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a b s t r a c t

Electrospray ionization (ESI) is the softest ionization method that is currently available and it is widely
accepted, that ESI generated ions of proteins and protein assemblies at certain conditions retain char-
acteristic aspects of their solution-state conformation. ESI mass spectrometry (MS) therefore evolved
as a useful tool to obtain information on composition, stoichiometry, and dynamics of non-covalently
associated protein complexes. While tertiary structure information of proteins can be obtained from ion
mobility spectrometry (IMS), only a few techniques yield direct information on the secondary struc-
ture of gas-phase peptides and proteins. We present here the mid-IR spectroscopic secondary structural
analysis of three de novo designed �-helical coiled coil model peptides and their non-covalently asso-
ciated complexes in the gas-phase. The conformational stability of such coiled coil peptides in solution
is primarily driven by aggregation. Isolated monomers usually remain unfolded. Two of the investigated
peptides were designed to assemble into stable �-helical complexes in acidic solution, while the third
nfrared multiphoton dissociation
lectrospray ionization
-Helix

one remains monomeric and unfolded at these conditions. Monomer ions of all three peptides show com-
parable photodissociation IR spectra and therefore suggest an unfolded conformation in the gas phase.
In contrast, considerable C O stretch (amide-I) and N–H bend (amide-II) band shifts have been observed
for the dimers which is consistent with an elevated H-bond content. These findings provide evidence
that at least a fraction of the condensed phase �-helical structure is retained in the gas-phase coiled coil

complexes.

. Introduction

In recent years, electrospray ionization (ESI) mass spectrometry
MS) evolved as a valuable tool to enable the analysis and character-
zation of the stoichiometry, dynamics, and shape of non-covalently
ssociated protein complexes [1–6]. Instrument modifications that
nvolve changes in the differential pumping region [7] as well as the
evelopment of nano-ESI sources [8] have been pioneering achieve-
ents, which nowadays make mass spectrometry a key-technique

n structural genomics and proteomics [6]. Very recent investiga-
ions showed that even membrane protein complexes, which are

sually extremely difficult to analyze, can be transferred intact into
mass spectrometer [9].

A crucial requirement for the analysis of an intact protein com-
lex in the gas phase is the (at least partial) conservation of the
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condensed-phase conformation. Several investigations on large
protein assemblies provided evidence that important structural
features such as a compact globular shape, secondary structure
elements, hydrogen bonding patterns, and characteristic quater-
nary contacts can be maintained at certain instrument and solution
conditions [10]. Soft landing approaches for example showed that
viruses retain their shape and infectivity after ES ionization, trans-
fer, and deposition on a surface placed at the end of the mass
spectrometer [11]. In addition, ion mobility spectrometry (IMS)
[12], especially when coupled to MS, can provide valuable insights
on the gas-phase conformation of proteins and protein com-
plexes [13,14]. Investigations on the undecameric complex of the
tryptophan-RNA binding attenuation protein (TRAP) for example
revealed, that the characteristic ring-like topology present in solu-
tion can be retained in the absence of solvent [15]. Furthermore,
IMS was successfully applied to charaterize the quaternary organi-
zation of small, soluble A�42 oligomers, which are thought to be

the toxic component in Alzheimer’s disease [16].

On the other end of the molecular scale, there have been
various combined IMS and molecular dynamics (MD) studies on
small peptides and peptide complexes, which adopt unique and
defined in vacuo conformations [17,18]. Most of these peptides are

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:kp345@cam.ac.uk
dx.doi.org/10.1016/j.ijms.2009.02.026
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vibrational mode in the molecule, this results in the absorbance of
many photons, which causes dissociation of the ion (IRMPD).

Monitoring the fragmentation yield or the depletion of the par-
ent ion signal as a function of IR wavelength leads to the IR spectra.
62 K. Pagel et al. / International Journal

lanine- and/or glycine-rich which makes them easy to calculate
nd understand, but also hardly soluble in aqueous solutions. As
consequence, often rather harsh source conditions and a high

cetic acid or trifluoroacetic acid (TFA) content are required to
lectrospray these peptides. However, various well defined confor-
ations such as isolated �-helices [19,20], helix-turn-helix motifs

18], and non-covalently associated helices [21] with partially
mpressive thermal stability have been observed for these systems.
ccording to the properties of the gas-phase environment, mainly
harge–charge, charge–dipole, and dipole–dipole interactions have
een found to contribute to their conformational stability.

Despite the enormous differences between small in vacuo pep-
ides and large solution-like protein assemblies, there is a common
roblem – a tremendous lack of knowledge on the secondary struc-
ure level. In the condensed phase, direct measurements of the
econdary structure can be easily performed using circular dichro-
sm [22] or infrared (IR) spectroscopy [23]. Until a few years ago,
here was no similar method for gas-phase structural analyses,
ut recently IR spectroscopy became available to gain secondary
tructure information of biomolecular ions in the gas phase. A
imited amount of species has been investigated since then, includ-
ng amino acids [24], dipeptides [25,26], tripeptides [27], longer
olypeptides [28–30,32,33], and the full length protein cytochrome
[34]. However, to date relatively little has been done on the

as-phase IR spectroscopic analysis of protein complexes. More
mportantly, nothing is known on the secondary structural differ-
nces between protein complexes and their corresponding subunits
n the gas phase. This kind of information is of outstanding impor-
ance, because a quaternary organization is often crucial for folding
and also misfolding) in solution.

Within this paper we present the gas-phase IR spectroscopic
nalysis of one of the smallest and most stable protein assem-
lies known from nature – the �-helical coiled coil. The structural
haracterization in solution was performed by CD spectroscopy,
hile infrared multiphoton dissociation (IRMPD) spectroscopy was

mployed to obtain secondary structure data of dimeric coiled
oil complexes and their corresponding monomers. Perceptible
ifferences between both species suggest that the cooperative,
ligomerization-driven folding known for coiled coils in solution to
ome extend also exists in the solvent-free environment. In addi-
ion, our data provide evidence that at least a fraction of the helical
onformation is retained in the gas phase.

. Experimental

.1. Peptide synthesis and purification

Model peptides VW01, VW02, and VW03 were synthe-
ized by standard Fmoc chemistry on Fmoc-Leu-OWang resin
0.68/0.71 mmol/g) using a 431 A peptide synthesizer (Applied
iosystems, Darmstadt, Germany). The peptides were cleaved from
he resin by reaction with 3 mL of a solution containing 5% (v/v) tri-
sopropylsilane, 0.1% (v/v) water, and 94.9% (v/v) TFA. Purification
as carried out by preparative reversed-phase high-performance

iquid chromatography (HPLC) on a Vydac C4 column. The molec-
lar weight of the products was determined by MALDI-TOF
ass spectrometry using a Voyager MALDI-TOF Mass spectrome-

er (Perseptive/Applied Biosystems, Darmstadt, Germany) and its
urity was determined by analytical HPLC on a Merck LaChrom
ystem (Merck, Darmstadt, Germany) equipped with a Vydac C4
10 �m) column (Grace Vydac, Columbia, MD, USA). The gradient

sed was similar to those of the preparative HPLC.

VW02Abz was synthesized by a solid phase assembly using
Multi-Syntech Syro XP peptide synthesizer (MultisynTech, Wit-

en, Germany) by Fmoc strategy on Fmoc-Leu-OWang resin
0.65 mmol/g). In contrast to VW02, VW02Abz was N-terminally
s Spectrometry 283 (2009) 161–168

capped with anthranilic acid (Abz).2 The peptide was cleaved from
the resin by reaction with 4 mL of a solution containing 10% (w/v)
triisopropylsilane, 1% (w/v) water, and 89% (w/v) TFA. The crude
product was purified by reversed-phase HPLC on a Knauer smart-
line manager 5000 system (Knauer, Berlin, Germany) equipped
with a C8 (10 �m) LUNATM Phenomenex column (Phenomenex,
Torrance, CA, USA). The peptide was eluted with a linear gradi-
ent of acetonitrile/water/0.1% trifluoroacetic acid and identified
by MS using an Agilent 6210 ESI-ToF LC/MS spectrometer (Agilent
Technologies, Santa Clara, CA, USA) with direct infusion via a Har-
vard Apparatus 11plus syringe pump (Harvard Apparatus, Holliston,
MA, USA) Purity was determined by analytical HPLC on a Merck
LaChrom system (Merck, Darmstadt, Germany) equipped with a C8
(10 �m) LUNATM Phenomenex column (Phenomenex, Torrance, CA,
USA). The gradient used was similar to those of the preparative
HPLC.

2.2. CD spectroscopy

CD measurements of peptides in buffer were carried out on a
J-715 spectrometer equipped with a temperature controller (Jasco,
Easton, MD, USA) using a quartz cell of mm path length. Spectra
were recorded at 25 ◦C from 200 to 240 nm at 0.5–0.2 nm resolution
with a scan rate of 20 nm/min and a sensitivity of 100 mdeg. Three
scans were acquired and averaged for each sample. Raw data were
manipulated by smoothing and subtraction of buffer spectra. The
concentration was 0.8 mg/mL, which corresponds to approximately
250 �M. CD values are given in mdeg and were not converted into
molar ellipticities, since concentration in solution was not deter-
mined independently and only roughly estimated by the weighted
amount of peptide. The following buffers were used: pH 4.0, pH 5.0:
10 mM acetate buffer; pH 7.4, 8.0: 10 mM Tris–HCl buffer.

2.3. Infrared photodissociation experiments

The experiments were performed at the free electron laser
facility FELIX [35] (Nieuwegein, the Netherlands) by using the
Fourier-transform ion cyclotron (FT-ICR) mass spectrometer [36].
Ions were generated via electrospray ionization. In order to avoid
higher-order aggregation, which might affect the ESI process,
exclusively freshly prepared samples were used for the presented
experiments. Therefore, 0.15 mg of peptide was dissolved freshly
in 1 mL NH4OFor buffer (10 mM, pH 4.5, Fisher Scientific, Schw-
erte, Germany). Subsequently, the pH was adjusted to 4.5 using
diluted formic acid solution and 40% MeOH (v/v, Acros Organics,
Geel, Belgium) was added to obtain a stable and reproducible spray.
The solution was sprayed via a syringe pump Harvard Apparatus
11plus (Harvard Apparatus, Holliston, MA, USA) and a standard Z-
spray source (Waters Corporation, Milford, MA, USA) connected to
the mass spectrometer. The ESI generated ions were transported
and accumulated in a hexapole ion trap and subsequently trans-
ferred into a home-built FT-ICR mass spectrometer that is optically
accessible via a KRS-5 window at the back end. After trapping and
mass-selective isolation of the charged molecules of interest inside
the ICR cell, the ions were irradiated by IR photons of the free elec-
tron laser FELIX. When the IR light is resonant with an IR active
2 2-Aminobenzoic acid (Abz, common name anthranilic acid) is often used as UV-
label to enable a photometric concentration determination in solution. Unpublished
results from our group indicate that this modification has no noticeable influence
on the condensed phase folding properties of a 26-residue coiled coil peptide.
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Fig. 1. Molecular modeling structure representing the solution-state conformation
of a dimeric coiled coil peptide. (a) View perpendicular to the axis of the helix and (b)
view along the helical axis. (c) Helical wheel diagram of a parallel coiled coil showing
the three recognition motifs. Yellow residues represent hydrophobic interactions,
K. Pagel et al. / International Journal

ecent studies showed that the so-obtained spectra are not entirely
dentical to linear IR absorption spectra, but can be very close to it
37]. The output of FELIX is continuously tunable over a range of
0–2000 cm−1. In the presented experiment only the range from
300 to 1850 cm−1 was scanned. The light consists of macropulses
f about 5 �s length at a repetition rate of 10 Hz, which contain
.3–5 ps long micropulses with a micropulse spacing of 1 ns. In the
resent experiment, macropulse energies were in the range 35 mJ
ith a bandwidth of approximately 1%.

. Results and discussion

.1. Peptide design

Within this study, three different �-helical coiled coil model
eptides have been investigated. Coiled coils, also often referred to
s leucine zipper proteins, are very common in nature and approx-
mately 3–5% of all amino acids in naturally occurring peptides and
roteins are involved in their formation [38]. Therefore, coiled coils
ave been studied extensively within the last 20 years, which led
o a profound understanding of the interactions that govern ther-

odynamic stability and specificity of folding; making it one of
he best understood protein folding motifs [38,39]. Today, artifi-
ial coiled coils with properties that are optimized for a particular
urpose or application can be designed de novo according to well
stablished principles [40–42].

�-Helical coiled coils typically consist of two to five right-
anded �-helices which are wound around one another forming a

eft-handed supercoil. Fig. 1a and b exemplarily shows the molecu-
ar modeling structure of an antiparallel 41-residue coiled coil. The
rimary structure of each helix is characterized by a periodicity of
even residues, the so-called 4-3 heptad repeat which is commonly
enoted (abcdefg)n. For design purposes, these seven residues are
ften presented in a so-called helical wheel diagram, which, in
simplified manner, depicts the alignment of residues along the
elical axis (Fig. 1c). Positions a and d are typically occupied by
polar residues (Leu, Ile, Val, Met) that form a special interaction
urface at the interface of the helices by hydrophobic core packing
“knobs-into-holes”) [38–40]. In contrast, positions e and g are fre-
uently occupied by charged amino acids (most commonly Glu, Arg,
nd Lys) that form inter-helical Coulomb interactions [39]. Polar
esidues are often found in the remaining heptad repeat positions
, c, and f, which are solvent exposed at the opposite side of the
elical cylinder.

In solution, the hydrophobic core provides the major contribu-
ion to the thermodynamic stability of the �-helical coiled coil. In
ontrast, the inter-helical ionic pairing positions e and g mainly
ictate the specificity of folding (parallel versus antiparallel) and
romote the preference for homo- or heterotypic �-helical coiled
oil formation [43–45]. An additional interaction domain, which
s not related to the coiled coil oligomerization, is formed by
ntramolecular Coulomb interactions between positions c/g and
/e, respectively. These interactions indirectly influence the stabil-

ty of �-helical coiled coil complexes by stabilizing or destabilizing
he single helices [46,47]. The combination of all three previously
escribed interactions makes coiled coil folding a highly coop-
rative process, i.e., the helical structure cannot exist without
ligomerization and vice versa. As a result, isolated monomers as
hey for example occur at very low concentrations remain unfolded
n solution.

Idealized coiled coils are often extraordinarily resistant to urea-

nd temperature-driven denaturation in solution. However, con-
itions in the gas phase are explicitly different, which may affect
he previously described coiled coil recognition motifs tremen-
ously. Due to the absence of bulk water hydrophobic interactions
re thought to be reduced to their van der Waals fraction, while
while coulomb interactions are occurring between negatively (red) and positively
charged residues (blue). (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of the article.)

Coulomb interactions and hydrogen bonds are assumed to increase
substantially in the gas phase [10,48]. Even though hydrophobic
core packing is the major determinant for coiled coil folding in
solution, ESI generated ions of oligomers can be transferred, stored
and detected in the solvent-free environment of a mass spectrom-
eter [45,49,50]. Surprisingly, this is even possible at conditions and
instrument setups which are not particularly suitable for the anal-
ysis of intact protein complexes. From these findings, the question
arises how oligomers of coiled coil peptides are held together in
the gas phase and, more importantly, whether this is accompanied
by a conservation of the helical conformation. If so, perceptible dif-
ferences in the gas-phase IR spectra of monomers and oligomers

should occur. To shed light on these questions, three different
26-residue coiled coil model peptides have been designed, char-
acterized and investigated by gas-phase mid-IR photodissociation
spectroscopy.
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ig. 2. (a–c) Helical wheel diagram and (d) sequence of peptides VW01, VW02, an
esidues in blue. (For interpretation of the references to color in this figure caption,

Peptides VW01 and VW02 (Fig. 2) possess highly compara-
le sequences and were both designed to provide for maximum
oiled coil stability. Positions a and d within the heptad repeat
re exclusively occupied by leucine residues, which ensure an effi-
iently packed hydrophobic core. Furthermore, positions e and g are
quipped with charged glutamic acid and lysine residues, respec-
ively, forming attractive Coulomb interactions in case of a parallel
elix alignment. The adjacent b and c positions are occupied by
ppositely charged lysine or glutamate residues which further sta-
ilize the �-helical structure by intramolecular ion-pairing. Due
o their optimized sequence, both peptides are expected to adopt
stable �-helical coiled coil conformation at a wide range of pH

alues.
ESI ionization is facilitated at acidic conditions and peptide

W03 was designed to serve as a negative control that remains
nfolded at these conditions. As in VW01 and VW02, the hydropho-
ic core positions a and d are exclusively equipped with Leu
esidues and positions e and g exhibit a similar pattern of oppo-
itely charged Glu and Lys residues, respectively. The intrinsic
endency to form a coiled coil structure should therefore be com-
arable to that of VW01 and VW02. However, in contrast to VW01
nd VW02, positions c and f were additionally modified with
imilarly charged Lys and Arg residues. Intramolecular coulomb
epulsions between these residues are known to destabilize the
elical structure at acidic conditions and, consequently, inhibit
oiled coil oligomerization. Such “pH switches” are a well estab-
ished tool in solution studies and have been applied to generate
H and ionic-strength dependent amyloid forming model systems
51,52].

.2. Folding in solution
Prior to gas-phase experiments, peptides VW01, VW02, and
W03 have been characterized by CD spectroscopy regarding their
H dependent folding behavior in solution. The spectra recorded
t a peptide concentration of approximately 250 �M are shown in
03. Hydrophobic residues are depicted in yellow, acidic residues in red, and basic
ader is referred to the web version of the article.)

Fig. 3. Similar CD signatures have been obtained at lower concen-
trations down to approximately 20 �M (data not shown).

As expected, VW01 and VW02 adopt a clear �-helical conforma-
tion with two characteristic minima at 208 and 222 nm (Fig. 3a and
b). In contrast, VW03 only exhibits a helical conformation at neu-
tral and slightly basic pH, while characteristic random-coil spectra
with a minimum at 200 nm (Fig. 3c) reveal a primarily unfolded
conformation at pH 4.0 and 5.0. This was expected from the design
and results from intramolecular coulomb repulsions between Lys
and Arg residues at positions c, g, and f which are forming the pH
switch. The OFF state of this pH switch at pH 7.4 and 8.0 on the
other hand results in the formation of a defined helical structure.
Consequently, VW03 still exhibits a high propensity to assemble
into coiled coil complexes, which makes it an ideal control peptide
that, with a sequence that is comparable to that of VW01 and VW02,
remains unfolded at acidic ESI conditions.

3.3. Oligomers in the gas phase

VW01, VW02Abz (see footnote 2) (uncapped VW02 was not
available at the time the experiments took place) as well as VW03
were dissolved in buffered solution (10 mM NH4OFor, pH 4.5) at a
concentration of approximately 50 �M. Subsequently, the pH was
controlled, adjusted if necessary and 40% (v/v) methanol was added.
This solution was sprayed in the ESI source. The flowrate of the
syringe pump was set to 8 �L/min, the ESI voltage to 3.7 kV, the
cone voltage to 86 V and the temperature of the desolvation gas
(N2, flowrate 200 L/h) to 60 ◦C.

For all molecules, monomer ions in various protonation states
were observed. For VW01 and VW02Abz, monomer ions with 3,
4, and 5 excess protons and for VW03, monomer ions with 4, 5,

and 6 excess protons, were observed (however, the abundance of
the VW03 +6 ion was too low to allow recording of a spectrum).
Dimer ions at the charge state +5 were observed in the case of VW01
(Fig. 4a) and VW02Abz. Their relative intensity in comparison to the
most intense monomer peak was in the range of 30%. Dimers were
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ig. 3. CD spectra of approximately 250 �M peptide VW01, VW02, and VW03 at
H 4.0, 5.0, 7.4, and 8.0. VW01 and VW02 exhibit a clear helical conformation at all

nvestigated pH values while VW03 remains unfolded at pH 4.0 and 5.0.

bserved at concentrations as low as 20 �M, however no higher
ligomers were found.

.4. Photodissociation spectra of monomers

In order to record IR spectra, all ions, except the m/z ions of inter-
st, are ejected by employing SWIFT excitation. The remaining ions
re then irradiated by FELIX, and the fragmentation yield is recorded
s a function of IR wavelength. Because of the limited mass resolu-
ion, it cannot be fully excluded that the observed monomer ions are
lightly superimposed by the corresponding even-charged dimers.
owever, due to the much greater relative intensities of monomers

n comparison to dimers it can be assumed that the majority of ions
s indeed in the monomer state.

Fig. 5 shows the acquired IRMPD spectra for VW01, VW02Abz,
nd VW03 monomer units for several charge states. Fragmenta-

ion occurs into several product ions, which were not assigned.
n all spectra, two main peaks can be recognized. The peaks at
igher wavenumbers fall into the C O stretching (amide-I) vibra-
ion region while the peaks at lower wavenumbers are in a region,
here N–H bending (amide-II) modes are expected to occur. In the
s Spectrometry 283 (2009) 161–168 165

top part, the spectra for VW01 having the charge states +3, +4, and
+5 are shown. The peaks in the amide-I region are all centered
near 1662 cm−1 and their width seems to increase slightly with
increasing charge state. At the blue side of this band, a shoulder near
1745 cm−1 is observed, which is more pronounced in the spectrum
of the +5 ion of VW01 than in the spectra of the other two peptides.
In the amide-II region of the VW01 spectra, the peaks for the +3
and +4 species are virtually identical. For the +5 ion, however, the
amide-II peak becomes more intense, while also shifting to lower
frequency and broadening.

The spectra of VW02Abz in the charge states +3, +4, and +5 are
shown in the center of Fig. 5. Similar peak positions, widths and
trends as in the spectra of VW01 are observed. The main differences
to the case of VW01 is that for VW02Abz in the +3 charge state, the
peak near 1745 cm−1 is missing and that in the spectra of the +4 ion,
the amide-I and -II bands are broader and slightly shifted.

For the VW03 monomer, only the +4 and +5 charge states could
be generated at ion densities sufficient to record IR spectra. These
are shown in the lower part of Fig. 5. The spectra of those ions
are similar to the spectra of the lower charge states of VW1 and
VW02Abz.

For all three VW monomers considered, the spectra appear very
similar. One exception are the spectra of VW01 and VW02Abz in
the +5 charge states, for which the amide-II bands are red shifted,
as well as displaying increased intensities. Further, for all ions, with
increasing charge state, the amide-I bands shows a slight broad-
ening towards the lower-frequency side. Nonetheless, the average
position of the amide-I band is the same for all three ions for their
respective charge states. This suggests that all the monomer ions
have similar structures.

3.5. Photodissociation spectra of dimers

For VW01 and VW02Abz, the dimer ions having a +5 charge
are observed in quantities sufficient to allow for the recording
of IR spectra. For VW03, no gas-phase dimers could be observed
at the used experimental condition. When the [(VW01)2 + 5H]5+

or [(VW02Abz)2 + 5H]5+ are isolated and irradiated by FELIX at
wavelengths that allow for photon absorption and subsequent
fragmentation, the corresponding +3 and +2 monomer ions are
observed as fragmentation products (Fig. 4b). In Fig. 6, the IRMPD
spectra of [(VW01)2 + 5H]5+ and [(VW02Abz)2 + 5H]5+ are shown.
For comparison, the corresponding spectra of the +3 monomer ions
(which are also shown in Fig. 5) are shown with dashed lines.
The spectra of [(VW01)2 + 5H]5+ and [(VW02Abz)2 + 5H]5+ show
amide-I and -II resonances that occur at virtually the same posi-
tion and have the same width. This suggests that the structures of
both types of dimers are very similar. In both dimer spectra, the
amide-I and -II resonances are broader and shifted, compared to
those of the monomers. For the amide-I mode this shift is about
11 cm−1 to the red, while for the amide-II band, a 23 cm−1 shift to
the blue is observed. Different to the behavior of the monomers,
some background fragmentation of the dimers can be observed at
wavelengths that do not correspond to intense bands, such as the
amide-I and -II resonances, thus resulting in an elevated baseline
in their spectra.

3.6. Structural implications for monomers and dimers

Based on the IR spectra, all monomer ions appear to have
similar structures. For VW03, intramolecular electrostatic interac-

tions strongly destabilize the helical conformation and the solution
data at comparable pH values as used in the gas-phase experi-
ments reveal non-helical (presumably monomer) structures. It is
thus likely that in the gas phase, the structure present for VW03
is non-helical and more disordered, random-coil like. For VW01
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ig. 4. Mass spectra of swift-isolated VW01 dimers (center, [D + 5H]5+) after irradia
f the complex into the corresponding monomers (left, [M+3H]3+; right [M+2H]2+)
hich occur sample-independently.

nd VW02Abz, intramolecular electrostatic interactions may sup-
ort helix formation even for monomers, however, the similarity
f their spectra to those of VW03 points to disordered random-
oil structures for these peptides as well. With increasing charge
tate, the shoulder near 1750 cm−1 is observed to become more
rominent. A resonance at that position reveals the presence of
on-hydrogen bonded C O groups, either on the peptidic back-
one, on the C-terminus or on a Glu side chain [53]. Likely additional
rotonation sites of the VW molecules are either the previously
eutral basic sidechains or the deprotonated COO− groups. Which
f these processes occurs depends on the internal charge balance
f the molecule. VW01 has seven basic Lysine residues, seven acidic
lutamic acid residues as well as an acidic and a basic terminus. The
mino acid content of VW02Abz is similar, except the N-terminus,
hich is capped with anthranilic acid. This cap also possesses a

asic-NH2 group, however, its pK of 4.9 is significantly lower than
hat of a free N-terminus. In solution, at pH levels such as employed
ere, nearly all carboxylic acid groups of VW01 should be depro-
onated and all amino groups protonated, resulting in an overall
ncharged, or slightly positively charged molecule. For VW02Abz,
he amino group at the anthranilic acid will be only partially pro-
onated. When such an internal charge distribution persists in the
as phase, excess protons will be added to the COO− groups. This
s in line with the observation that the intensity of the 1750 cm−1
ode increases with the charge state. The situation is different in
ase of VW03. Here, four additional arginine residues are present.
t is thus likely that additional protons (up to a charge state of +7)

ill be added to the lysine or arginine side chains. In agreement
ith that, no 1750 cm−1 mode is present in the spectra.
ith FELIX at (a) 5.5 �m and (b) 6.1 �m. IRMPD at 6.1 �M results in a fragmentation
no dissociation occurs at 5.5 �M. Asterisks indicate electromagnetic interferences

In the dimer spectra, the amide-I mode is shifted to the red and
the amide-II mode to the blue, compared to the monomer spectra.
The similarity between the two dimer spectra and the dissimilarity
to the monomer spectra suggests that both dimers have compa-
rable structures that are distinctively different from those of the
monomers. However, a clear structural assignment on basis of the
absolute band positions is difficult. To date, only a very limited
amount of peptides and proteins with defined secondary structure
have been characterized by gas-phase IR spectroscopy. Unlike in
solution there are no reference values that clearly reveal a certain
conformation. Nevertheless, the general tendencies known from
the condensed phase [54] are also valid in the gas phase. Consid-
ering this, the observed shifts in the amide-I and -II positions are
consistent with an increase in hydrogen bonding. Hydrogen bonds
lead to a removal in electron density from the carbonyls oxygens,
which in turn reduces the C O stretch frequency (i.e., red shift of
the amide-I band). Conversely, amide-II band are blueshifted as a
result of hydrogen bonding interactions. This can be rationalized
by the fact that a hydrogen bond introduces “stiffness” into the
N–H bending mode, thus requiring more energy for this motion.
In solution, especially the amide-I mode strongly depends on the
underlying secondary structure and red-shifts up to 50 cm−1 are
observed for H-bond-rich �-sheet proteins and protein aggregates
[54]. The correlation between secondary structure and position

of the amide-II band is less straightforward in comparison to the
amide-I band [54]. Nevertheless, perceptible band shifts are also
observed for this frequency region in solution. In the presented
gas-phase spectra, perceptible band shifts in both amide modes
are evident. According to the previously mentioned condensed
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the dimers, which provides evidence that at least a certain frac-
ig. 5. Mid-IR photodissociation spectra of VW01, VW02ABz, and VW03 monomers
t charge state +3, +4, +5. For VW03 charge state +3 was not observed.

hase principles, this provides evidence for an elevated hydrogen
ond content in the dimer ions. Band broadening in case of the
imer ions furthermore supports this hypothesis [55]. Therefore,

t is likely that at least a fraction of the helical conformation is
etained in the gas phase. Unlike in solution, the band shift is more
ronounced for the amide-II band. It remains elusive if this is a
nique behavior of the investigated peptides or a general differ-
nce between condensed phase and gas-phase IR spectroscopy of
roteins.

In the condensed phase, intramolecular as well as inter-helical
nteractions strongly support the coiled coil structure. Those inter-
ctions include electrostatic (salt–bridge) interactions, hydrogen
onding as well as hydrophobic interactions between the central

eucine residues. In the condensed phase, charged parts of the
olecule will be tightly solvated by polar solvents. This solvation
auses an effective steric and electrostatic shielding and reduces
he relative importance of the electrostatic interactions. In the gas
hase, no solvent shielding is present and the electrostatics will
ecome the most important type of interaction. For VW01 and
W02Abz, such interactions will still stabilize a coiled coil confor-
Fig. 6. Mid-IR photodissociation spectra of VW01 and VW02Abz dimers at charge
state +5. The corresponding +3 monomers are shown for comparison purposes.

mation, but as those interactions become much more important
compared to the hydrophobic interactions, it is not clear if the
hydrophobic core will be conserved in the gas phase. Indeed, this is
what is observed in preliminary MD simulations, where the leucine
residues are found on the outside of a coiled coil structure.3 In
conclusion, it is likely that the spectra we observe in Fig. 6 result
from helix-rich coiled coil-like assemblies in the gas phase, how-
ever structural differences to the condensed phase situation are also
expected.

4. Conclusion

We present here the IR spectroscopic characterization of three
de novo designed �-helical coiled coil peptides and their dimeric
complexes in the gas phase. As shown by CD spectroscopy, two
of these peptides assemble into non-covalent �-helical coiled coil
complexes at acidic pH, while the third peptide remains fully
unfolded and monomeric at these conditions. Comparable mid-IR
photodissociation spectra have been obtained for monomer ions of
all three peptides, which points to a similar random-coil-like con-
formation in the gas phase. Non-covalently associated dimer ions
have been observed for peptides one and two, which, in compari-
son to monomers, exhibit considerably different photodissociation
IR spectra. The position of the amide-I (C O stretch) mode is shifted
11 cm−1 to the red, while the amide-II band (N–H bend) is shifted
23 cm−1 to the blue. This suggests an increased H-bond content in
tion of the condensed phase helical structure is also retained in the
gas-phase coiled coil dimer ions.

3 Unpublished results.
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