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Relative proton affinities (PAs) of tyrosine, 3-chlorotyrosine, and 3-iodotyrosine were obtained using the kinetic method

approach. The measured mean values are 922.5, 912.9, and 917.9 kJ/mol, respectively, with � 0.1 kJ/mol standard deviation,

indicating that halogenation of tyrosine decreases its PA. In general, PA of a molecule increases as its isotropic polarizability

increases, but no such correlation has been found for the three molecules investigated in this study. Our findings show that

PA decreases with increasing electronegativity of the modifying atom for a halogenated molecule, further supporting

computational results of previous work [5].
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Introduction

Several researchers [1 – 9] have investigated the effect of

chemical or structural modification on proton affinities
(PAs) of biologically relevant molecules. In general, there

is a positive correlation between intermolecular hydrogen-
bonding interaction or polarizability and PA [3 – 9]; the

excess positive charge is strongly bound to the molecule
through attractive hydrogen-bonding interactions, and

increased polarizability provides additional stabilization to
the electronic structure of the protonated molecule.

Rodgers et al. [5] predicted, based on density func-
tional theory calculations, that fluorination of uracil low-

ers its PA, and suggested a correlation between the
electronegativity of the halogen atom and PA of the

molecule. This prediction is supported experimentally in
previous studies [1][10][11], where the PAs of chloroace-

tonitrile, bromoacetonitrile, and iodoacetonitrile are lower
than that of acetonitrile, although no correlation between

PA and halogenation is established therein. In this work,
we report PA values of tyrosine, 3-chlorotyrosine, and

3-iodotyrosine (Fig. 1) obtained using Cooks’ kinetic
method [12], and explicitly provide further evidence that

for a halogenated molecule, there is an inverse relation
between the electronegativity of the modifying atom and

PA. We compare our result to those [1][10][11] for
acetonitrile and halogenated acetonitrile.

Results and Discussion

In order to establish the effect of halogenation on the PA
of tyrosine, we first measure PA of the molecule and

compare it to those of halogenated species. Collision-

induced dissociation tandem mass spectrometry (CID
MS2) results of [Tyr∙Aref]∙H

+ (Aref = Ile, Thr, Phe, and

Met) clusters are shown in Fig. 2a – d. The precursor
clusters dissociate to yield Tyr∙H+ and Aref∙H

+ as primary

products, with their mass spectral intensities representing
relative PAs of tyrosine and the reference molecules. The

PAs of isoleucine, threonine, and phenylalanine are lower
than that of tyrosine, whereas the PA of methionine is

higher. The kinetic method analysis (Fig. 2e) shows that
the tyrosine PA is 922.5 kJ/mol (all measured proton

affinities are shown in Table), which is very close to those
[10][13] obtained by similar experimental approaches.

Upon chlorination and iodination of the molecule on the
phenol ring, the PA sharply decreases to 912.1 and

917.9 kJ/mol, respectively, as obtained from CID MS2
results for 3-chlorotyrosine and 3-iodotyrosine (Figs. 3

and 4). Qualitatively similar observations have been made
in previous studies [1][10], where the PAs of chloroace-

tonitrile, bromoacetonitrile, and iodoacetonitrile are
745.6, 752.3, and 765.3 kJ/mol [1][10], respectively. These

values are lower than that of acetonitrile at 787.4 kJ/mol
[11], suggesting a strong correlation between PA and the

overall electronic properties of a molecule.
It should be noted that uncertainties in the reference

PA values are typically � 8 kJ/mol [2][14]. Thus, the PAs
obtained in this work, while reproducible to � 0.1 kJ/mol

standard deviation, may not be very close to true PAs of
tyrosine and the halogenated species. However, consider-
ing that nearly identical sets of references are used, the

three molecules have essentially the same structure, and
that the mean values are clearly separated, differences
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between the individual measurements should reflect the
true PA differences among the three molecules investi-

gated.
Our X3LYP computational results based on experi-

mentally determined structures [15][16] of neutral and
protonated tyrosine are consistent with the current mea-

surements, where the PAs for tyrosine, 3-chlorotyrosine,
and 3-iodotyrosine are 918.0, 909.3, and 914.1 kJ/mol,

respectively (all computational results are shown in
Table). X3LYP structures of neutral and protonated tyro-

sine and halogenated tyrosine are shown in Fig. 5. Mole-
cules with higher polarizability usually have higher PAs

[4][8][9]. Thus, polarizabilities should decrease in the
order of tyrosine > 3-iodotyrosine > 3-chlorotyrosine

because lower PA implies reduced proton stabilization
through intramolecular charge separation [9]. However,

PBE1PBE polarizabilities of the molecules do not follow

this trend, with the values of 125.77, 137.37, and
157.29 Bohr3 for tyrosine, 3-chlorotyrosine, and 3-iodotyr-

osine, respectively. This result shows that there is no posi-
tive correlation between polarizability and PA of

molecules modified through halogenation. However, one
can use electronegativity of the modifying halogen atom

to provide a better quantitative measure of relative PA,
as has been suggested previously [5]. As electronegativity

is a measure of the propensity of an atom to pull a nega-
tive charge, electron density of the molecule will shift

toward the modifying atom and decrease the attractive
interaction between the molecule and H-atom. This would

be less pronounced if the electronegativity of the atom is
lower. Thus, since the electronegativities of hydrogen,

iodine, and chlorine atoms are 2.1, 2.5, and 3.0 [17],
respectively, the PA should decrease in the order of tyro-

sine > 3-iodotyrosine > 3-chlorotyrosine, as observed in

Fig. 2. CID Tandem mass spectra of (a) [Tyr∙Ile]∙H+, (b) [Tyr∙Thr]∙H+, (c) [Tyr∙Phe]∙H+, and (d) [Tyr∙Met]∙H+, and (e) a plot of ln(ITyr/IRef) vs.

PAs of reference molecules [14] with linear regression. Resonance excitation voltage of 0.35 V is used.

Fig. 1. Schematic structures of tyrosine, 3-chlorotyrosine, and 3-iodotyrosine.
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this work. The trend is also apparent for the acetonitrile

and iodo-, bromo-, and chloroacetonitrile series, where the
electronegativity of bromine is 2.8 [17], and the measured [1]

[10][11] PA decreases in the order of acetonitrile > iodoace-
tonitrile > bormoacetonitrile > chloroacetonitrile. Our DFT

calculation results for the latter group of molecules also sup-
port this conclusion: while the calculated PA decreases in

the same order (787.4, 765.3, 752.3, and 745.6 kJ/mol,
respectively), its correlation with polarizability is clearly not

established (27.78, 53.43, 43.76, and 36.72 Bohr3, respec-
tively), in contrast to the cases of nonhalogenated molecules

[4][5][8][9].

Conclusions

We have used the kinetic method [12] to investigate the
effect of halogenation on the PA of tyrosine. The PAs of

tyrosine, 3-chlorotyrosine, and 3-iodotyrosine are 922.5,
912.9, and 917.9 kJ/mol, respectively, clearly demonstrat-
ing that halogenation decreases the molecule–proton
interaction strength and supporting previous computa-
tional prediction [5]. The change in PA upon halogena-

tion is correlated with electronegativity of the modifying
atoms, where increasing electronegativity decreases PA.

This trend is also readily observed [1][10][11] in PAs of

Table. Relative proton affinities (PAs) and isotropic polarizabilities of tyrosine, 3-chlorotyrosine, and 3-iodotyrosine. Experimental PAs are

averages of four individual measurements. Calculated PAs are X3LYP values, and isotropic polarizabilities are PBE1PBE values. 6-311 + G

(2d,2p) is used for all atoms except for H, Br, and I at the C3 position, for which MiDiX is used. The electronegativity values are from

reference [20]

PAa) PAb) Polarizabilityb) Electronegativityc) of

the atom at C(3) positionExper. value [kJ/mol] X3LYP [kJ/mol] PBE1PBE [Bohr3]

Tyrosine 922.5 918.0 125.77 2.1 (H)

3-Chlorotyrosine 912.9 909.3 137.37 3.0 (Cl)

3-Iodotyrosine 917.9 914.1 157.29 2.5 (I)

a) The values are averages of four measurements with � 0.1 kJ/mol standard deviation. Error in each measurement based on the analysis of

propagation of uncertainty is � 0.7 kJ/mol or less [18]. b) 6-311 + G(2d,2p) is used for all atoms except for H, Br, and I at the C(3) position,

for which MiDiX is used. c) From [17].

Fig. 3. CID Tandem mass spectra of (a) [Cl-Tyr∙Val]∙H+, (b) [Cl-Tyr∙Thr]∙H+, (c) [Cl-Tyr∙Phe]∙H+, and (d) [Cl-Tyr∙Met]∙H+, and (e) a plot of ln

(ICl-Tyr/IRef) vs. PAs of reference molecules [14] with linear regression. Resonance excitation voltage of 0.35 V is used.
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acetonitrile and the halogenated species. These results
suggest that electronegativity rather than polarizability is
a better diagnosis for quantifying PA changes for halo-

genated molecules.

This study is funded by Governors State University’s

University Research Grant (URG).

Experimental Part

General

Tyrosine, 3-chlorotyrosine, or 3-iodotyrosine and a refer-

ence amino acid (isoleucine, threonine, phenylalanine, or
methionine for tyrosine and 3-iodotyrosine; valine,

threonine, phenylalanine, or methionine for 3-chlorotyro-
sine) were dissolved in an aqueous solution (1:1 mixture

of water and methanol with 1% acetic acid) to the con-
centration of 0.025M. Several drops of concentrated

hydrochloric acid were added to each sample mixture in
order to facilitate dissolution of the amino acids. Each

sample solution was perpendicularly electrosprayed
(0.3 ml/h) into the desolvation capillary (250 °C) of an

ion-trap mass spectrometer (MSD Trap XCT, Agilent

Technologies, Santa Clara, CA, USA), with N2 as the

nebulizer gas (40 psi) and drying gas (5 l/min). [Tyr∙Aref]
∙H+, [Cl-Tyr∙Aref]∙H

+, and [I-Tyr∙Aref]∙H
+ (Aref = refer-

ence amino acid) precursor clusters were isolated in the D

(m/z) = 2.0 window and were subjected to CID at the res-
onance excitation voltage of 0.35 V. The CID MS2 spec-
tra are normalized with respect to the base peak.

As detailed in previous studies [3][4][6][8][12][14],
CID of precursor clusters yield two product ions

½A0 �Ai� �Hþ !k0 A0 �Hþ þAi (1a)

½A0 �Ai� �Hþ !ki A0 þAi �Hþ (1b)

where A0 is the molecule with unknown PA (tyrosine,
3-chlorotyrosine, or 3-iodotyrosine), Ai is the reference

molecule with known PA (valine, isoleucine, threonine,
phenylalanine, or methionine), and k is the dissociation

rate constant. PA of A0 is obtained using the linear equa-
tion [3][4][6][8][12]

ln
I0
Ii
¼ � PAi

RTeff
þ PA0

RTeff
(2)

where I is the mass spectral intensity, R is the ideal gas
constant, and Teff is the effective temperature of the dis-

sociating precursor. The assumption [4][12][14] in this
equation is that the ratio of mass spectral intensities I0/Ii
represents the ratio of rate constants k0/ki.

PAs reported in this study are averages of four

measurements made over four consecutive days, and

Fig. 4. CID Tandem mass spectra of (a) [I-Tyr∙Ile]∙H+, (b) [I-Tyr∙Thr]∙H+, (c) [I-Tyr∙Phe]∙H+, and (d) [I-Tyr∙Met]∙H+, and (e) a plot of

ln(II-Tyr/IRef) vs. PAs of reference molecules [14] with linear regression. Resonance excitation voltage of 0.35 V is used.

184 Helv. Chim. Acta 2016, 99, 181 – 186

www.helv.wiley.com © 2016 Verlag Helvetica Chimica Acta AG, Z€urich



are reproducible to within � 0.1 kJ/mol standard devia-

tion. Error in each measurement based on the analysis
of propagation of uncertainty [18] was 0.7 kJ/mol or

less. Reference PA values are adopted from the work
of Tabet et al. [13]. This reference scale is used because

it was established [13] using PAs of serine, leucine,
threonine, methionine, and tryptophan, which are con-

sistent in various measurements. Entropic effect was not
taken into consideration as it has been suggested [13]

that the presence of side chains results in similar
entropy change regardless of the amino acid structure;

our attempt, using 3-chlorotyrosine as a pilot molecule,
to observe entropic effect by employing different CID

energies produced negative results; we did not observe
any appreciable changes in the PA as the collision

energy was varied. This suggests that the entropic effect
is negligible within the uncertainty of the measurement

and/or the sensitivity limit of the instrument under the
current experimental condition. For consistency, the

original kinetic method [12] was used to derive relative
PAs of tyrosine and the halogenated species. Differ-

ences between PAs of the three molecules should

reflect PA shifts associated with halogenation of tyro-

sine.

Computational Part

Structure optimization, harmonic frequency analysis,
and PA calculations for tyrosine, 3-chlorotyrosine, and

3-iodotyrosine were performed at the X3LYP level
using Gaussian09 [19], and isotropic polarizabilities were

calculated at the PBE1PBE level. The 6-311 + G(2d,2p)
basis set was used for all atoms except for hydrogen,

chlorine, and iodine atoms at the C(3) position of the
phenol ring; split valence basis sets are not available
for iodine, and the MidiX basis set was used for the

three atoms. The X3LYP and PBE1PBE levels of the-
ory describe inter- and intramolecular interaction [20]

[21], and isotropic polarizability [9] with high degrees of
accuracy, respectively. The calculated PAs were zero-

point corrected.
Density functional theory (DFT) calculation results

for acetonitrile, chloroacetonitrile, bromoacetonitrile, and
iodoacetonitrile are also presented for comparison.

Fig. 5. X3LYP Structures of neutral and protonated tyrosine, 3-chlorotyrosine, and 3-iodotyrosine

Helv. Chim. Acta 2016, 99, 181 – 186 185

© 2016 Verlag Helvetica Chimica Acta AG, Z€urich www.helv.wiley.com



REFERENCES

[1] P. G. Wenthold, J. Am. Soc. Mass Spectrom. 2000, 11, 601.

[2] A. F. Kuntz, A. W. Boynton, G. A. David, K. E. Coyler,

J. C. Poutsma, J. Am. Soc. Mass Spectrom. 2002, 13, 72.

[3] V. Addario, Y. Guo, I. K. Chu, Y. Ling, G. Ruggerio,

C. F. Rodriquez, A. C. Hopkinson, K. W. M. Siu, Int. J. Mass

Spectrom. 2002, 219, 101.

[4] S. Mezzache, C. Afonso, C. Pepe, P. Karoyan, F. Fournier,

J.-C. Tabet, Rapid Commun. Mass Spectrom. 2003, 17, 1626.

[5] Z. Yang, M. T. Rodgers, J. Am. Chem. Soc. 2004, 126, 16217.
[6] S. Mezzache, C. Pepe, P. Karoyan, F. Fournier, J.-C. Tabet,

Rapid Commun. Mass Spectrom. 2005, 19, 2279.

[7] C. Muetterties, A. Janiga, K. T. Huynh, M. G. Pisano, V. T. Tripp,

D. D. Young, J. C. Poutsma, Int. J. Mass Spectrom. 2014, 369, 71.
[8] V. Kanchi, J.-W. Shin, Aust. J. Chem. 2015, 68, 1518.

[9] Y. Chen, M. T. Rodgers, J. Am. Chem. Soc. 2012, 134, 5863.

[10] E. P. L. Hunter, S. G. Lias, J. Phys. Chem. Ref. Data 1988, 27,

413.

[11] T. I. Williams, J. W. Denault, R. G. Cooks, Int. J. Mass

Spectrom. 2001, 210/211, 133.

[12] S. A. McLuckey, D. Cameron, R. G. Cooks, J. Am. Chem. Soc.

1981, 103, 1313.

[13] C. Afonso, F. Modeste, P. Breton, F. Fournier, J.-C. Tabet,

Eur. J. Mass Spectrom. 2000, 6, 443.

[14] K. B. Green-Church, P. A. Limbach, J. Am. Soc. Mass

Spectrom. 2000, 11, 24.

[15] Y. Inokuchi, Y. Kobayashi, T. Ito, T. Ebata, J. Phys. Chem. A

2007, 111, 3209.

[16] J. A. Stearns, S. Mercier, C. Seaiby, M. Guidi, O. V. Boyarkin,

T. R. Rizzo, J. Am. Chem. Soc. 2007, 129, 11814.

[17] R. Chang, K. A. Goldsby, ‘Chemistry’, 11th edn., McGraw-Hill,

New York, NY, 2013, p. 383.

[18] D. C. Harris, ‘Quntitative Chemical Analysis’, 8th edn., W. H.

Freeman and Company, New York, NY, 2010, pp. 83 – 89.

[19] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M.

A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Men-

nucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P.

Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnen-

berg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,

M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vre-

ven, J. A. Montgomery Jr, J. E. Peralta, F. Ogliaro, M. Bear-

park, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov,

R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C.

Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Mil-

lam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo,

J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J.

Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin,

K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J.

Dannenberg, S. Dapprich, A. D. Daniels, €O. Farkas, J. B.

Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian, Inc.,

Wallingford CT, 2009.

[20] X. Xu, W. A. Goddard III, Proc. Natl Acad. Sci. USA 2004,

101, 2673.

[21] S. M. Smith, A. N. Markevitch, D. A. Romanov, X. Li,

R. J. Levis, H. B. Schlegel, J. Phys. Chem. A 2004, 108, 11063.

Received August 7, 2015

Accepted December 10, 2015

186 Helv. Chim. Acta 2016, 99, 181 – 186

www.helv.wiley.com © 2016 Verlag Helvetica Chimica Acta AG, Z€urich


