
slope of 1/RTeff and the y-intercept of -[(∆acidH - ∆acidHavg)/
RTeff - ∆(∆S)/R]. The values of the resulting slopes and
intercepts along with the derived effective temperatures are
summarized in Table 3. The values of Teff for A4CSH have
opposite orders to the increase in collision energy. The reason
for this unexpected behavior is unclear at this point and is
currently under further investigation.

The values of ∆acidH for the peptides were derived from the
second set of the thermokinetic plots. The plots were generated
by plotting the values of [(∆acidH - ∆acidHavg)/RTeff - ∆(∆S)/
R] obtained from the first set of the plots against the corre-
sponding 1/RTeff. The plots are shown in Figure 2. Linear
regression with a least-squares fit of each set of the data gives
a straight line with a slope of ∆acidH - ∆acidHavg and an intercept
of -∆(∆S)/R. The resulting slopes, intercepts, and entropy terms
(∆(∆S)) are listed in Table 4. The deprotonation enthalpies
(∆acidH) of the peptides are obtained by combining the slopes
and the corresponding values of ∆acidHavg (Table 2). The results
are 332.2 ( 2.0 kcal/mol (A3CSH), 325.9 ( 2.0 kcal/mol
(A4CSH), 319.3 ( 2.0 kcal/mol (HSCA3), and 319.2 ( 2.3 kcal/
mol (HSCA4) (Table 5).

TABLE 2: Values of the Natural Logarithms of the CID Product Ion Ratios (a) ln([A3,4CS-]/[Ai
-]), from the Dissociation of

[A3,4CS ·H ·Ai]-, and (b) ln([SCA3,4
-]/[Ai

-]), from the Dissociation of [SCA3,4 ·H ·Ai]-, at Four Collision Energies, Ecm (with (5%
of Uncertainty) under 0.5 mTorr of Collision Gas Pressure

(a) A3CSH A4CSH

∆acidHavg ) 330.5 kcal/mola ∆acidHavg ) 327.4 kcal/mola

∆acidSavg ) 23.0 cal/mol Kb ∆acidSavg ) 23.2 cal/mol Kb

HAi 1.0 eV 1.5 eV 2.0 eV 2.5 eV 1.0 eV 1.5 eV 2.0 eV 2.5 eV

ClCH2CO2H 3.68 3.50 3.39 3.45
BrCH2CO2H 2.83 2.65 2.45 2.24
F2CHCO2H -0.442 -0.268 -0.0921 0.167 1.04 1.25 1.87 2.34
Cl2CHCO2H -2.60 -2.41 -2.22 -2.13 -0.901 -0.803 -0.692 -0.598
Br2CHCO2H -2.43 -2.44 -2.49 -2.60 -1.02 -1.11 -1.24 -1.40
F3CCO2H -5.41 -5.02 -4.71 -4.44
C3F7CO2H -4.22 -4.30 -4.50 -4.58

(b) HSCA3 HSCA4

∆acidHavg ) 326.7 kcal/mola ∆acidHavg ) 325.6 kcal/mola

∆acidSavg ) 22.9 cal/mol Kb ∆acidSavg ) 22.6 cal/mol Kb

HAi 1.0 eV 1.5 eV 2.0 eV 2.5 eV 1.0 eV 1.5 eV 2.0 eV 2.5 eV

F2CHCO2H 2.54 1.92 1.64 1.61
Cl2CHCO2H 0.216 -0.207 -0.463 -0.580 2.09 1.50 1.19 1.06
Br2CHCO2H -0.0740 -0.465 -0.753 -0.976 1.57 1.02 0.602 0.327
F3CCO2H -2.69 -2.94 -2.99 -3.00 -0.889 -1.14 -1.19 -1.03
C3F7CO2H -4.80 -4.96 -5.02 -5.06 -3.35 -3.56 -3.71 -3.85

a Average deprotonation enthalpy of the set of selected reference acids. b Average deprotonation entropy of the set of selected reference
acids.
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We evaluated the results obtained from the extended Cooks
kinetic method by fitting the experimental data using the
ODRFIT program.52 The resulting values of ∆acidH are about
the same as those obtained from the extended kinetic method,
but the uncertainty (Monte Carlo analysis) varies: 332.2 ( 1.2
kcal/mol (A3CSH), 326.3 ( 1.6 kcal/mol (A4CSH), 318.6 (
3.0 kcal/mol (HSCA3), and 317.2 ( 4.0 kcal/mol (HSCA4). The
relatively large uncertainties in HSCA3,4 are likely due to the
fact that the isothermal points of these systems are extrapolated
(Figure 2a). We assign the larger uncertainty values from either

the kinetic method or the ODRFIT to the measured deproto-
nation enthalpies (Table 5).

The extended kinetic method is very sensitive to the selection
of the reference acids. Ideally, the uncertainty resulting from
the reference acid can be minimized by using a large number
of references. In practice, a minimum of four references is
necessary. It should be pointed out that the uncertainties obtained
from the kinetic measurements are relative values. They do not
include the absolute error in the overall calibration of the acidity
scale of the references.52

Figure 2. Thermokinetic plots for the four peptide systems, A3,4CSH and HSCA3,4, where [A-] represents [A3,4CS-] or [SCA3,4
-]. The darker line

corresponds to the lowest energy data. (a) Plots of ln([A-]/[Ai
-]) against ∆acidHi - ∆acidHavg from the dissociation of [A ·H ·Ai]- at four collision

energies, 1.0 (square), 1.5 (triangle), 2.0 (diamond), and 2.5 (circle) eV (Ecm). (b) Plots of y ) (∆acidH - ∆acidHavg)/RTeff - ∆(∆S)/R against 1/RTeff.
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The gas-phase acidities (∆acidG) of the peptides can be derived
using eq 3 (where T ) 298 K) if the deprotonation entropies
(∆acidS) are available. We estimated the deprotonation entropies
using the concept of “entropic correction”.76 We calculated ∆acidS
using the relationship ∆acidS ) ∆(∆S) + ∆acidSi, where ∆(∆S)
is obtained from the second set of thermokinetic plots (Table
4) and ∆acidSi is estimated as the average of the deprotonation
entropies of the reference acids (∆acidSavg, Table 2). The resulting
∆acidS values for the four peptides are summarized in Table 5.
An average of (2 cal/mol K is assigned as the uncertainty for
these values. Combining the values of ∆acidH and ∆acidS, we
obtained ∆acidG for the peptides, and the results are summarized
in Table 5. We assigned the same uncertainties as those for
∆acidH.

Results of Computational Studies

Simulated annealing yielded a pool of low energy conforma-
tions. For both the A3,4CSH and the HSCA3,4 series, the
conformations of the neutral peptides are similar and mainly
existed as random coils, while the conformations of the
deprotonated peptides are significantly different between the two
series. The A3,4CS- series existed as random coils with the
negatively charged sulfide atom solvated by the nearby N-H
groups through hydrogen bonding or charge-dipole interaction.
The -SCA3,4 series existed in partial helical loops with the

sulfide anion pointing to the axis of the helix. Representative
conformations of the deprotonated peptides are shown in Figure
3.

We also examined the possible conformations of the proton-
bound dimers of [Br2CHCO2 ·H ·A4CS]- and [Br2CHCO2 ·H ·
SCA4]- by performing geometry optimizations at the AM1 level.
In this case, a single starting geometry was used for each dimer.
For both dimers, the initial geometry has a helical conformation
within the peptide part. In the optimized conformation, the
peptide portion in [Br2CHCO2 ·H ·A4CS]- becomes a random
coil, while the peptide portion in [Br2CHCO2 ·H ·SCA4]-

remains a helix (Figure 3).
The theoretical deprotonation enthalpies (∆acidH(calc)) were

calculated using the B3LYP/6-31+G(d)//AM1 procedure. For
each peptide species, five out of the ten low energy conforma-
tions were chosen for deriving the theoretical acidities. The
enthalpy (at 298 K) corresponding to each conformation was
calculated by combining the electronic energy (B3LYP/6-
31+G(d)) and the zero-point energy plus the thermal correction
calculated at the AM1 level. For each peptide species, the lowest
value of the enthalpy is chosen and is listed in Table 6. The
enthalpies of the reference acid (ethanethiol) are also shown in
Table 6. The theoretical deprotonation enthalpy for each peptide
was derived using the isodesmic proton transfer reaction with
ethanethiol (∆acidH ) 355.7 kcal/mol45) as the reference acid
(eq 4). The results are summarized in Table 6. These theoretical
values agree well with the experimental results (Table 5).

We evaluated the computational method as well by comparing
the result obtained from the B3LYP//AM1 procedure to that
obtained from the B3LYP//B3LYP procedure using the HSCA3

system. We selected the lowest energy conformations obtained
from the AM1 procedure as the input geometry. The input
geometry was further optimized at the B3LYP/6-31+G(d) level
followed by frequency calculations at the same level of theory.
The resulting theoretical deprotonation enthalpy (319.3 kcal/
mol) is about the same as that (320.6 kcal/mol) calculated using
the B3LYP/6-31+G(d)//AM1 procedure. The B3LYP//AM1
procedure is less expensive and is used for this research.

Discussion

The CID bracketing experiments yielded the relative acidities
of the four peptides, A3,4CSH and HSCA3,4. The two N-terminal
cysteine peptides, HSCA3,4, are clearly more acidic than the two
C-terminal cysteine peptides, A3,4CSH. For the same type of

TABLE 3: Results Obtained from the Linear Regression of the Experimental Data According to Equation 2, Where the
Uncertainties Refer to 95% Confidence Level

A3CSHa A4CSHa

Ecm, eV 1/RTeff [(∆acidH - ∆acidHavg)/
RTeff - ∆(∆S)/R]

Teff, K 1/RTeff [(∆acidH - ∆acidHavg)/
RTeff - ∆(∆S)/R]

Teff, K

1.0 0.744 ( 0.027 0.728 ( 0.117 676 ( 24 0.559 ( 0.047 1.27 ( 0.16 901 ( 76
1.5 0.700 ( 0.028 0.665 ( 0.119 718 ( 28 0.586 ( 0.062 1.24 ( 0.21 860 ( 91
2.0 0.665 ( 0.031 0.611 ( 0.132 756 ( 35 0.659 ( 0.105 1.14 ( 0.36 763 ( 121
2.5 0.645 ( 0.043 0.553 ( 0.183 779 ( 52 0.706 ( 0.144 1.06 ( 0.49 713 ( 145

HSCA3
a HSCA4

a

Ecm, eV 1/RTeff [(∆acidH - ∆acidHavg)/
RTeff - ∆(∆S)/R]

Teff, K 1/RTeff [(∆acidH - ∆acidHavg)/
RTeff - ∆(∆S)/R]

Teff, K

1.0 0.757 ( 0.051 0.962 ( 0.169 664 ( 45 0.752 ( 0.101 0.143 ( 0287 669 ( 89
1.5 0.710 ( 0.047 1.329 ( 0.157 708 ( 47 0.691 ( 0.107 0.546 ( 0.303 727 ( 112
2.0 0.681 ( 0.053 1.519 ( 0.176 739 ( 57 0.651 ( 0.126 0.777 ( 0.357 772 ( 149
2.5 0.672 ( 0.063 1.602 ( 0.200 749 ( 71 0.622 ( 0.160 0.872 ( 0.453 809 ( 207

a The uncertainties were calculated by weighted orthogonal distance regression (ODR) using the ODRPACK suite of programs.66

TABLE 4: Results Obtained from the Second Set of
Thermokinetic Plots

peptide slope intercept ∆(∆S)(cal/mol K)

A3CSH 1.779 ( 0.188 -0.586 ( 0.128 1.2 ( 0.2
A4CSH -1.478 ( 0.069 2.106 ( 0.045 -4.2 ( 0.2
HSCA3 -7.359 ( 0.223 6.540 ( 0.157 -13.0 ( 0.3
HSCA4 -6.330 ( 0.274 4.910 ( 0.190 -9.7 ( 0.4

TABLE 5: Summary of the Thermochemical Properties
Obtained from the Extended Kinetic Methoda

peptide ∆acidH ∆acidSb ∆acidGc

A3CSH 332.2 ( 2.0 24.2 ( 2.0 325.0 ( 2.0
A4CSH 325.9 ( 2.0 19.0 ( 2.0 320.2 ( 2.0
HSCA3 319.3 ( 3.0 9.9 ( 2.0 316.3 ( 3.0
HSCA4 319.2 ( 4.0 12.8 ( 2.0 315.4 ( 4.0

a All values are in kcal/mol. b Calculated using the equation
∆acidS ) ∆(∆S) + ∆acidSavg, where ∆(∆S) is the entropy term (Table
4) and ∆acidSavg is the average deprotonation entropy of the reference
acids (Table 2a). c Calculated using eq 3, where T ) 298 K.
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peptides, the longer one is more acidic than the shorter one.
The extended kinetic method yielded the deprotonation enthal-
pies (∆acidH) and the approximate values of deprotonation
entropies (∆acidS). The gas-phase acidities (∆acidG) of the
peptides were derived by combining the values of ∆acidH and
∆acidS. The acidity of HSCA3 is about 10 kcal/mol stronger than
that of A3CSH, and the acidity of HSCA4 is about 5 kcal/mol
stronger than that of A4CSH. Computational studies show

distinctly different conformations of the two series of depro-
tonated peptides. Theoretically predicted deprotonation enthal-
pies agree reasonably well with the experimental results.

Conformational Effects on the Acidity. The experiments
strongly suggest that the cysteine residue is more acidic when
it is placed at the N-terminus than at the C-terminus. This
implies that the N-terminal thiolate anion (S-) is stabilized more
than the C-terminal one. Computational studies show that the

Figure 3. Conformations for the deprotonated peptides, A3CS-, A4CS-, -SCA3, and -SCA4, obtained from the AM1//simulated annealing procedure
and the conformations of the heterodimer ions, [A4CS ·H ·Cl2CHCO2]- and [SCA4 ·H ·Cl2CHCO2]-, obtained at the AM1 level.
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deprotonated C-cysteine peptides, A3,4CS-, are in random coils,
and the negatively charged thiolate group (S-) is largely
stabilized by hydrogen-bonding interactions with nearby NH
groups. On the other hand, the deprotonated N-cysteine peptides,
-SCA3,4, exist in partial helices with the thiolate anion pointing
to the axis of the helix loop. In the latter case, the thiolate anion
may largely be stabilized by the interaction with the helix
macrodipole in addition to the possible hydrogen-bonding
interactions. The helix macrodipole is an intrinsic property of
helical peptides, arising from the alignment of the polar peptide
bonds, which in turn creates a dipolar electrostatic field with a
partial positive charge at the N-terminus and a partial negative
charge at the C-terminus. Apparently, the helix macrodipole has
a stronger stabilization effect toward the thiolate anion than that
of the hydrogen-bonding interaction. This possibility will be
tested using longer peptides for which the helical conformations
will be more stable (work in progress).

Entropy Effects on the Acidity. The term ∆(∆S) corresponds
to the differences in the activation entropies between the two
dissociation channels, the formation of the deprotonated peptide
(∆Sq) and the formation of the deprotonated reference acid
(∆Sqi), ∆(∆S) ) ∆Sq - ∆Sqi. If the reverse activation barriers
are negligibly small, then the entropy term can be considered
as the difference in the deprotonation entropies between the
peptide and the reference acid, ∆(∆S) ) ∆acidS - ∆acidSi. One
important condition for the validity of the extended kinetic
method is the assumption that ∆(∆S) is about constant for all
the reference acids and at all temperatures. This is expected to
be achieved by using reference acids with similar structures.48,53

In this work, the reference acids are halogenated carboxylic
acids, and small geometrical changes are expected upon
deprotonation. This means that the reference acids would
contribute negligible or very small entropy change for ∆(∆S).

Considering the size differences between the peptides and
the references acids, the entropy terms in the A3,4CSH systems
are surprisingly small (∼1-4 cal/mol K, Table 4). Computa-
tional studies show that A3,4CS- exist in random coils with
extensive intramolecular hydrogen-bonding interactions. One
would expect significant decreases in structural flexibility upon
deprotonation, and as a consequence, the deprotonation entropies
for these peptides would be small. However, opposite results
were observed. The estimated deprotonation entropies of these
two peptides are around 19-24 cal/mol K (Table 5), which are
close to those of the reference acids. There must be some
factor(s) that overcome this negative entropy effect. The first
explanation might be the conformational effect. The peptide
already forms a highly ordered coil in the proton-bound dimer
through internal solvation of the partial negative charge. This
coil remains intact upon dissociation of the proton-bound dimer
ion. The coillike conformation is clearly seen in the computed
structure of [Br2CHCO2 ·H ·A4CS]- (Figure 3, although the
structure of the dimer was calculated based on a single starting
geometry, the optimized structure is likely the low energy one).
The second explanation might be the entropy of mixing.

Although the individual deprotonated peptide is highly ordered
because of extensive hydrogen bonding, there are many possible
structures corresponding to the internally solvated peptide. In
other words, the deprotonated peptide presumably has as many
conformations as that of the neutral peptide. Indeed, computa-
tional studies suggested numerous random conformations of
A3,4CS- having similar energies.

On the other hand, the entropy terms for the HSCA3,4 systems
are large and negative (∼ -10 to -13 cal/mol K). The estimated
deprotonation entropies are relatively small (∼10-13 cal/mol
K). The negative entropy effect indicates an increase in rigidity
of the peptides upon deprotonation. This might be a consequence
of the formation of the highly ordered helical conformation.
As shown in the computed structures of [Br2CHCO2 ·H ·SCA4]-

and -SCA4 (Figure 3), the -SCA4 portion remains a ridged helix
throughout the dissociation of [Br2CHCO2 ·H ·SCA4]-. When
closely examining these structures, one can see that the isolated
-SCA4 is more compact than the one in the dimer as well as
the neutral peptide (data not shown). This means that the entropy
change for the formation of -SCA4 + Br2CHCO2H is less
favored than that for the formation of HSCA4 + Br2CHCO2

-.

Conclusions

We have determined the gas-phase deprotonation enthalpies
of four cysteine-polyalanine peptides, A3,4CSH and HSCA3,4,
using the extended Cooks kinetic method with full entropy
analysis. The values obtained are ∆acidH(A3CSH) ) 332.2 (
2.0 kcal/mol, ∆acidH(A4CSH) ) 325.9 ( 2.0 kcal/mol, ∆acidH(H-
SCA3) ) 319.3 ( 3.0 kcal/mol, and ∆acidH(HSCA4) ) 319.2
( 4.0 kcal/mol. Theoretically (B3LYP/6-31+G(d)//AM1) pre-
dicted deprotonation enthalpies, 334.2 kcal/mol (A3CSH), 327.7
kcal/mol (A4CSH), 320.6 kcal/mol (HSCA3), and 318.6 kcal/
mol (HSCA4), are in good agreement with the experiments. The
estimated deprotonation entropies (∆acidS) for the A3,4CSH
systems are relatively large (∼19-24 cal/mol K), while for the
HSCA3,4 systems they are relatively small (∼10-13 cal/mol
K). The resulting gas-phase acidities (∆acidG) are 325.0 ( 2.0
kcal/mol (A3CSH), 320.2 ( 2.0 kcal/mol (A4CSH), 316.3 (
3.0 kcal/mol (HSCA3), and 315.4 ( 4.0 kcal/mol (HSCA4).

The two N-terminal cysteine peptides, HSCA3,4, are signifi-
cantly more acidic than the corresponding C-terminal ones,
A3,4CSH. HSCA3 is a stronger acid than A3CSH by about 10
kcal/mol, and HSCA4 is a stronger acid than A4CSH by about
5 kcal/mol. The high acidities of the former are likely due to
the helical conformational effects for which the thiolate anion
may be strongly stabilized by the interaction with the helix
macrodipole. It is expected that the macrodipolar effect is
significant for a peptide with a stable helical conformation. As
a result, the effective acidity of an acidic amino acid residue
will be different depending on the location of the residue in a
peptide and protein.
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