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carbamylated residues also pose a challenge. We previously Ya 1,066 Y
reported the “citrulline effect” phenomenon that is manifested in 5 A2 ,y AR aay s 2063
the generation of intense y type ions originating from Cit-Zzz 50 150 300 450 600

amide bond scissions in collision-induced dissociation tandem me

mass spectra of citrullinated tryptic peptides. In this study, we

created a rigorous tryptic-like model system of both citrulline and homocitrulline-containing peptides that included appropriate and
well-defined controls and fragment analogues to quantify the citrulline effect and investigate whether there is an effect for
homocitrulline residues as well. Our results show that citrulline residues significantly increased fragmentation at their C-terminus
relatively independent of the identity of the following amino acid. In comparison, homocitrulline residues displayed inconclusive
results at the same energies. However, the strength of effects was dependent on collision energy and the position of citrulline and
homocitrulline in the sequences. As newer software algorithms tend to observe structure—intensity relationships during annotation,
this finding increases reliable identification of modified proteins/peptides.

H INTRODUCTION more charge and structure/ion radius-sensitive techniques like
capillary electrophoresis'” and ion mobility spectrometry

Citrullination is an enzymatic posttranslational modification 4
(IMS)™® with mass spectrometry may be advantageous to

(PTM) of arginine residues leading to citrullines (Cit, X) in

proteins." Homocitrulline (Hci, B) residues are formed overcome these obstacles.

through the nonenzymatic reaction of isocyanic acid with the Collision-induced dissociation (CID) and higher energy
amino group of lysine residues or with protein N-termini collision-induced dissociation (HCD)14 are reliable methods
through a process known as carbamylation.” Both citrullination for both the identification of citrullinated or carbamylated
and carbamylation result in a decreased basicity and thus an peptides via the selective loss of isocyanic acid from the side
altered charge state, activity, or structure compared to the chains and sequencing of the peptides.'> However, determi-
original species. Citrullination plays a role in several nation of modification sites could be sometimes difficult due to
physiological functions, including epigenetic regulation® and differing cleavage preferences of the amide bonds resulting in
skin homeostasis,” while hypercitrullination is associated with incomplete fragment ions series.'*™'? On the other hand, these
cancer metastasis’ and autoimmune’ and neurodegenerative phenomena can also yield valuable structural information.
diseases.” Carbamylation is normally related to protein aging™’ Complementary electron-based fragmentation strategies™’ are
and is involved in chronic kidney disease;* however, it could also commonly used, especially in the sequencing of larger
also be a sample preparation artifact.'”"! sized or highly basic peptides and proteins in MS/MS.

Currently—apart from immunodetection techniques, which
are unable to determine the exact modification sites—these
PTMs could only be characterized at the molecular level using
tandem mass spectrometric methods coupled with ultrahigh ]
performance liquid chromatography (UHPLC—MS/MS). Rec.ewed: June 8, 2020
Complex samples containing both native and citrullinated Revised: ~ June 19, 2020
peptides may be separated less efficiently using liquid AccePted’ June 19, 2020
chromatographic methods due to the substoichometric nature Published: June 19, 2020
of citrullination and the small molecular mass difference
between modified and unmodified species. Hyphenation of

However, PTM-specific neutral losses that can be used for
identification”’ may be, in these cases, of low abundance.””
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Another promising technique may be the use of vacuum
ultraviolet photodissociation (VUVPD) to randomize the
occurrence of amide bond cleavages through the whole
sequence.””

We previously reported a neutral loss which was selective to
citrulline residues for histone-related pentapeptides in electron-
transfer dissociation (ETD).** In addition, electron-transfer
higher energy collision-induced dissociation (EThcD) was
proven to be beneficial for both increasing fragmentation
efficiency and the incidence of neutral losses.”* We also found
that the citrulline effect, which is the enhanced cleavage
probability C-terminal to citrulline residues in (higher energy)
collision-induced dissociation (HCD, CID), was preserved in
EThcD as well. Although several research groups'®*” examined
the amide bond scission preferences of tryptic peptides at
statistical levels, insufficient data are currently available
regarding the effect of special amino acids including citrulline
or homocitrulline.

Therefore, our aim was to characterize these effects under
well-controlled circumstances, especially concentrating on—
but not restricted to—the amide bonds at the C-terminus of
citrulline and homocitrulline residues.

We chose the sequences AAXZAAK and AABZAAK, where
X and B stand for citrulline or homocitrulline, respectively, and
Z denotes any other amino acid, including some special ones
like carbamidomethyl cysteine (C*) and oxidized methionine
(M’) that are frequently occurring in MS-based experiments.
Carbamidomethylation of Cys residues are generally carried
out by iodoacetamide; however, this may negatively affect
identification rates in proteomics.”® Very recently, Wisniewski
et al. reported a method involving only the reduction of Cys
residues without alkylation that resulted in an improved
peptide and protein identification.”” Therefore, we included
both Cys and carbamidomethylated Cys residues in our
experiments.

According to Hao et al,, citrulline residues are converted to
ornithines (Orn, O) using collision-induced dissociation.”® Lee
et al. reported that carbamyllysine (Hci) residues are also
prone to loss of isocyanic acid upon CID leading to lysine
(Lys, K) residues."” McGee and McLuckey observed that Orn
strongly promotes amide bond cleavage at its C-terminus.””
They also proposed a neighboring group reaction mechanism
in which the Orn forms a six-membered lactam. We also
described a facile cleavage C-terminal to Cit, which could be
explained by a loss of isocyanic acid followed by a lactam
formation (Scheme 1).”° Thus, we also synthesized peptides
where X or Z are substituted for ornithines (O) or lysines (K)
to compare the MS/MS behavior of these residues to that of
Cit and Heci.

Alanines are reported to have only a small effect on
fragmentation;”> therefore, they were incorporated for
elongating the peptides. This way, the peptides are relatively
large to be successfully separated on C;3 columns. The
peptides were synthesized with a lysine C-terminus so that they
model an enzymatic cleavage by trypsin or LysC, frequently
used in bottom-up proteomic experiments.

We also synthesized peptides where X/B/O/K were
replaced by alanine residues (AAAZAAK) as controls to
examine whether the Z has a contribution in the cleavage
increment or solely the X/B/O/K causes the phenomenon as
several amino acids, e.g., Gly, Ser, Thr, Cys, Met, Asp, and Asn
and especially Pro, have a preference to be cleaved at their N-
termini.'®>"* In addition, Leu, Ile, and Val residues also tend
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Scheme 1. Literature-Based Two-Step Mechanism for the

CID MS/MS Fragmentation of Cit- or Hci-Containing

Peptides™®%“

nk
HZNYO e

HN () HoN "
n )rl
-HNCO )n +H-R,
Ri~ NH
R1\N R2 R1\N RZ 1 H
H o H o o
Cit: n=1 Orn: n=1 -valerolactam or
Hci: n=2 Lys: n=2 g-caprolactam derivative

“Steps: (1) Conversion of Cit or Hci to Orn or Lys, respectively, by
the neutral loss of isocyanic acid. (2) Nucleophilic attack of the
carbonyl carbon by the J- or £-amino group resulting in the formation
of a six- or seven-membered lactam derivative and cleavage of the Cit-
Zzz or Hci-Zzz amide bond.

to produce intense peaks corresponding to the cleavage at their
C-terminus.”> As Asp and Gly residues commonly occur at the
+1 position to Cit residues under physiological conditions,"
alanine was selected as a control again due to its low preference
to be cleaved either at its N- or C-terminus to substitute Cit
residues. AAZXAAK and AAZBAAK and their above-
mentioned control sequences were also designed to check
whether the position of X/B has a considerable impact on
fragmentation. AA(X/B)ZAAK series were prepared to study
the cleavage preference of the third bond, while
AAZ(X/B)AAK was prepared to study that of the fourth
bond. The latter may offer useful information regarding the
dependence of fragmentation characteristics on the position of
X residues. Altogether, 225 model peptides were synthesized.

B MATERIALS AND METHODS

Synthesis. Model peptides with a free carboxyl terminus
were synthesized using a Multipin Peptide Synthesis Kit
(Chiron Technologies Pty Ltd.,, Clayton VIC, Australia) on
macrocrowns (Mimotopes Pty Ltd., Mulgrave VIC, Australia;
SynPhase L-series lantern, Wang linker, nominal loading:
1S pmol) with Fmoc/tBu strategy following the manufacturer’s
instructions. Heptapeptides containing Cys, Met or Trp were
cleaved from the lanterns using a mixture of 82.5%
trifluoroacetic acid/5% phenol/5% water/5% thioanisole/
2.5% ethanedithiol, all other peptides were cleaved by a
mixture consisting of 95% trifluoroacetic acid/2.5% water/
2.5% triisopropylsilane for 2 h at room temperature.

Freeze-dried peptide samples were diluted to 1 M final
concentration with water prior to LC—MS analysis. To
produce carbamidomethylated cysteine residues, heptapeptides
containing Cys were reduced by treatment with dithiothreitol
(2 pL, 200 mM in water) for 30 min at 37 °C and alkylated
with iodoacetamide (2.5 uL, 200 mM in water) for 30 min at
room temperature.

UPLC—MS/MS Conditions. An 8 min long gradient
elution was used for separation of the peptides on a Waters
Acquity UPLC BEH C18 1.7 ym column (2.1 X 50 mm,
Wexford, Ireland). The column temperature was set to 40 °C.
Eluent A was composed of 0.1% formic acid, and eluent B was
composed of 80% acetonitrile and 0.1% formic acid. The
following gradient was used: 0 min 2% B, 1 min 2% B, 4 min
50% B, 4.1 min 90% B, 4.5 min 90% B, 4.6 min 2% B, 8 min
2% B. The flow rate was 300 uL min™".

https://dx.doi.org/10.1021/jasms.0c00210
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Tandem mass spectra were acquired on a Q-Exactive Focus
Hybrid Quadrupole-Orbitrap instrument (Thermo Scientific,
Bremen, Germany) using higher energy collision-induced
dissociation (HCD). Data acquisition and processing were
done with Thermo Scientific XCalibur 4.1. Positive mode was
used, and a dd-MS2 (Discovery) method was applied. An
isolation window of 2 m/z was employed for precursor
selection. The same collision energies (10 and 15 eV) were
used for the whole peptide set so that the results could be
directly compared. The increase of collision energies was
tested above 15 eV but was not found to be beneficial due to
loss of information regarding fragments with higher m/z. The
AGC target was set to the recommended Se$S value for full MS
and 1e$ for MS/MS. Resolution was set to 70000 for both full
and tandem MS. The default charge state was 2, as in most
proteomic applications these analytes produce the most
fragment-rich spectra. Singly charged species are often
excluded to enhance selectivity, and triply charged peptides
were not present with a reasonable abundance.

Data Evaluation. Tandem mass spectra originating from
doubly charged precursors were extracted from the chromato-
grams and visualized by mMass 5.5.0.” Fragments that are
usually generated by collision-induced dissociation (b; and y;
ions)”* were automatically identified in the spectra using a 5
ppm mass accuracy limit. We calculated the portion of each
amide bond cleavage as a relative percentage by the following
formula similar to that of Kapp et al.”>

K
ZK 1 + ysk+
Zf\il ZK:I bik+ + yik+)

where rel%; is the relative percentage of amide bond cleavage
at the “sth” position, N is the total number of cleavage sites, k is
the charge state of the fragment ion, K is the total number of
charge states, and b and y are the absolute intensities of b-

and y-type ions with k charges at the ith cleavage site.

Only these so-called backbone fragments were considered,
and the frequently observed peaks corresponding to neutral
losses were omitted. Isotope peaks and multiply charged
fragments were also taken into account. Spectra were also
examined manually to exclude ambiguities of annotation.

Statistical Analysis. As the sample and control data sets
did not follow a normal distribution or sometimes had
significantly differing variances, robust statistical tests that do
not require the equality of population variances and less
sensitive to the violation of normality were used to statistically
evaluate our results. The equality of expected rank varlances
was tested by the Welch-type O’Brien® and Levene tests.”
Robust testing of the hypothesis of stochastic equality was
done Wlth a Fligner—Policello test with Welch-like degrees of
freedom,>” a Welch test on ranks, and a Brunner—Munzel
test.>® In these cases, the confidence intervals for the difference
of population means between the sample and control data sets
could not be determined; therefore, the stochastic superiority
is given instead as a measure of “strength” for the effects

A, = P(X, > X,) + P(X, = X,)/2

bk+

rel%, =

where A, is the stochastic superiority of group 1 (sample) to
group 2 (control), P is the probability, X, are the data from
group 1, and X, are the data from group 2. Both point and
interval estimates were made for the value A;,. As an example,
an estimated A}, ~ 0.8 means that by randomly selecting an X
and X, value there is a probability of ~80% that the X, has a
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higher value. One could also use the stochastic difference to
characterize the probability by which a randomly selected X,
value is higher than the X, value. The stochastic difference can
be obtained by a scale transformation from A,:

312 = 2A12 -1

By definition, &,, can range between [—1;1] or can be given
in percentage [—100%;100%]. It may be important to note
that these J;, values are only representing a probability of
difference and not the strength of the difference between the
two population. We used the software ROPstat for the
statistical analyses.>”

B RESULTS AND DISCUSSION

We synthesized 225 model peptides to quantify the effect of
citrulline and homocitrulline residues on the tandem mass
spectra of citrullinated and carbamylated peptides. We
previously observed that Cit residues enhance the amide
bond scission at their C-terminus in MS/MS.** To the best of
our knowledge, however, there are no data on Hci cleavage
preferences. Therefore, in this work, we calculated all of the
amide bond cleavage ratios of our new series of peptides
containing Cit and Hci residues in the third and fourth
position in the sequence and compared them to their variants
containing alanines at these positions. We incorporated all the
possible natural amino acids as well as oxidized methionine
and carbamidomethylated cysteine directly preceding and
following Cit, Orn, Hci, and Lys residues to assess the possible
differences in cleavage preferences caused by the side chains.
Our results are in great concordance with our previous
studies.”**' As a demonstration of the citrulline effect, the
comparison of the tandem mass spectrum of AAXHAAK and
its control AAAHAAK can be seen in Figure 1. The intensity of
¥4-b; ion corresponding to a cleavage at the Cit C-terminus is
19% higher than that of the control. It is especially interesting
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+ b 4
5.0x10°] LY y33y§ [M+2HP*
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0
100 200 300 400 500 600 700

mlz

Figure 1. Citrulline effect as demonstrated by the MS/MS
fragmentation of AAXHAAK (A) and AAAHAAK (B) model peptides
at 1S5 eV.
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Table 1. Stochastic Difference (8,,) of Cleavage Products (%) C-Terminal to the Respective Amino Acid Compared to the

Alanine-substituted Control®

citrulline
CE =10 eV Xxx in 3rd position g7HHE
Xxx in 4th position 42%%
CE =15 eV Xxx in 3rd position 86+ **
Xxx in 4th position 9 HE

ornithine homocitrulline lysine
ggreee g 32+
9Qkk —4 gtk 10
Q4% 8QHskk Sk
100! 33% 7]EEE

“Notation: +, p < 0.10; *, p < 0.05; **, p < 0.01; ***, p < 0.001; !, p-value cannot be determined. Xxx stands for Cit, Orn, Hci or Lys.
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Figure 2. Effects of Cit, Orn, Hci, and Lys on the cleavage of the third amide bond at 15 eV.
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Figure 3. Effects of Cit, Orn, Hci, and Lys on the cleavage of the fourth amide bond at 15 eV.

that Cit-His cleavage is more favored than that of His-Ala
although His residues were described to prefer fragmentation
at their C-terminus.*”

Our results demonstrate that Cit residues in the third
position substantially and statistically significantly increase the
cleavage of the third amide bonds (6, = 87%) at 10 eV (Table
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1). This effect has a very similar strength at 15 eV (8,, = 86%)
as it is also summarized in Figure 2A.

Although the increase of cleavage preference of the fourth
amide bonds at Cit residues is considerable for the majority of
Z (61, = 92%) (Table 1, Figure 3A) and statistically significant
at 1S eV, there are only minor differences at 10 eV (5;, = 42%)

https://dx.doi.org/10.1021/jasms.0c00210
J. Am. Soc. Mass Spectrom. 2020, 31, 1744—1750
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compared to the controls. The Cit effect was found to be less
strong for the fourth position which could be explained by
secondary fragmentation processes that might only be
activated at higher collision energies.

Similar tendencies could be observed for Hci residues as well
(Figure 2C). The values of increase are somewhat lower than
that of for Cit residues but not significantly different from Cit
effect when the Hci was in the third position. However, the
increase was not only absent but there was a slight decrease
(61, = —48%) in cleavage compared to the controls at 10 eV
for Hci residues in the fourth position (Figure S2). A minor
increase was observed with acceptable statistical significance if
the collision energy was set to 15 eV (8;, = 33%), as shown in
Figure 3C, but there were several connections where the
control displayed higher rel% values.

We also evaluated the data for the peptides that contain an
Orm or a Lys as a substitute for Cit and Hci, respectively.
These peptides could be derived by a loss of isocyanic acid
from the original sequences. Orn residues displayed a
statistically significantly higher increase compared to Cit
residues (Figure 2B). The Orn effect was also strong when
the Orn was at the fourth position (Figure 3B). The decrease
of amide bond scission N-terminal to Orn was also stronger
than that of the other amino acids.

On the contrary, Lys residues at the third position only
produced a slightly significant and very small increase of bond
scission preference (8,, = 32%) and not a significant one in the
fourth position at 10 eV (J;, = 10%) (Table 1). This may
indicate that such a low level of collision energy was not
enough to efficiently fragment Lys-containing peptides.
Although previous studies implicate that Orn displays a very
similar or even higher proton affinity than Lys despite the
higher +I effect of the latter one, we found that while Orn
residues readily fragmented even at 10 eV, Lys residues showed
a lower level of fragmentation (compare Figure S1B with
S1D). This may imply a higher proton affinity and, thus, a
higher level of proton sequestration by Lys in accordance with
both acid—base theoretical considerations and the mobile
proton hypothesis of peptide fragmentation. On the other
hand, a statistically significant but moderate increase was
observed at 15 eV for both the third and fourth position (6,, =
58% and &,, = 71%, respectively), which suggests again that a
cleavage C-terminal to Lys residues became slightly favored at
a higher collision energy (Table 1, Figures 2D and 3D).

The comparison of the effect of Orn and Lys residues on the
fragmentation processes indicates that while the mechanism
proposed by our group for the Cit effect which was explained
by a Cit to Orn transition followed by Orn effect might be true,
it can be conflicting to use it for homocitrulline residues. We
propose that the reaction could also follow a one-step
mechanism, at least in the case of homocitrulline.

We also investigated the alteration of cleavage products N-
terminal to Cit/Hci/Orn/Lys residues and found that an
amide bond cleavage at this position is unequivocally
unfavored and suppressed compared to the control sequences
(Table S1).

To highlight the effect of the Z amino acids on the cleavage
preference, we calculated and plotted the difference between
the Cit/Hci/Orn/Lys and their alanine-substituted variant for
each Z (Figures S3 and S4). These results indicate that for Cit-
Zzz connections (Cit in third position) there were no
substantial differences between the Z amino acids following
the Cit residue in the sequence at neither 10 nor 15 eV. These
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differences varied between 5—26% and 2—22%, respectively. In
the case of Cit in the fourth position, a very low positive
increment (0—2%) was measured for the majority of Z
compared to the controls at 10 eV. For Z=F, Q, W, and P, a
low decrease was observed compared to the controls. At 15 eV,
all connections displayed a positive rel% difference (2—15%)
with the exception of Z = H.

On the other hand, a very high difference (63%) was found
between Orn-His and Orn-Ala connections at 10 eV where
Orn was at third position, while other Orn-Zzz connections
were not considerably different from each other and the values
ranged between 13 and 34%. At 15 eV, this discrepancy was
eliminated: 5—32% difference was measured with no
remarkable outliers (Figure S3C,D). Orn residues preserved
their effect at the fourth position (Figure S4C,D).

For Hci residues, the effect seemed to be occurring only
when Hci was at the third position. The cleavage differences
varied between 4—18% and 4—21% at 10 and 15 eV,
respectively (Figure S3). With Hci at the fourth position, the
effect was lacking at 10 eV (only Hci-Glu scored a positive rel
% difference). At 1S5 eV, around half of the amino acid
connections were still in the negative range (Figure S4E,F).

As for Lys residues, some connections even showed negative
values when Lys was at the third position, with values ranging
from —4 to +6% and —S5 to +11% at 10 and 15 eV, respectively
(Figure S3G,H). With Lys at the fourth positions, 6 out of 25
connections showed a positive rel% difference at 10 eV but 24
out of 25 at 15 eV (Figure S4G,H).

It should also be noted that the lowest values of rel%
differences were mostly attributed to Arg and Ala residues (X/
B/O/K at third position). Arg is known to “sequestrate”
protons and hinder fragmentation, thus giving the lower values.
On the other hand, in a previous study, alanine was found to
affect the MS/MS fragmentation only in a minor way.”> That is
why we selected this amino acid as a control. Our results
indicate, however, that the cleavage N-terminal to Ala residues
might be rather strongly favored in at least a few cases. When
X/B/O/K were at the fourth position, the lowest values of rel
% differences were mostly observed for His and Pro residues.
For Pro residues, this can be explained by the high preference
to be cleaved at its N-terminus in MS/MS. Histidine also has a
similar effect that might be comparable to that of Cit and Hci
in these cases.

B CONCLUSIONS

Special amino acids or posttranslational modifications could
alter the fragmentation processes of peptides’® in a 2profound
way as previously demonstrated for proline residues.’” Some of
these effects could improve or hinder the detection and
identification of the peptides. We previously demonstrated an
enhanced cleavage preference C-terminal to Cit residues.

Currently, there is a great effort to use the intensity values of
the given fragments in the tandem mass spectra of peptides to
obtain reliable structural identification and thus reduce false
positive identifications*' ~**

In this work, we quantified the effect of citrulline and
homocitrulline residues on the higher energy collision-induced
dissociation of tryptic-like model system and found that Cit
residues increase the amide bond cleavage ratio at the C-
terminus of Cit in a statistically and practically significant
manner. The effect was virtually independent of the type of the
following natural a amino acid (Z) as opposed to our 5previous
study™ based on a proteomic data set of Lee et al."> In that
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work, statistically strong results were only obtained for a small
number of Cit-Zzz connections which were the most prevalent
ones among native citrullinated peptides. Our results showed
that homocitrulline residues produced a considerable effect
only in the cases where Hci was in the third position in the
sequence, which may indicate that the effect of Hci follows a
mechanism that is less favored, in accordance with Scheme 1.
Both Cit and Hci effects seemed to be stronger when Cit or
Hci were farther from the C-terminus. We also found that Cit
and Hci residues (as well as Orn and Lys) always suppress the
cleavage at their N-terminus as well.

These results help explain the fragmentation processes of
peptides containing a urea moiety and improve tandem mass
spectrometry-based proteomic identification by integrating
these findings into commercially available software algorithms.
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