
F

S
A

J
M
a

b

c

a

A
R
R
A
A

K
I
A
P
I

1

h
c
a
p
i
d
t
R
i
[
s

g
w
g
t

h
1

International Journal of Mass Spectrometry 429 (2018) 115–120

Contents lists available at ScienceDirect

International  Journal  of  Mass  Spectrometry

jou rn al h om epage: www.elsev ier .com/ locate / i jms

ull  Length  Article

ide-chain  effects  on  the  structures  of  protonated  amino  acid  dimers:
 gas-phase  infrared  spectroscopy  study

ongcheol  Seoa, Waldemar  Hoffmanna,b,  Sebastian  Malerza,b,  Stephan  Warnkea,
ichael  T.  Bowersc,  Kevin  Pagelb,  Gert  von  Heldena,∗

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany
Freie Universität Berlin, Institute of Chemistry and Biochemistry, Takustrasse 3, 14195 Berlin, Germany
Department of Chemistry and Biochemistry, University of California Santa Barbara, Santa Barbara, CA 93106, United States

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 7 February 2017
eceived in revised form 19 June 2017
ccepted 22 June 2017
vailable online 1 July 2017

eywords:
RMPD spectroscopy

a  b  s  t  r  a  c  t

A  protonated  amino  acid can  interact  in several  ways  with  another  uncharged  amino  acid  molecule  to
form  a protonated  dimer.  In case  of amino  acids  that  do  not  have  basic  or acidic  side  chains,  the  most
likely  protonation  site  is the  amino  group  and  the  then  protonated  amine  can  be involved  in  a pairwise
interaction  with  a neutral  amine,  a carboxylic  acid, a carboxylate  group  and/or  the  sidechain  of  the
partner  amino  acid.  Here,  we  employ  gas-phase  infrared  spectroscopy  and  density  functional  theory  to
identify  these  pairwise  interactions  in protonated  homodimers  of serine,  isoleucine,  phenylalanine  and
tyrosine.  The  results  show  the  influence  of the different  side-chains  on  the  respective  interactions.  A
mino acid dimer
airwise interaction
on mobility-mass spectrometry

charge-solvated  structure  with  pairwise  interaction  between  a protonated  amine  and  a  neutral  amine
is  preferred  if the  side  chain  can  provide  additional  stabilizing  interaction  with  the positive  charge.  In
contrast,  for amino  acids  where  the  side  chain  only  interacts  weakly  with  the protonated  amine  group,  a
protonated  dimer  is formed  by an  interaction  between  the  protonated  amine  and  the  neutral  carboxylic
acid  of the  second  amino  acid.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

For biological molecules, protonation is a basic process that can
ave a profound impact on structure by strongly affecting non-
ovalent intra- and intermolecular interactions [1–7]. For peptides
nd proteins, the amine moiety is the most commonly preferred
rotonation site and protonated amines can engage in various

nteractions with other functional groups to play key roles in
iverse processes such as protein/peptide folding [2,4], proton
ransfer dynamics [1,3] or peptide backbone dissociation [8–10].
ecently, these interactions have also been recognized to be of

mportance in the formation of metastable amino acid clusters
11–14] with the possible relevance to aggregation related diseases
uch as phenylketonuria [15].

Protonated amino acid (AA) dimers in the gas phase are of
reat interest because they provide simple models for the pair-

ise interactions between protonated amines and other functional

roups that might be present in peptides and proteins. Due to
heir small size, such species are amenable to rigorous struc-

∗ Corresponding author.
E-mail address: helden@fhi-berlin.mpg.de (G. von Helden).
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tural characterization by means of spectroscopy or first-principle
theoretical calculations. To this end, gas-phase infrared (IR) spec-
troscopy, often performed as IR multiple photon dissociation
(IRMPD) spectroscopy, has proven to be a powerful tool, since
molecular vibrations of the important functional groups are sen-
sitive to their protonation state and their local interactions and
show well-resolved diagnostic IR features [5,7,16–21]. By compar-
ing experimental IR spectra with theoretical IR spectra accurate
structures can then be deduced.

Previously, several protonated AA dimers have been studied,
both experimentally as well as by theory [22–35]. O H and N H
stretching vibrations in Gly2H+ [22,25], Ser2H+ [23], Thr2H+ [32],
Lys2H+ [22,29], Pro2H+ [31], and Trp2H+ [33] were investigated
in the 2700–3600 cm−1 range and Gly2H+ [24,26], Ala2H+ [26],
Val2H+ [26], Cys2H+ [35], and Pro2H+ [24] were studied in the
1000–2000 cm−1 region, in which C O stretching and N H bend-
ing vibrations can be monitored. Heterodimers, such as Ser·PheH+

[28,30], Ala·GlyH+,[26] Gly·LysH+ [22,25], and Gly·PheH+ [34], were
also investigated in both, the 2700–3700 cm−1 and 800–2000 cm−1
ranges. By combining those spectroscopic results with theoretical
calculations, a large amount of structural detail was obtained. The
general consensus is that for protonated AA dimers having neu-
tral side chains, charge-solvated structures are preferred in which

https://doi.org/10.1016/j.ijms.2017.06.011
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 protonated amine group engages in an intermolecular interac-
ion with the neutral carboxylic acid or amine group of the partner
A. Dimers in which the second AA is zwitterionic and where the

nteraction is present in the form of a salt-bridge are only found for
imers of basic AAs [22,24,29,31].

For charge-solvated species, the pairwise interactions can occur
n two ways. One possibility is intermolecular ionic hydrogen
onding between the protonated amine and the carbonyl group
[H2N H]+· · ·O COH–), which is suggested for several protonated
imers, such as, Gly·AlaH+, Gly2H+, Ala2H+, Val2H+ and Cys2H+

24–26]. For species such as Gly·PheH+, Thr2H+, and Trp2H+, on
he other hand, IR spectra indicate hydrogen bonding between
he protonated amine and the neutral amine group of the partner
A (–[H2N H]+· · ·NH2–) [32–34]. These results suggests that the
airwise interactions in protonated AA dimers are strongly influ-
nced by the AA side chains. The effects of cation-� interactions
n the Gly·PheH+ dimers have been investigated by replacing the
CH2C6H5 (benzyl-) side chain of Phe with −CH2C6F5 [34].

However, in spite of the progress made to date, a general
nderstanding of the influence of the side chains on the dimer
inding interactions is lacking. Here, we present a study on pro-
onated AA dimers having polar uncharged, aliphatic as well as
romatic side chains, namely of the AAs serine, isoleucine, pheny-
alanine and tyrosine. IRMPD spectra in the mid-IR fingerprint
egion (1000–2000 cm−1) as well as collision cross sections (CCSs)
y using ion mobility spectrometry are reported. The data is com-
ared with results from density functional theory calculations and
he structure and pairwise interactions as well as the effects of side
hains on the formation of the protonated dimer in the gas phase
re discussed.

. Materials and methods

.1. Sample preparation

Isoleucine (Ile), serine (Ser), phenylalanine (Phe), and tyrosine
Tyr) are purchased from Sigma-Aldrich (Taufkirchen, Germany),
issolved in pure water to the final concentration of 500 �M and
sed without further purification.

.2. Ion mobility-mass spectrometry

Experiments are performed using an earlier described home-
uilt, hybrid drift-tube ion mobility quadrupole time-of-flight
Q-TOF) mass spectrometer [5,36–38], equipped with a nanoelec-
rospray source (see also Fig. S1 in ESI). For all experiments 5–10 �L
f sample solution is loaded into a Pd/Pt-coated borosilicate capil-
ary and sprayed with an electrospray voltage of 0.8–1.0 kV. Ions
re transferred into the instrument via a capillary inlet into an
F ion funnel, from which they are pulsed into a 80 cm long drift
ube. The drift tube is filled with helium buffer gas (4.5 mbar) and
ons traverse the drift region with the aid of a weak electric field
10–15 V cm−1). The ions exit the drift tube via a second ion fun-
el, pass through two differentially pumped ion guides, and enter a
igh vacuum region where m/z selection is done using a quadrupole
ass filter. Ion currents can be recorded as a function of time to

btain an arrival time distribution (ATD). From the ATD, the angle-
veraged collision cross-section (CCS, �exp) can be determined
sing the Mason-Schamp equation [39]. In cases where more than
ne species is present in the ATD, electrostatic gating can be per-

ormed to allow for spectroscopic investigations on species that are
hen at the same time both, m/z as well as mobility (i.e. geomet-
ical size) selected. Additional details are given in the Electronic
upplementary Information (See ESI).
 Spectrometry 429 (2018) 115–120

2.3. Infrared multiple photon dissociation (IRMPD) spectroscopy

The m/z- as well as mobility-selected protonated AA dimer ions
are irradiated with infrared photons provided by the Fritz Haber
Institute free electron laser (FHI FEL) [40]. When the IR light is res-
onant with an IR active mode of the complex, multiple photons are
absorbed, which can result in the dissociation of the complex. An
IRMPD spectrum is then constructed by plotting the fragmentation
yield as a function of IR wavenumber in a range of 1000–1900 cm−1.
Further details are described in the Electronic Supplementary Infor-
mation (See ESI).

2.4. Theoretical calculations

Starting geometries of protonated AA dimers are generated by
a conformational search, as implemented in the MacroModel 10.3
software [41] and using the OPLS3 force field [42]. Structures in
local minima that are within a 30 kJ mol−1 from the overall lowest
energy structure are kept for further analysis. Several low-energy
structures are then further optimized at the B3LYP level using
Gaussian 09 [43] with the aug-cc-pVDZ basis set with the addition
of Grimme  D3 dispersion correction [44]. Vibrational frequencies
are scaled by 0.971 [45], and convoluted with Gaussian functions
(10 cm−1 bandwidth) to construct theoretical IR spectra that can
be compared with the experimental spectra. Theoretical CCS values
(�theory) of optimized structures are calculated using the trajectory
method as implemented in MOBCAL [46,47].

3. Results and discussion

Protonated homodimers of serine, isoleucine, phenylalanine,
and tyrosine (Ser2H+, Ile2H+, Phe2H+, and Tyr2H+) are abundantly
found in the mass spectra as shown in Fig. S2 (See ESI). Arrival
time distributions of those protonated dimers are shown in Fig. S3
(See ESI), which show for each dimer only one peak. Thus, only one
IRMPD spectrum for each dimer has been recorded.

IRMPD spectra of Ser2H+, Ile2H+, Phe2H+, and Tyr2H+ are shown
in Fig. 1. The IRMPD spectra of Ser2H+, Ile2H+, and Phe2H+ resem-
ble each other, showing common IR features such as an IR band at
∼1150 cm−1, three bands in the range 1400–1600 cm−1, and partly
resolved bands around 1700–1780 cm−1. These features are also
found in the spectrum of Tyr2H+, however, with the presence of
several additional intense bands at 1170, 1274, and 1505 cm−1.

The relative intensities of the common IR bands differ between
the spectra. This is especially the case in the 1700–1780 cm−1

region, where for Ser2H+, Phe2H+ and Tyr2H+ the IR band
at ∼1775 cm−1 is stronger than the features in the range of
1700–1750 cm−1, in contrast to the case of Ile2H+ where the lower
wavenumber band at 1706 cm−1 is more intense.

The IR features that are common in all spectra likely stem from
N H bending modes of neutral or protonated amine groups and
from C O or C O stretching modes of neutral or deprotonated
carboxylic acid groups, which are common for all AAs. Typically
in AAs, the 1600–1800 cm−1 region is occupied by the stretching
vibration of C O in carboxylic acids and the exact band positions as
well as intensities are highly sensitive to the protonation state and
hydrogen bonding environment. A free carboxylic acid group has
its C O stretching vibration at ∼1780 cm−1 [18], but when hydro-
gen bonded a shift towards 1710–1730 cm−1 is observed [16]. In
contrast, a carboxylate group has a strong antisymmetric O C O
stretching vibration at 1620–1640 cm−1 [17,19], and a weaker sym-

metric stretch vibration around 1300–1400 cm−1 [17,19].

For a protonated dimer formed by two AAs, which do not have
basic or acidic side chains, three different types of interaction are
reasonable as schematically shown in Fig. 2. First, there are two
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Fig. 1. IRMPD spectra of protonated homodimers of (a) serine (Ser2H+), (b)
isoleucine (Ile2H+), (c) phenylalanine (Phe2H+), and (d) tyrosine (Tyr2H+).
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Fig. 2. Possible pairwise interactions in a protonated AA dimer.

ifferent kinds of charge-solvated dimers in which both carboxylic
cid groups are neutral and one amine group is protonated. The pro-
onated amine can either interact with a neutral amine (Fig. 2, type
) or a carboxylic acid group (Fig. 2, type B) of the partner AA. The
econd possibility involves a zwitterionic partner that forms a salt
ridge between the protonated amine group and the carboxylate
roup (Fig. 2, type Z).

To investigate those structural motifs, ab initio calculations were
erformed and the lowest-energy structures found for type A, B,
nd Z dimers are shown in Fig. 3. The nomenclature XA,  XB, and XZ
enotes type A, B, and Z dimers of amino acid X, respectively, where

 is the one-letter code of an amino acid. The xyz-coordinates of
tructures in Fig. 3 are given in Table S1–S4 (See ESI). Other several
ow-energy structures are shown in Fig. S4 (See ESI), but they are
t least 5 kJ mol−1 less stable than the structures shown in Fig. 3. In
he structures SA,  IA,  FA,  and YA,  the protonated −NH3

+ group on
ne AA acts as a hydrogen bond donor to the −NH2 group on the
artner AA. In addition, the −NH3

+ group is in close vicinity to at
east one carboxylic acid C O group. Further, for SA,  FA,  and YA,

t least one of the side chains interacts with the positively charged
ite. In the case of SA,  the −OH side chain forms a hydrogen bond
ith the −NH3

+ moiety. In FA and YA, both electron-rich aromatic
ings are coordinating to the −NH3

+ group, leading to the formation
 Spectrometry 429 (2018) 115–120 117

of a sandwich-like geometry. In the case of IA,  on the other hand,
the aliphatic side chains do not interact with the charged moiety
and remain bystanders.

In types B dimers, the charged −NH3
+ group not only coor-

dinates to the C O group of the other AA but is an integral
part of a hydrogen bonding network. Here the protonated
amine group is central in an oriented chain of interactions
(H2N· · ·HO C O· · ·[H NH H]+· · ·O C OH) and acts as hydrogen
bond donor in both intra- and inter-molecular hydrogen bonds
with two carboxylic acids. The −COOH group in the middle is in
an anti conformation, in which the −OH proton is aligned opposite
to C O, and serves as a donor for an intra-molecular hydrogen bond
with the −NH2 group. Further, the side chains in type B dimers are
not directly interacting with the positive charge and remain in the
periphery (in contrast to the type A dimers).

The structures of type Z dimers are similar to those
of type B dimers. The carboxylate groups and the pro-
tonated amines form an alternating chain of interactions
([H2N H]+· · ·[O C O]−· · ·[H NH H]+). The side chains are mostly
not directly involved in these core interactions with the exception
of SZ where one hydroxyl group forms a hydrogen bond with the
central COO group.

The experimental spectra shown in Fig. 1 are compared to those
calculated for the various type A, B, and Z structures in Fig. 4.
A detailed assignment of the vibrational modes is given in Table
S5–S8 (See ESI).

Spectra predicted for type A, B, and Z structures yield clearly dis-
tinct spectral signatures. Type A and B structures show two  IR bands
at 1700–1800 cm−1 which can be assigned to C O stretching vibra-
tions in the two −COOH groups and which are shown as coloured
in red in Fig. 4. Type Z structures on the other hand show only
one C O stretching band in the 1700–1800 cm−1 range (coloured
in red), as one of two  carboxylic acid groups is deprotonated. Other
bands that stem from the −COOH group are a C O H bending mode
near 1400 cm−1 and a C OH stretching mode around 1160 cm−1.
These are marked in red in Fig. 4. When comparing relative inten-
sities between bands arising from vibrations of −COOH groups, it
is interesting to note that in type A structures, the C O stretch-
ing mode with higher wavenumber has a larger IR intensity while
the opposite is the case for type B structures. For the bands aris-
ing from C O H bending modes, it can be noted that this band
is particularly strong in type B structures. This can be attributed
to a C O H· · ·NH2 interaction which only occurs in type B struc-
tures and causes a strong infrared intensity in the C O H bending
mode at ∼1400 cm−1. Furthermore, the umbrella mode of NH3

+ at
1480–1500 cm−1 can be also indicative for type B structure, because
it is typically blue-shifted to ∼1540 cm−1 for type A or Z structures.

Type Z structures are characterized by an O C O antisymmet-
ric stretching mode located at 1600–1650 cm−1 and a symmetric
stretching mode at 1350–1400 cm−1. These are coloured in grey
in Fig. 4 and it can be noted, that the symmetric stretching mode
has a slightly higher IR intensity than the antisymmetric stretching
mode.

Bands arising from N H bending modes in −NH3
+ or −NH2 are

found in the range 1500–1620 cm−1 and are coloured in blue in
Fig. 4. Their positions and intensities depend on the details of the
structure and it appears difficult to assign systematic and consistent
trends between type A, B, and Z structures.

All experimental spectra show the presence of double peaks
at 1700–1800 cm−1. This, together with absence of bands in the
experimental spectra that would correspond to symmetric and
antisymmetric O C O stretching vibrations, rules out the presence

of type Z structures. The splitting and pattern of relative intensities
between the two C O stretch bands between 1700 and 1800 cm−1

can be used as a diagnostic feature to distinguish between type A
and B structures. Experimentally, the C O stretch band at higher
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Fig. 3. Optimized geometries for (a) Ser2H+, (b) Ile2H+, (c) Phe2H+, and (d) Tyr2H+. Charge-solvated dimers are shown in the first and second rows (Type A and B, respectively),
and  salt-bridge (zwitterionic) dimers (Type Z) are shown in the third row. For each type, the lowest energy structure is shown. XA, XB, and XZ denote type A, B, and Z dimers
of  amino acid X, respectively, where X is a one-letter code of an amino acid.
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ig. 4. Comparison between experimental and theoretical IR spectra of (a) Ser2H+ (b
f  neutral carboxylic acid (–COOH) and carboxylate (–COO−) groups, respectively. T
mines  (–NH2 or NH3

+).

requency has a higher intensity than the one to lower frequency
or all species except Ile2H+. Together with the good agreement
n positions and relative intensities in the 1000–1800 cm−1 range,
his indicates that Ser2H+, Phe2H+, and Tyr2H+ are present in the
xperiment as type A structures. For Ile2H+, the pattern of the C O
tretching modes as well as of bands at lower wavenumber, espe-
ially of the three characteristic IR bands at ∼1400 cm−1 (C−O−H
ending), ∼1480 cm−1 (NH3

+ umbrella mode), and ∼1600 cm−1

NH3
+ scissoring mode) indicate a type B structure.

The predicted gas-phase relative free energies as well as the

heoretical CCS values (�theory) of the structures in Fig. 3 are given
n Table 1. For Ser2H+, Phe2H+, and Tyr2H+, type A structures (SA,
A, and YA)  are lowest in energy, respectively. For Ile2H+, on the
ther hand, a type B structure (IB)  is predicted to be more stable.
+ (c) Phe2H+ and (d) Tyr2H+. IR bands coloured in red and grey stem from vibrations
ands coloured in blue result from the deformation modes of neutral or protonated

This is in agreement with the structure assignment based on the IR
spectra given above. For the calculated structures, type A, B and Z
structures give similar CCS values with the largest deviation being
∼9% between type A and Z for Phe2H+. For all other species, the dif-
ferences are much smaller and it is not possible to unambiguously
distinguish structure types based only on CCS values. Nonetheless,
the best agreement between experiment and theory is obtained for
type A structures for Ser2H+, Phe2H+, and Tyr2H+ and for a type B
structure for Ile2H+, which is consistent with the results from both
spectroscopy and theory.
The IRMPD spectrum of Ile2H+ in the present work is very sim-
ilar to literature spectra of Gly2H+, Ala2H+, and Val2H+ [24,26],
which show a strong IR band at ∼1700 cm−1 and a weaker fea-
ture at higher wavenumber and for those dimers with aliphatic
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Table  1
Relative stabilities (�G298) and collision cross sections (�exp and �theory) of proto-
nated AA dimers.

species experiment theory
�exp

a structure �theory
a �G298K

b

Ser2H+ 84 SA 84.6 ± 1.8 0.0
SB 82.7 ± 0.9 10.9
SZ 87.5 ± 1.8 12.6

Ile2H+ 104 IA 106.9 ± 1.7 3.9
IB 104.1 ± 2.4 0.0
IZ 104.6 ± 1.8 6.3

Phe2H+ 112 FA 112.5 ± 2.1 0.0
FB 115.4 ± 1.6 25.2
FZ 122.7 ± 2.3 23.5

Tyr2H+ 119 YA 119.2 ± 1.6 0.0
YB 124.4 ± 1.3 20.8
YZ 123.7 ± 1.9 23.1
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Table 2
Summary of the proposed interaction types of protonated amino acid dimers.

species wavenumber region proposed typea

Gly2H+ 1000–2000 cm−1 B [24,26]
2700–3700 cm−1 A [22], B [25]

Ala2H+ 1000–2000 cm−1 B [26]
Val2H+ 1000–2000 cm−1 B [26]
Ile2H+ 1000–2000 cm−1 Bb

Phe2H+ 1000–2000 cm−1 Ab

Tyr2H+ 1000–2000 cm−1 Ab

Trp2H+ 2700–3700 cm−1 A [33]
Ser2H+ 1000–2000 cm−1 A b

2700–3700 cm−1 A [23]
Thr2H+ 2700–3700 cm−1 A [32]
Cys2H+ 1000–2000 cm−1 B [35]
Pro2H+ 1000–2000 cm−1 Z

[24,31]2700–3700 cm−1

Lys2H+ 2700–3700 cm−1 A [22,27], Z [29]
Ala·GlyH+ 1000–2000 cm−1 B [26]
Gly·LysH+ 2700–3700 cm−1 Z [22]
Ser·PheH+ 2700–3700 cm−1 –c [28,30]
Gly·PheH+ 1000–2000 cm−1 A [34]
Gly·Phe(F5)H+ d 1000–2000 cm−1 B [34]

a A, charge-solvated (H2N· · ·[H NH2]+); B, charge-solvated
(HO C O· · ·[H NH2]+); Z, salt-bridge (zwitterionic).

[
[

[

[

[

[
[

[

a unit Å2.
b unit kJ mol−1.

ide chains, type B interactions have been predicted [24,26]. In the
ase of Ser2H+, the present work can be compared to the previous
esults on Thr2H+ [32]. For both Ser2H+ and Thr2H+, the theoret-
cally most stable conformer is type A; that is charge-solvated
nteractions with an additional H-bond between the protonated
mine and a hydroxyl oxygen. For Phe2H+ and Tyr2H+, our results
how that type A structures are preferred as well and the calcula-
ions indicate that cation-� interactions play a role in stabilizing
he positive charge. This result is in line with previous results for
rp2H+ and Gly·PheH+ [33,34]. We  can thus conclude that if the
rotonated amine can interact with a side chain to gain further
tabilization (via H-bonding or cation-� interaction), type A inter-
ctions (H2N· · ·[H NH2]+) are preferred to yield charge-solvated
rotonated dimer structures. In contrast, when the side chain can-
ot provide any significant further stabilization to the charge, the
rotonated dimers tend to form a charge-solvated structure with
ype B (HO C O· · ·[H NH2]+) interaction.

. Conclusions

Gas-phase IR spectroscopy in the 1000–2000 cm−1 fingerprint
egion combined with density functional theory is used to deter-
ine the structures and interactions in protonated homodimers

f serine, isoleucine, phenylalanine, and tyrosine. Three different
ypes of pairwise interactions between the two AA molecules were
onsidered, for which density functional theory predicts IR signa-
ures that are distinguishable from each other. Comparing those
redicted IR spectra with experimental spectra allows for the clear

dentification of the type of pairwise interaction of each protonated
imer. The present results as well as previous results are all sum-
arized in Table 2. The results suggest that the interactions of

he side chains with the charged sites play an important role in
etermining which structural motif is preferred. For AAs with non-

nteracting aliphatic side chains, charge-solvated dimer structures
hat are characterized by an interaction between the protonated
mine and a carboxylic acid are formed. When the side chain is
apable of stabilizing the positive charge either via H-bonding or
ation-� interaction, charge solvated structures with intermolec-
lar hydrogen bonding between a protonated amine and a neutral
mine (H2N· · ·[H NH2]+) are favoured.
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