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Electrospray ionization multistage tandem mass spectrometry (ESI-MS") was employed to examine the
non-covalent complexes between poly(styrene sulfonate) (PSS) and poly-L-lysine (PLL). During single-
stage ion activation, the PLL peptide chain mainly underwent backbone cleavages without disruption of
the non-covalent interaction which could only be broken via sequential application of electron transfer
dissociation (ETD) and collisionally activated dissociation (CAD), indicating strong binding interactions
between the two polyelectrolyte chains. Such binding properties make PSS a potential “non-covalent
(supramolecular) label” for determining the surface accessibility of basic residues on a peptide or protein.
To probe this premise, non-covalent complexes of substance P and PSS were characterized by ESI-MS"
using different ion activation methods. Both MS? and MS? experiments on the substance P+ PSS complex
resulted in the formation of b, (on CAD) or ¢, (on ETD) fragments attached non-covalently to the intact
PSS chain. All peptide fragments containing the intact PSS chain included Arg1, Lys3, and GIn5, pointing
out that these residues, which are located near the N-terminus, are most likely involved in the non-
covalent interaction with PSS. In contrast, GIn6 was excluded from this fragment series, attesting a much
weaker interaction with PSS due to lesser accessibility. The strong tendency of PSS to bind peptides non-
covalently at sites that can be elucidated by MS" demonstrates a proof-of-concept for the capacity of this
approach to unveil higher order structure in proteins.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Tandem mass spectrometry (MS2) is employed extensively to
investigate the non-covalent interactions in protein-protein and
protein-ligand complexes [1-6]. Although the most widely mode
of activation used in these studies has been collisionally activated
dissociation (CAD) [5], newer MS? techniques such as electron cap-
ture dissociation (ECD) [7] and electron transfer dissociation (ETD)
[8,9] have proven to be promising alternatives for the elucidation of
non-covalent interactions [1,10,11]. ETD and ECD dissociate differ-
ent bonds in the protein chain compared to CAD [8,12], thereby
revealing complementary sequence information [13,14], with-
out disrupting relatively weak non-covalent interactions [15,16].
Recent studies have further documented that applying ETD and
CAD sequentially (MS3 mode) enhances the extent of fragmentation

* Corresponding author at: Department of Polymer Science, The University of
Akron, Akron, OH, 44325, USA.
E-mail address: wesdemiotis@uakron.edu (C. Wesdemiotis).

https://doi.org/10.1016/j.ijms.2018.12.005
1387-3806/© 2018 Elsevier B.V. All rights reserved.

vis a vis single-stage ETD or CAD [6,17-19]; this is usually per-
formed by generating the charge-reduced precursor by ETD and
subsequently activating further this ion via CAD to increase the
fragmentation extent and thus gain more comprehensive structural
information [20,21].

The surface of peptides and proteins is the anchoring point for
binding other (bio)molecules to form multimeric complexes [22].
Consequently, it is crucial to map surface-accessible amino acid
residues, as these will participate in the non-covalent interactions
that ultimately lead to the multicomponent assemblies. Mass spec-
trometry has been the primary analytical tool for the identification
of surface-accessible sites labeled by covalent chemical modifica-
tion or crosslinking [22-32].

In this study, the acidic polyelectrolyte poly(styrene sulfonate)
(PSS) is evaluated as a “non-covalent label”, to test its suitability
as a potential alternative to covalent markers for determining the
basic surface-accessible residues on peptides and proteins. First,
the non-covalent interactions between PSS and poly-L-lysine (PLL)
were examined, since the positively charged lysine side chains are
often located on the surface of hydrophilic proteins [22,31]. MS2
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Fig. 1. Supramolecular PLL-PSS complex between the PLL 8-mer (Lg) and the PSS 4-mer (S4). Possible hydrogen bonding interactions in [LgS4 + 2 H]** and the major fragment

series generated by CAD (b, and y,) and ETD (c, and z,*) are indicated in the structure.

experiments on the PLL-PSS complex showed that the non-covalent
interaction between these two polyelectrolyte chains is particularly
strong and can only be broken via sequential application of ETD
and CAD. ETD disrupts a binding site in PLL-PSS, thereby weaken-
ing the interaction and enabling breakup of the PLL-PSS complex
on subsequent CAD. The strong binding affinity of PSS for basic
sites makes this polyelectrolyte a potential “non-covalent label” for
determining the surface accessibility of basic residues on peptides
and proteins. To probe this hypothesis, the non-covalent complexes
between PSS and the peptide substance P were investigated as a
proof-of-concept. As will be shown, multistage tandem mass spec-
trometry (MS") involving both ETD and CAD allowed to elucidate
the PSS binding location within the non-covalent (supramolecular)
PSS-peptide conjugate.

2. Experimental
2.1. Chemicals

PSS sodium salt carrying the sodium sulfonate group in para
position (M, ~ 1100 Da) was purchased from Polymer Standards
Service-USA, Inc. (Warwick, RI). Poly-L-lysine hydrobromide with
an My, range from 1000 to 5000 Da and substance P acetate salt
hydrate (>95% purity) were purchased from Sigma-Aldrich (St.
Louis, MO). Methanol (MeOH), ammonium acetate, and MS grade
water were acquired from Fisher (Fair Lawn, NJ). All chemicals were
used in the condition received without further purification.

2.2. MS" experiments

All experiments were performed on a Bruker HCT Ultra II
quadrupole ion trap mass spectrometer equipped with an elec-
trospray ionization (ESI) source (Bruker Daltonics, Billerica, MA).
PLL and PSS solutions were prepared in 50% MeOH at the concen-
tration of 5 pug/mL and were mixed at 1:1 (v/v) ratio to form the
non-covalent complexes. For the preparation of PSS-substance P
complexes, solutions of substance P and PSS were prepared in 50%
MeOH that also contained 15mM NH40Ac at the concentration
of 0.01 mg/mL and 0.02 mg/mL, respectively; the latter solutions
were mixed at 1:1 (v/v) ratio. All samples were injected into the
ESI source using a syringe pump at a flow rate of 4 pL/min. MS?
and MS? experiments via CAD or ETD were performed on doubly
and triply protonated ions. During CAD experiments, the isola-
tion width was kept at 1.0 Da and the amplitude of the excitation

RF field was set between 0.26 and 1.10 (arbitrary units). For ETD,
fluoranthene radical anions (reagent ions) were produced in a neg-
ative chemical ionization (nCI) source filled with methane buffer
gas (2.0-2.6bar) and located above the octapole lens that trans-
fers ions from either the ESI or the nCI source to the ion trap. The
reagent anion intensity was optimized at the following conditions:
reagent ion ICC 100,000; ionization energy 70 eV; emission current
2.0 pA; and reagent remove cutoff m/z 210. After accumulation of
both types of species in the ion trap, the ion/ion reaction time was
set within 160-170 ms. The reaction time was optimized during
the MS? experiments to maximize the fragment ion abundances
for the next fragmentation stage. MS and MS" data were analyzed
using Bruker’s Compass DataAnalysis v.4.0 software.

3. Results and discussion
3.1. PLL-PSS complexes

The ESI-MS spectrum of solutions containing PLL (H-L,-OH)
and PSS (C4Hg-Sy—-H) includes doubly and triply protonated dis-
tributions of supramolecular (i.e. non-covalently bound) PLL-PSS
complexes with the composition [L,S;, + 2 H]?* and [L,Sm + 3H]?*,
respectively (cf. Supplementary Material, Fig. S1). This notation
specifies the content in repeat units of PLL(L, CgH12N50; 128.09 Da)
and PSS (S, CgHgSO3; 184.02 Da); the corresponding end groups
(Fig. 1) are omitted for brevity. It is noteworthy that complete
-SO3Na — -SO3H exchange occurs in the PSS side chains when
solutions of PSS sodium salt and PLL hydrobromide are mixed to
form the supramolecular PLL-PSS bioconjugate.

The MS2 fragmentation patterns of doubly and triply protonated
L,Sm complexes in various stoichiometries are very similar, both
upon CAD (cf. Figs. 2avs.S2)as well as ETD (cf. Figs. 2bvs. S3). There-
fore, only the MS2 and MS3 characteristics of triply protonated LgS,
complex ions, viz. [LgS4 + 3 H]?*, will be discussed here.

CAD of [LgS4 + 3H]?* causes amide bond cleavages in the PLL
backbone, which produce homologous series of b, and y, fragments
(Fig. 2a). Consecutive elimination of water or ammonia from the b,
fragments also takes place [33,34]. The b, and y, fragment series
are observed both with (b, *, y,*) as well as without (by, y,) the PSS
chain. No peaks corresponding to the intact PLL or PSS are presentin
the spectrum, indicating that the non-covalent interaction between
the PLL and PSS polyelectrolyte chains is stronger than the energy
required for C—N bond cleavages at the PLL amide bonds.
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Fig. 2. (a) MS? (CAD) and (b) MS? (ETD) spectra of [LgSs + 3H]?>* (m/z 613.3). A superscripted asterisk (*) indicates fragments that contain the entire PSS chain, bound
non—covalently. The sign # denotes consecutive H,O or NH5 losses from b, or b,* fragments.

The b, and y, fragments that do not contain the PSS chain are
attributed to fragmentation of the doubly protonated PLL-PSS com-
plex by charge separation [33,34] which generates two charged
fragments, one bound to PSS non-covalently and the other without
the PSS.

Under the low-energy CAD conditions used in this study, mul-
tiple collisions occur before fragmentation. The internal energy
deposited in each collision is redistributed throughout the whole
molecule, until enough internal energy has been accumulated to
induce fragmentation within the time spent in the collision cell
[35]. This slow increase of internal energy (“slow heating”) pro-
motes dissociations with low energy requirements and mainly
cleaves labile bonds [19,36]. The major CAD pathways of PLL-PSS
involve cleavages of the relatively weak amide bonds [37] without
disruption of the supramolecular complex (Fig. 2a), corroborating
the presence of strong non-covalent binding interactions between
the PLL and PSS chains.

ETD experiments yield similar results with CAD, as again no dis-
sociation of the supramolecular bioconjugate is observed to form
intact PLL or PSS fragments (Fig. 2b). ETD of [LgS4 + 3 H]?* primarily
induces N-C* bond cleavages in the PLL component [7,8], generat-
ing ¢, and z,* fragments that are bound to the intact PSS chain (cf.
Fig. 2b). A unique fragmentation taking place in ETD is the elimina-
tion of a sulfonic acid radical (SOsH¢*, 81 Da) from the PSS side chain
(Figs. 2b and S3). This dissociation is rationalized in Scheme 1 via
electron transfer to a protonated lysine side chain that is hydrogen-
bonded with a PSS side chain. The nascent H* radical created in this
step is captured by the sulfonic acid substituent, initiating the loss
of SO3H..

In contrast to CAD, unbound ¢, or z, fragments have much lower
relative abundance in ETD, where the dissociating ions are mainly
singly charged; when these ions undergo N-C* bond scission, the
larger fragments (i.e. those containing PSS) more effectively com-
pete for the charge and, thus predominate. Overall, single-stage
CAD or ETD do not break the non-covalent complex, verifying that
the PLL and PSS polyelectrolyte chains develop strong intermolec-
ular binding interactions.

Two ETD products, viz. the radical ion [LgS4 + 3H - SO3H*]**
and the closed-shell ion c;*, were examined by CAD for further

information on the structure and stability of the PLL-PSS complex.
Sequential ETD-CAD application (MS?) leads to a completely differ-
ent outcome compared with the MS2 experiments (cf. Figs. 3 vs. 2).
CAD of [LgS4 + 3H - SO3H*]** results in C—N bond scissions at the
PLL chain, yielding b,! and y,* fragments attached non-covalently
to PSS that lost a -SO3H side chain as well as b, and y;, fragments
devoid of PSS. It is notable that the most abundant fragment in
the MS3 (ETD-CAD) spectrum is the intact PLL chain (m/z 1043.7);
hence, the non-covalent interaction is broken readily after the loss
of SO3H*, which reduces the number of binding sites between the
two polyelectrolytes. Furthermore, C—C bond scission in the PSS
backbone also occurs, with concomitant dehydration, giving rise to
the loss of the PSS end group (C4Hqg, 58 Da) plus water. This latter
reaction strongly suggests that the unpaired electron in [LgS4 + 3H
- SO3H*]** resides on the PSS segment, from where it can initiate
charge-remote homolytic bond cleavages [38] that detach the PSS
end group [39].

MS3 (ETD-CAD) experiments on ¢;* also generate multiple frag-
ment series by amide bond cleavages in the PLL backbone (Fig. 3b),
which are observed either with (b,* and c;y,*) or without (b, and
c7yn) the intact PSS chain attached. In addition, the non-covalent
PLL-PSS interaction is broken to form the unbound c; ion; how-
ever, the relative abundance of the latter fragment is significantly
lower than the relative abundance of PSS-free [LgS4 + 3H - SOsH®|**
(cf. ¢7 in Fig. 3b vs. [Lg + H]" in Fig. 3a). Evidently, the loss of
one SO3H* moiety from the PSS chain weakens markedly more
the supramolecular PLL-PSS interaction than the loss of one lysine
residue from the PLL chain. This phenomenon could be a conse-
quence of the larger number of PLL vs. PSS residues in LgS4, which
would allow PSS to find a new PLL side chain for non-covalent
interaction if one lysine residue is removed.

Our MS?2 and MS3 findings clearly indicate that the non-covalent
interactions between PLL and PSS are sufficiently strong to persist
after a single CAD or ETD activation event and are only disrupted
by sequential ETD-CAD application. It is therefore theorized that
PSS could potentially be an efficient and suitable “non-covalent
label” for identifying basic surface-accessible sites of peptides and
proteins by characterizing the sequence motif involved in their
non-covalent interaction with PSS. This premise is evaluated here
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Fig. 3. (a) MS3? (ETD-CAD) spectra of (a) [LgS4 + 3H - SO3H*|** (m/z 1758.8) and (b) ¢;*

(m/z1708.7), both generated by ETD of [LgS4 + 3 H]** (m/z 613.3), cf. Fig. 2b. Superscripted

* or * indicate fragments bound non-covalently to the intact PSS chain (*) or a PSS chain that lost SO3H* (), respectively; the latter fragments have the compositions [b,S4 +
H - SOsH*]* and [y, S4 + H - SOsH*]*. The sign # denotes consecutive H,O or NH3 losses.

with an MS? and MS? investigation of the non-covalent complex
between PSS and substance P.

3.2. Substance P-PSS complexes

The ESI-MS spectrum acquired from solutions containing the
undecapeptide substance P (R-P-K-P-Q-Q-F-F-G-L-M) and PSS
shows a series of doubly protonated supramolecular complexes
with the composition PS, (n=3-6), where P designates substance
P and S; the non-covalently bound PSS chain, cf. Fig. S4. The most
abundant complex ion, viz. [PS4 + 2 H]?* (m/z 1071.9) with four PSS
repeat units, was selected for MS? and MS3 analysis.

CAD of [PS4 + 2H]?* induces dissociations that are diagnostic
for both the strength as well as binding sites of the non-covalent
interaction between substance P and PSS (Fig. 4a). A partially con-
tiguous series of b,* fragments (n=5-10) with the intact PSS chain

is observed in the CAD spectrum, along with an abundant ion
corresponding to substance P minus ammonia (m/z 665.8). The lat-
ter fragment provides compelling evidence that the non-covalent
interaction between substance P and PSS is considerably weaker
than that holding the PLL-PSS complex together. This observation
is attributed to the presence of fewer potential binding sites on
substance P whose sequence contains several amino acid residues
with lower basicity compared to lysine.

In contrast to the CAD fragmentation pattern of substance P
itself, which includes the formation of small a, and b, fragments
(n=2-3, cf. Fig. S5a), the smallest b, * fragment generated by CAD of
the supramolecular bioconjugate is bs* (cf. Fig. 4a). This fragment
contains the likely PSS binding sites Arg1, Lys3, and GIn5 which are
located near the N-terminus, but not GIn6, which is another basic
and, hence, potential binding site for an acidic polyelectrolyte. Our
results strongly suggest that the former three amino acid residues
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Fig. 4. (a) MS? (CAD) and (b) MS? (ETD) spectra of [PS4 + 2H]?** (m/z 1071.9). A superscripted asterisk (*) indicates fragments that contain the entire PSS chain, bound
non-—covalently. Fragments ¢,* - 1 and [PS4 + H - SO3H;]" are also present in the ETD spectrum.

are involved in the non-covalent interaction, whereas GIn6 is not, or
is much more weakly involved in such an interaction, presumably
because its side chain extends in the opposite direction relative to
those of Arg1, Lys3, and GIn5 in the substance P conformer sampled
in the bioconjugation medium (see Experimental, section 2.2) [40].
Further validation of this assumption was sought by ETD and MS3
experiments.

ETD of [PS,4 + 2 H]?* yields a contiguous series of c,* fragments
down to cs5*, in striking similarity to CAD which yielded a continu-
ous series of b,* fragments down to bs* (Fig. 4b vs. a). Under ETD
conditions, however, the non-covalent interaction between sub-
stance P and PSS is not broken, as no ions characteristic of detached
substance P are observed. This difference between ETD and CAD is
accounted for by the non-ergodic feature of the ETD process, which
preserves the relatively labile non-covalent interaction between
the undecapeptide and PSS [7,8].

Compared to ETD of substance P, which causes fragmentation
of essentially all N-C* bonds to form almost complete ¢, and z,*
fragment series (Fig. S5), ETD of the PSS conjugate of this unde-
capeptide only produces the N-terminal c¢;* series comprising the
intact PSS chain (Fig. 4b), with the smallest fragment having five
residues (cs*), in full agreement with the CAD results. This obser-
vation confirms that GIn6 may not be involved in the non-covalent
interaction between substance P and PSS, while the other three
basic residues (Argl, Lys3, and GIn5), which are closer to the N-
terminus, are more likely to be the binding sites. Lastly, it is worth
noting that a fragment arising by elimination of a SO3H* radical
from PSS is also present in the ETD spectrum (Fig. 4b); as discussed
earlier, such a fragment corroborates the existence of non-covalent
binding between a basicamino acid side chain and a -SO3H pendant
on PSS (vide supra and Scheme 1).

Sequential ETD-CAD was applied to c1¢* ions to verify the con-
clusions drawn from the single-stage ETD and CAD experiments.
As expected, this fragment which represents the PSS conjugate of
a truncated substance P (C-terminal Met is missing), and the origi-
nal bioconjugate of intact substance P give rise to very similar CAD

spectra, both showing a b,* fragment series down to bs*, cf. Figs.
5 vs. 4a. Furthermore, the non-covalent interaction between cqq
and PSS is cleaved (Fig. 5), as also observed for the bioconjugate
between intact substance P and PSS (Fig. 4a); this reconciles the
presence of unbound b, and internal ¢y, fragments in the MS3
spectrum (Fig. 5).

Overall, both the MS? and MS? data validate that GIn6 plays a
minor role in the non-covalent interaction with PSS, as compared to
Argl, Lys3, and GIn5. This in turn indicates that Arg1, Lys3 and GIn5
must be the surface-accessible basic sites of substance P that sense
an approaching anionic polyelectrolyte like PSS, as also suggested
by published NMR data [40].

4. Conclusions

MS?2 experiments on supramolecular PLL-PSS complexes, via
either CAD or ETD, cause predominantly bond cleavages in the
PLL backbone without disruption of the non-covalent interaction
between PLL and PSS, which can only be broken by consecutive frag-
mentation via CAD of select ETD products. The ability to sequence
peptide chains without affecting their non-covalent intermolecular
binding to PSS reveals that PSS could act as an effectual “label” for
determining the surface accessibility of basic residues on peptides
or proteins by identification of the sequence motif containing the
PSS label.

This premise was evaluated by elucidating the binding site of
PSS in its supramolecular complex with substance P. Peptide frag-
ments with the PSS chain were observed down to bs* (by CAD)
or ¢5* (by ETD), indicating that amino acids up to residue 5 must
be involved in the non-covalent binding of PSS and that GIn6 is
not involved in the non-covalent interaction and, hence, is not an
exposed site that can develop binding interactions with PSS. On the
other hand, the participation of Argl, Lys3, and GIn5 in the non-
covalent binding of PSS is confirmed, since they are contained in all
supramolecular fragments observed. Consequently, Arg1, Lys3, and
GIn5 are the most likely surface-accessible sites of substance P. The
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non-covalent interaction between substance P and PSS is, however,
weaker than that in the PLL-PSS complex, as it can be broken via
single-stage CAD.

The results of this study present a proof-of-concept for the
effectiveness of PSS as a potential “non-covalent label” for the
investigation of the surface accessibility of basic residues on
biomolecules. Work in progress is extending this analytical concept
to proteins.
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