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Tandem mass spectrometry (MS2) is a widely used method in
structural analysis and biopolymer sequencing.! In MS2, an
ion of interest is isolated, activated, and brought to dissoci-
ation. After analysis, the generated fragments provide
structural information on the precursor ion.”) Among the
different activation methods, low-energy collision induced
dissociation (CID), which relies on slow heating of ions
through multiple inelastic low-energy collisions with a neutral
gas, is the most widely used.”! Another set of activation
techniques, referred to as the EXD methods (electron capture
dissociation (ECD) or electron-transfer dissociation (ETD)),
involves the dissociative recombination reaction of multiply
protonated ions with electrons.”! The EXD set of techniques
preserve labile bonds, which makes them particularly suited
to localize post-translational modifications (PTM) and non-
covalent binding sites on protein backbones.** Another way
to increase the internal energy of an ion is by absorption of
energetic photons. Methods involving ultraviolet (UV) laser-
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based photodissociation (PD) of electrosprayed ions are
attracting a growing interest since the pioneering work of
Williams and McLafferty®® and have recently found promis-
ing applications in proteomics analysis.” Indeed, UV activa-
tion produces fragments complementary to those generated
by other methods and provides high coverage in peptide
sequence, that is almost the complete sequence can be
determined from the experiments. Among the different
wavelengths used, vacuum ultraviolet (VUV) photons of
193 nm (6.2 eV) and 157 nm (7.8 eV) have demonstrated the
highest potential to be of use."*

However, very little is known about fragmentations
induced above 8 eV. This problem pertains to the limitations
in terms of photon energy delivered by lasers. Surprisingly,
synchrotron radiation (SR), which is a widely tunable photon
source in the VUVs, has been used only very recently for ion
activation. Preliminary work has indicated some potential to
bring sequence information on small peptides.”)

Herein, we report on the potential of SR as a credible
activation method in MS2 for structural analysis. The
performances of photon activation over a wide energy range
are compared to those of CID and ECD in terms of protein
sequence coverage. More interestingly, the ability of this new
method to preserve noncovalent interactions and to permit
identification of the binding sites of a ligand on a protein is
investigated and its outcomes are compared to those obtained
by ECD.

This study has been performed on a human intrinsically
disordered protein (IDP), named IBS5. The only known
function of IB5 and other basic proline-rich proteins (PRPs)
is to bind and scavenge tannins, and thus constitute a first-line
of defense against tannin anti-nutritional effects. These
interactions are also thought to play a role in the sensation
of astringency,"” which is one of the most important organo-
leptic properties of food regarding consumer acceptability.
Hitherto, the tannin binding sites on IB5 could not be
precisely determined by classical structural approaches, such
as X-rays diffraction or NMR spectroscopy, because of the
lack of crystals for diffraction and of difficulties in spectra
interpretation for spectroscopy because of the multiple
repeated sequences of this protein. In contrast, the SR-
based tandem mass spectrometry activation method pre-
sented herein has achieved, for the first time, unambiguous
determination of the binding site of the tannin procyanidin B2
3'0G ((—)-epicatechin (4f-8)-(—)-epicatechin 3-O-gallate)
on IB5.
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The experimental set up, described in detail elsewhere,!"!
is based upon the coupling of a linear ion-trap mass
spectrometer (LTQ XL, Thermo Finnigan) with a VUV
beamline!™” at the SOLEIL synchrotron radiation facility
(Figure 1). The mass spectrometer is equipped with a nano-

exhibit significantly richer fragmentation patterns (Figure 2 a)
into a, b, ¢, X, y and z-type ions, which resembles the outcomes
of electron ionization dissociation (EID).l"! The abundances
of the precursor (Figure3a) and the product ions (Fig-
ure 3b,c) reveal that the fragmentation efficiency of the
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Figure 1. Synchrotron-radiation-based photon-induced activation. Solutions con-
taining the protein, IB5, or its honcovalent complexes (a) are ionized (b),
transferred into the ion trap (c), where the ions of interest are isolated and
irradiated to generate fragment ions (d). The mass spectrum (e) shows a charge
state distribution ranging from +5 to 49 for the two protein isoforms. The
sequences of the isoforms are indicated in (f) by the red (IB5b) and blue (I1B5a)
symbols. Tandem mass spectra recorded at several photon energies (6.4, 7.8,

protein increases with the photon energy, which is
consistent with the energy dependence of the
photoabsorption cross-section of ions.”! It leads us
to distinguish between two different photon energy
regimes. The fundamental difference between the
low-photon-energy range (6.4 and 7.8 eV) and the
high-energy one (13.2 and 16eV) lies in the
appearance of the [M+7H]®*" and [M+7H]*"
radical cations produced upon photoionization of
the precursor. These characteristics are similar to
those reported® under EID conditions of protein
ions. From the relative abundances of [M+47H]®"
and [M+7H]®* displayed for different photon
energies in Figure 3b, it clearly appears that the
ionization threshold of IBS5 lies in between 7.8 and
13.2 eV. Above this threshold, photon activation
leads to the ionization of the precursor ion and
generates fragments through dissociative photoio-
nization (DPI), with abundant formation of
sequence ions of various natures. It has been
shown theoretically that the removal of an electron
from the peptidic backbone significantly weakens all
the bonds, making them prone to fragmentation,!'”
which is consistent with the present observations.
Below the ionization threshold, photon absorption
populates electronic excited state, which relax partly
through dissociation. This regime, usually referred

13.2, and 16 eV) are shown in (g) for [IB5a]’", spectra offset for clarity.

spray ion source allowing soft ionization of native proteins
and noncovalent supramolecular complexes. The targeted
protein or noncovalent complex can then be selected and
activated with energetic VUV photons (Figure 1c) delivered
by the beamline, thereby generating MS2 spectra. The
fragments may eventually be activated in a subsequent
tandem MS step (MS3) upon further VUV irradiation or CID.

The mass spectrum of the protein (Figure 1e), shows
a charge-state distribution characteristic of a disordered
protein. It also reveals that several protein isoforms have
been co-purified.!” The two isoforms, whose sequences are
indicated in the Figure 1f have been activated with photons
during 500 ms. The resulting MS2 spectra for IB5a (Figure 1g)
reveal that the fragmentation patterns are strongly dependent
on the photon energy. Figure 2 shows both the nature and the
location of the bond cleavages on the protein backbone as
a result of VUV irradiation at 6.4, 7.8, 13.2, and 16 eV, and
ECD and CID, respectively. As expected, CID generates
mainly y- and b-type ions, whereas ECD sequence ions are
mainly ¢ and z-type in nature. In contrast, both MS2 spectra of
[IB5a]’" at 6.4 and 7.8 eV are dominated by a-type ions, which
result from C,—C bond cleavages as observed from laser-
based PD experiments at the same photon energies on
protonated peptides.®! At 13.2 and 16 eV, the mass spectra
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to as photodissociation (PD), has been shown to

lead mainly to C,—C bond cleavage.®™ Tuning the

photon energy below or above the ionization onset
provides control over the extent and the nature of fragmen-
tation pattern.

The following sequence coverage of the IBS5 protein has
been obtained: 46 % for PD at 6.4 eV, 56 % for PD at 7.8 eV,
58% for CID, 68% for ECD, and 91 % for DPI at 16 eV.
Although the CID spectrum is dominated by fragments
resulting from cleavages close to proline residues, known as
the proline effect!® and previously described for this pro-
tein,”¥ DPI leads to cleavage evenly spread along the
backbone. The improved sequence coverage of ECD over
CID remains however inferior to that obtained from DPI,
because the abundant proline residues preclude the formation
of ¢- and z-type fragments!"® under ECD conditions.

The photoabsorption cross-section is proportional to the
number of electrons involved in the process.'” Above the
ionization threshold, photoionization is the main relaxation
process following photoabsorption. This feature has the
important practical consequence that the probability of
ionizing a target increases with its mass or its size, which is
totally opposite to CID which loses efficiency as the size of
the target increases.”

The mass spectra of a solution containing IB5 and B2
3'OG typically show IB5-B2 3'OG supramolecular edifices
with several stoichiometries in agreement with the tannin-
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a. 64eV scavenging function of IB5."! The clusters of proline
I - N G N N present in the IB5 sequence (Figure 1f), as in other
I T e

o salivary PRPs, are believed to provide multiple tannin
SPPGKPQGPPQQEGNKPQGPPPPGKPQGPPPAGGNPQQPQAPPAGKPQGPPPPPQGGRPPRPAQGQQPPQ

x 1 % binding sites.'"”” NMR experiments have confirmed
v i [ 1 1 v . . . .
z z the involvement of proline clusters in these interac-
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7.8ueV T R e part of the sequence was involved.?” To assess the
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g ¢ potential of photon activation to localize the binding
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L . : . .
SPPGKPQGPPQQEGNKPQGPPPPGKPQGPPPAGGNPQQPQAPPAGKPQGPPPPPQGGRPPRPAQGQQPPQ sites of the ligand (B2 3'OG) to the protein, IB5 1 B2

v 1111 I 1 |l |II I X 3'0G has been submitted to 16 eV DPI (Figure 4).
z z . .
8 8 8 8 2 € 8 8 & & & 2 This regime was chosen because of the large sequence
13. 2 eV coverage and abundance of fragments it had provided
&8 & & & & 38 on the bare protein. The comparison with the MS2
O | (L0 LI i B P mpart
CON TR I | [—— i ' b spectrum of the bare protein (Figure 4a) revealed
SPPGKPQGPPQQEGNKPQGPPPPGKPQGPPPAGGNPQQPQAPPAGKPQGPPPPPQGGRPPRPAQGQQPPQ

2 N o, L peaks that are shared by both spectra and others that
: ||||“' 7] I' |" |'||I 1] | || | | ||" ' |||| |I ¥ are not. Analysis of the specific peaks revealed that
* the masses of these fragments correspond to that of

16 eV - R T ma e the specific fragments identified in the MS2 spectrum
c "III "o e I ° [ — | : of [IB5+7H]™* shifted by the mass of the ligand.
2 “““““'“ ““ wl 1l ! - These fragments have been selected (Figure 4b) and
SPPGKPQGPPQQEGNKPQGPPPPGKPQGPPPAGGNPQQPQAPPAGKPQGPPPPPQGGRPPRPAQGQQPPQ

(L. L e X a subsequent CID analysis has been conducted. This
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Ig ! g 8 e we e’ MS3 step unambiguously confirmed the presence of

the ligand through its detachment from the protein

b. CID fragment (Figure 4c). The list of fragments exhibiting
¢ : i - “l:l I?I“ i““g - ﬂn"i L . g such behavior is presented in Figure 4d. This proce-
a il dure has been repeated for the second isoform of the

SPPGKPQGPPQQEGNKPQGPPPPGKPQGPPFAGGNPQQPQAFPAGKPQGPPPPPQGGRPPRPAQGQQPPQ . . . .
x  protein, IB5b (Figure 1 f), and the results are given in

; | NENNNNNNNNNEN BN 0§ | ] v | R
foowge g e e e e g e e e e Figure 4e. As expected, the fragmentation patterns of
ECD [IB5a-B2 3’OG + 7H]"" and [IB5b-B2 3'OG +7H]"*
o« 3 a3 8 ® 8 8 & a @ g @ are very similar, showing the reliability of our method
5 L ::' L LN LA . e T ¥ (Figure 4d,e). In both experiments more than fifty
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& 8 8 8 ¢ 8 8 ® R] ¢ 2 o contrasting with the four fragments identified using
Figure 2. a) pattern of [IB5]"" fragmentation as a function of photon energy; ECD (Figure 4f). It appears that all these fragments
b) pattern of [IB5]"" fragmentation resulting from CID and ECD experiments. from both N- and C-terminal series contain the

KPQGPPPPPQGG segment of the sequence, indicat-
ing therefore a strong interaction between B2 3'OG
and this part of the protein. Note that comparison of

® o1z the DPI fragmentation patterns obtained for the bare

2 s and the complexed protein, as shown in the Support-

B No photons i . ing Information, reveals that the presence of the

- s:g :x g Z'Ei tannin does not affect significantly the fragmentation

= 13.2eV E o pattern of the protein, the. ligand appearing as

= 16eV M =|]|_ A Gl a spectator of the fragmentation process. This obser-

0.00 5 vation is consistent with the DPI mechanism sug-

a b d Type of fragments gested herein, where most of the photon absorption is
1.01 - P ascribed to the protein. The sequence identified with

2 08 ) é 50 a cluster of five prolines very likely adopts a PPI or
£ o5 £ 340 a PPII helix conformation in solution.’”>"! Such
-_FEJ o4 % % 30 structural elements are thought to be crucial for
5 § 5§ IDPs in the binding with their partner,*? as this stable
@ 02 I @ E 10 I H segment might provide an initial contact point.[?2%]
v e Mocty Z ok - ED e i 2 Moreover, the phenolic rings of the tannins can stack

Type of fragments on the Pro-S face of proline.”™ Therefore, the

Figure 3. Branching ratio of the parent ion (a), the photo-ionized [IB5]*" and squence identified dlsp.lays.all.the .features r?qmred
[IB5]°" (b), and the a, b, ¢, x, y, and z sequence ions (c) as a function of the for it to be the preferential binding site of B2 3'0G on

photon energy. (d) Histogram of the number of fragment ions produced as IBS and the role of the proline clusters in PRPs
a function of photon energy. sequence is thus unequivocally confirmed.
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a T I — Experimental Section
IB5 166V 2 100 IB5 and B2 3'-O-gallate were produced and
—>% 50 50 purified as described elsewhere." Stock solutions
FC-J* ol J ] 0 of B2 3’-O-gallate were prepared in water/ethanol,
IB5-B2 3'0G_ 16 eV 100 100 88:12 (v/v) acidified to pH 3.3 with acetic acid,
'% 50 50 mimicking the consumption of red wine. Final
oI T T || B | 0 solutions of 10 um of IB5 were electrosprayed,
400 800 11;)0 1600 | 2000 giving an overall consumption of 300 fmol per
mlz . :

c 1182 | 1190 1364 1370 tanFlem mass spectrum. Eor IBS'-BZ 30G 11'1ter-
120 > 4+ . . 4 actions, tannin and protein solutions were mixed
i 53 Alll — BS 3 extemporaneously at room temperature (regulated
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i‘: i ﬁé M*”'Wu,wu,mm M\MJIN'A —g) ion-trap mass spectrometer (LTQ XL, Thermo
1000 * 2000 1182 1190 1364 1370 Electron, San Jose, CA, USA)lllJ coupled to the
i /ZT ciD miz | DESIRS beamline!"? of the SOLEIL synchrotron
radiation facility (France). The synchrotron radia-
tion beam was injected along the ion-trap axis. An
d IB5aeB2 3'0G 16 eV MgF, window (below 10 eV) and gas filter filled
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Figure 4. Localization of the tannin (B2 3'OC) binding site on IB5. a) MS2 spectra of
[IB5+7H]’" and [IB5-B2 3'OG + 7H]’" after dissociative photoionization (DPI) at 16 eV.

b) Enlargement on two parts of the DPI MS2 spectra for the bare and the complexed
protein showing the shift in mass of one fragment as a result of the conservation of the
ligand on it. ¢) DPI/CID MS3 spectrum of the m/z 1369.95 ion confirming the presence of
the ligand on the DPI fragment ion. Patterns of the fragments linked to B2 3'OG for
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high harmonic content delivered by the undulator

that would be transmitted by the monochromator’s

% grating. An electromechanical shutter was placed

Z along the SR beams, allowing synchronization of

the SR beam with the LTQ time sequence. For

MS2 experiments, the precursor ions were irradi-

& . ated during 500 ms. For MS3 experiments, a sup-

b plementary step of CID was applied on the

targeted VUV product ion during which the

v shutter was kept close.

5 z Mass spectra were analyzed using mMass

software®®! and Igor Pro (Wavemetrics, Portland,

USA). For each spectrum, the relative abundance

Ie (R) of the different ions has been established by

b the measurement of their peak area (A). The

contribution of fragments formed without photon

}  activation has been subtracted. Each of the peak

Z  areas was normalized by the sum of the area of all
ions, and to the photon flux.

The ECD experiments were carried out with

a 7-T APEXIII FT-ICR mass spectrometer

(Bruker Daltonik GmbH, Germany) equipped

with an electrospray ion source. The isolated

precursor ions were irradiated with electrons

having less than 1 eV kinetic energy during 150 ms.

9
0L

]

S9

d) [IB5a-B2 3’OG +7H]"* and e) [IB5b-B2 3'OG + 7H]"* after 16 eV DPI. f) Patterns of the

fragments linked to B2 3'OG for [IB5a-B2 3'0G + 7H]’* after ECD activation. The binding

site of B2 3'OG is highlighted by the dashed rectangle.

In summary, the present study shows that the nature of the
fragments generated upon VUV photon activation is con-
trolled by the photon energy. Therefore, synchrotron radia-
tion, by providing access to a wide variety of photon
activation regimes, ranging from PD to DPI, clearly appears
to be very promising sequencing method, complementary to
laboratory activation techniques. The sequence coverage,
obtained both in PD and DPI regimes, makes synchrotron-
radiation activation an appealing method for sequencing. DPI
allowed the determination of the ligand binding site on an
IDP. Therefore the new method, based upon DPI, should aid
research in the growing and challenging field of protein
noncovalent interactions.
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