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1 | INTRODUCTION
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Abstract

We present a large-scale top-down proteomics (TDP) study of plant leaf and chloro-
plast proteins, achieving the identification of over 4700 unique proteoforms. Using
capillary zone electrophoresis coupled with tandem mass spectrometry analysis of
offline size-exclusion chromatography fractions, we identify 3198 proteoforms for
total leaf and 1836 proteoforms for chloroplast, with 1024 and 363 proteoforms
having post-translational modifications, respectively. The electrophoretic mobility pre-
diction of capillary zone electrophoresis allowed us to validate post-translational
modifications that impact the charge state such as acetylation and phosphorylation.
Identified modifications included Trp (di)oxidation events on six chloroplast proteins
that may represent novel targets of singlet oxygen sensing. Furthermore, our TDP
data provides direct experimental evidence of the N- and C-terminal residues of
numerous mature proteoforms from chloroplast, mitochondria, endoplasmic retic-
ulum, and other sub-cellular localizations. With this information, we suggest true
transit peptide cleavage sites and correct sub-cellular localization signal predictions.
This large-scale analysis illustrates the power of top-down proteoform identifica-
tion of post-translational modifications and intact sequences that can benefit our

understanding of both the structure and function of hundreds of plant proteins.
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can arise from a single genetic locus [1]. The combination of such mod-

ifications, ultimately resulting in a mature proteoform, can profoundly

Proteins often undergo modifications following their translation, such
as proteolytic processing or addition of covalent linkages that are crit-
ical for proper function. Because of such modifications, a bewildering

array of potential proteoforms, each with a distinct chemical structure,

Abbreviations: cTP, chloroplast transit peptide; CZE, capillary zone electrophoresis; [uTP,
lumenal transit peptide; MS, mass spectrometry; mTP, mitochondrial transit peptide; SP,
signal peptide.

influence protein function, stability, interaction, structure, localization,
or activity by altering physico-chemical properties of the protein. For
example, a subset of the Arabidopsis thaliana light-harvesting complex
Il subunit pool is dynamically phosphorylated in response to light qual-
ity shifts, promoting their migration within the thylakoid membrane
[2]. Similarly, the N-terminal residue of a sequence influences protein
function and dictates protein stability through the so-called N-end rule
[3,4].
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Proteolytic processing of proteins often serves to remove N-
terminal sequence tags used to target a protein to its proper sub-
cellular localization. These N-terminal extensions can range from 15
to 162 amino acids in length, and are proteolytically removed after
import [5, 6] and, at least in some cases, are likely further processed
at the N-terminus by unidentified peptidases [7]. The chloroplast alone
is estimated to harbor approximately 3000 nuclear-encoded proteins,
targeted using an obligatory N-terminal chloroplast transit peptide
(cTP). A subset of such chloroplast-targeted proteins are subsequently
further targeted to the lumen of the internal thylakoid membrane,
requiring a second cleavable protein sequence called the lumenal tar-
geting peptide (IuTP), immediately downstream of the cTP. Likewise,
signal peptides (SPs) are necessary for proper targeting to the secre-
tory pathway including the endoplasmic reticulum and Golgi, while
mitochondrial transit peptides (mTPs) are necessary for targeting to
the mitochondria. The different sub-cellular localization signals have
broadly distinct characteristics that can facilitate their prediction from
primary protein sequences. Multiple algorithms have been developed
to predict sub-cellular localization sequences and propose cleavage
sites of the localization signal [5, 8-10, 11]. However, sequence con-
servation among targeting signals is almost wholly non-existent, and
exceptions to the general sequence patterns abound. This has made the
prediction of targeting signals difficult [5].

Numerous bottom-up proteomics (BUP) studies have been under-
taken for the large-scale determination of N- and C-termini of mature
protein sequences. A comprehensive proteomics analysis of the chloro-
plast was performed in part to establish the N-termini of chloroplast
proteins and thereby propose cTP cleavage sites [12]. However, infor-
mation on N-termini was limited to the subset of N-terminally acety-
lated tryptic peptides. Subsequent efforts employed a covalent tagging
approach that greatly expanded the coverage of identified N-termini
of chloroplast proteoforms [7]. This work identified a clear enrichment
for N-terminal residues of Ala, Val, Thr, and Ser. However, the bottom-
up nature of the study limited the ability to characterize N-termini in
the context of full-length sequence or possible covalent modifications.

In contrast, top-down proteomics (TDP) directly characterizes the
primary, intact sequence of different proteoforms. In 2002, Whitelegge
et al. applied intact mass measurements to the chloroplast grana pro-
teome, in which one of the first single-pass membrane proteoforms was
defined [13]. Since then, the subunits of the cytochrome bgf complex
[14, 15], the photosystem Il complex (PSII) [16], and the 26S protea-
some [17] have been investigated using TDP. Novel insights, such as
the presence of palmitoylation, phosphorylation and distinct lipid mod-
ifications have been gleaned [18], expanding our understanding of the
composition and assembly of large protein complexes of the plant cell.
TDP also provides an effective strategy to determine the mature (i.e.,
post-transit peptide cleavage) proteoform identities of a proteome
while avoiding extra sample handling steps and artificial covalent mod-
ifications [19]. Smith et al. have established a five-level classification
system that assesses the ambiguity a given proteoform identifica-
tion concerning the PTM localization, PTM identification, amino acid
sequence, and gene, ranging from no ambiguity (Level 1) to ambiguity

among all four categories (Level 5) [20]. Among the first applications of

SIGNIFICANCE OF THE STUDY

* Top-down proteomics is uniquely capable of character-
izing the mature chemical structures (i.e., proteoforms)
of proteins that result from post-translational modifica-
tions. However, top-down proteomics has been applied
relatively rarely in the field of plant biology. In this study,
we sought to demonstrate the capability of top-down pro-
teomics in the context of plant leaf tissue, with focus on
the photosynthetically-active chloroplast organelle. Using
capillary-zone electrophoresis coupled with tandem mass
spectrometry, we identified over 4700 unique proteo-
forms and determined the mature N-termini of over 200
proteins localized to multiple sub-cellular compartments.
We suggested corrected cleavage sites for 35 sub-cellular
localization signals. Seven proteins were identified with
Trp (di)oxidation, six of which are chloroplast-localized,
that may represent novel targets of singlet oxygen sens-
ing. Finally, we demonstrate the capability of capillary
zone electrophoresis to validate (and in some cases cor-
rect) post-translational modification identifications based
on predictable electrophoretic migration patterns. Our
results reveal novel insight into the mature protein struc-
ture of hundreds of plant proteins and demonstrate the
great potential of top-down proteomics in plant biology.

TDP to chloroplast samples was the use of three-dimensional Fourier
transform MS [21]. Of the 22 molecular weight values found (from
9 to 26 kDa), seven proteins were fully characterized, in comparison
to 97 identified by BUP. The application of TDP could delineate sim-
ilar proteins differing only by 12 residues, differentiate proteins with
and without N-methylation, and correct the cleavage site of transit
peptides. While the TDP applications from these early studies rep-
resent pioneering efforts that provided significant biological insights,
characterization of sequence tags was performed manually, and pro-
tein separation was performed offline with direct infusion [21], or by
reverse-phase liquid chromatography (RPLC) separation [13].
Compared with RPLC, capillary-zone electrophoresis (CZE) is
known for its high separation efficiency for large biomolecules and high
sensitivity for intact protein characterization [22, 23]. The advanced
CZE-MS/MS interface [24, 25], capillary coating [26], and online stack-
ing methods enabled identification of nearly 600 intact proteoforms
from an Escherichia coli cell lysate in a single shot CZE- MS/MS
[27]. Furthermore, 5700 proteoforms were identified from E. coli
lysate by combining size exclusion chromatography (SEC) with RPLC
pre-fractionation [28]. Orthogonal to SEC and RPLC, CZE separates
proteoforms according to their different electrophoretic mobility (uf),
which is directly related to the size and charge of the proteoform.
Thus, charge-modified PTMs should alter mobility of proteoforms in a

predictable manner, unlike migration in RPLC [29].
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With the substantial advancements in informatics tools for pro-
teoform identification, such as ProSight [30, 31] and TopPIC suite
[32], and the advancement of multi-dimensional separations, numer-
ous TDP experiments have been successfully applied to human and
animal samples [33]. In contrast, large-scale TDP studies in plants have
been broadly lacking since the initial studies of the early 2000s. Given
that, we performed a large-scale TDP analysis of A. thaliana leaf and
chloroplast samples using two-dimensional orthogonal separations of
SEC followed by CZE-MS/MS. A. thaliana was selected for our study
as it represents the foremost model plant species with a high-quality
annotated genome. We identified 3198 and 1836 proteoforms from
the total leaf and the chloroplast sample, respectively, and a total
of 4782 unique proteoforms across the two samples. We identified
numerous PTMs, established protein N-termini, and corrected pre-
dicted sub-cellular localization signals. New chloroplast protein targets
of Trp oxidation, indicative of singlet oxygen retrograde signaling, were
found. This work fills a significant gap in plant proteoform characteriza-
tion, demonstrates the advancement of TDP methods, and provides the
foundation for future developments in the characterization of intact

protein species of plant proteomes.

2 | MATERIALS AND METHODS

2.1 | Materials and reagents

Acrylamide was purchased from Acros Organics (NJ, USA). Ammonium
bicarbonate (NH4HCO3), urea, dithiothreitol (DTT), iodoacetamide
(IAA) and 3-(Trimethoxysilyl) propyl methacrylate, Tris-HCI, Hepes,
MgCl,, phosphatase inhibitors: NaF, 3-Glycerophosphate 2Na-5H,0,
Na-Orthovanadate, = Na-Pyrophosphate-10H,O and protease
inhibitors: Antipain-2HCI, Bestatin, Chymostatin, E-64, Leupeptin
(hemisulfate), P-ramidon-2Na, AEBSF, Aprotinin were purchased from
Sigma-Aldrich (St. Louis, MO). LC/MS grade water, acetonitrile (ACN),
methanol, and formic acid were purchased from Fisher Scientific
(Pittsburgh, PA). Aqueous mixtures were filtered with Nalgene Rapid-
Flow Filter units (Thermo Scientific) with 0.2 um CN membrane and
50 mm diameter. Fused silica capillaries (50 um i.d./360 um o.d.) were
obtained from Polymicro Technologies (Phoenix, AZ). Complete, mini
protease inhibitor cocktail (provided in EASYpacks) was bought from
Roche (Indianapolis, IN).

2.2 | Sample collection

8-week-old A.
(ecotype Columbia-0) were grown at 16/8 light/dark photope-

Total leaf samples: Two trays of thaliana
riod, 20°C. Leaves were cut from 64 plants, pooled and flash frozen
in a mortar with liquid nitrogen, and thoroughly ground. The powder
was then mixed with a lysis buffer containing 50 mM Tris-HCI (pH
8.0), 2% SDS and protease inhibitor cocktail by pipetting, and then
vortexed for 25 s. After centrifugation (13,000 rpm for 2.5 min), the

supernatant containing the extracted proteins was collected and
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stored in -80°C. Whole chloroplast samples: 4 trays (128 plants)
of 39-day-old A. thaliana Col-O were grown at 10/14 light/dark
photoperiod. Leaves were cut and washed in pre-cold water, and
ground in isolation buffer (330 mM sorbitol, 20 mM Hepes, 13 mM
Tris-HCI, 3 mM MgCl,, 0.1% fat-free BSA, 5 mM ascorbic acid, and
5 mM reduced cysteine, and phosphatase inhibitors) using a Waring
blender with medium intensity for 10 s. Lysate was filtered through
one layer of gauze, and then centrifuged for 5 min at 1500 g. The
supernatant was discarded, and the pellet was resuspended in the
wash buffer (330 mM sorbitol and 50 mM Hepes with phosphatase
inhibitors). Pellet was washed and re-collected with 5 min centrifu-
gation at 1500 g, after which the pellet was resuspended in 6 ml
osmotic shocking buffer (0.6 M sucrose, 1 mM EDTA, 10 mM Tricine,
protease inhibitors and phosphatase inhibitors), sitting on ice for
30 min. Samples were collected in 15 ml falcon tubes, lyophilized,
and stored in -80°C. To prepare samples for MS/MS, they were
thawed on ice, sonicated with a Branson Sonifier 250 (VWR Scien-
tific, Batavia, IL) on ice for 10 min, and then resuspended in 2% SDS
with protease inhibitor cocktail. The protease inhibitors with final
concentrations are listed below: 50 ug/ml Antipain- 2HCI, 40 ug/ml
Bestatin, 10 ug/ml Chymostatin, 10 ug/ml E-64, 5 ug/ml Leupeptin
(hemisulfate), 10 ug/ml P-ramidon- 2Na, 50 ug/ml AEBSF, 2 ug/ml
Aprotinin. The concentration of phosphatase inhibitors is: 50 mM NaF,
25 mM B-Glycerophosphate-2Na-5H,0, 1 mM Na-Orthovanadate,
10 mM Na-Pyrophosphate-10H,0.

2.3 | Sample preparation

A 4:1 (v/v) ratio of acetone was added to solubilized protein samples
(both chloroplast and total leaf) with overnight precipitation. A 10,000
X g centrifugation removed the supernatant, and the protein pellet was
resuspended in 8 M urea and 100 mM ammonium bicarbonate (pH
8.0), denatured at 37°C for 30 min, reduced with dithiothreitol (DTT)
at 37°C for 30 min and alkylated with iodoacetamide (IAA) at room
temperature without light for 20 min. Then, samples were desalted by
a 30 kDa molecular weight cut off centrifugal filter (Millipore Sigma,
Inc.) washed with 100 mM NH4HCO;3 (pH 8.0). Finally, sample was
diluted into 50 mM NH4HCO3 (pH 8.0).

2.4 | Size exclusion chromatography (SEC)
separation

Samples were fractionated by SEC in preparation for CZE-MS/MS anal-
ysis. For total leaf sample, the SEC column was 4.6 x 300 mm, 3 um
particles, 300 A pores from Agilent, the mobile phase was 0.1% (v/v)
FA, and the flow rate was 0.25 ml/min. The column temperature was
kept at 40°C. We collected six fractions from 10-22 min (2 min for each
fraction) from 120 ul of 1 mg/ml total leaf sample input. For chloroplast
sample, the Bio SEC-5 column (4.6 x 300 mm, 3 um particles, 500 A
pores) from Agilent was used. The mobile phase was 0.4% (v/v) FA, and

the flow rate was 0.25 ml/min. The column temperature was kept at
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40°C. We collected nine fractions from 10 to 36 min (4 min for each
fraction except for 2 min for the 34, 4th 5th and 6th fractions) from
60 ul of 2 mg/ml chloroplast protein sample input.

2.5 | CZE-MS/MS

An automated ECE-001 CE autosampler and a commercialized electro-
kinetically pumped sheath flow CE—MS interface from CMP Scientific
(Brooklyn, NY)[24, 25] was coupled to a Q-Exactive HF mass spectrom-
eter (Thermo Fisher Scientific). The protocol of a 100-min CZE-MS/MS
and parameters of QE-HF were according to McCool, et al [28]. Briefly,
a fused silica capillary (50 um i.d., 360 um o.d., 1 m) was coated with
linear polyacrylamide (LPA) and etched with hydrofluoric acid at the
end near the CE-MS interface to reduce the outer diameter of the cap-
illary. Acetic acid, 10% (v/v), was used as the background electrolyte
(BGE). The sheath buffer was 0.2% (v/v) formic acid containing 10%
(v/v) methanol. Sample injection was carried out by applying pressure
(5 psi) at the sample injection end, and the injection periods were cal-
culated based on Poiseuille’s law for different sample loading volumes
[34]. For the total leaf sample, the 500 nl injection volume was adopted
with ~500 ng of protein in each sample assuming equal distribution
of protein among each SEC fraction. For chloroplast samples which
have a relatively smaller proteome, the injection volume was 250 nl
(~160 ng of protein assuming equal distribution among SEC fractions)
except 200 nl for fraction 5 and 6 due to the higher protein abun-
dance. A dynamic pH junction was used to concentrate sample in acidic
BGE to accommodate the large injection volumes [35, 36, 37, 23]. A
30 kV high voltage was applied at the injection end of the capillary
and around 2.0-2.2 kV was applied for electrospray. MS parameters
are listed as follows. Microscan is 3 for both full MS and MS/MS. For
full MS, the resolution was 240,000 at m/z 200, and AGC target value
was 1E6 with 50 ms maximum injection time. The scan range was 600-
2000 m/z and the top 5 ions of the highest intensity in full MS were
isolated with a 4 m/z isolation window and fragmented with a 20% nor-
malized collision energy. The resolution for MS/MS is 120,000 at m/z
200, and the AGC target was 1E5 with 200 ms maximum injection time.
Intact protein mode and exclude isotopes settings were on. Proteins
with 1-5 charge state were excluded and the dynamic exclusion was set
for 30s.

2.6 | Data analysis

All .raw files were converted to mzML by MSconvert tool and then
analyzed with the TopFD and TopPIC pipeline [32] with an esti-
mated 1% FDR at the spectrum level and 5% FDR at the pro-
teoform level. Cysteine carbamidomethylation was set as a fixed
modification. The maximum number of unexpected modifications
was 2. The precursor and fragment mass error tolerances were
15 ppm. The maximum mass shift of unknown modifications was
500 Da.

3 | RESULTS

3.1 | TDP workflow of leaf and chloroplast samples
The general workflow for capillaryzone electrophoresis separation
coupled with electrospray ionization-tandem mass spectrometry (CZE-
ESI-MS/MS) is shown in Figure 1, along with a representative electro-
pherogram. A sample of total leaf tissue was prepared from wild-type
A. thaliana leaves late in the vegetative growth stage using 2% SDS in
the presence of a protease inhibitor cocktail. After sample collection
and purification, the sample was separated by SEC into six fractions,
followed by a 100-minute-CZE-ESI-MS/MS online separation of each
fraction. Using an estimated 5% FDR at the proteoform level and 1%
FDR at the MS/MS spectrum level by the TopPIC suite [32], we iden-
tified 3198 unique proteoforms from 458 proteins across the six SEC
fractions of the total leaf sample with an average of 20.8 matched
fragment ions per proteoform (Table S1 and Figure S1A). According to
the 5-level classification system established by Smith et al. [20] that
describes the level of ambiguity within a proteoform identification,
47.9% of proteoform identifications are categorized as Level 1, indicat-
ing no ambiguity at all, in which PTMs are both characterized and well
assigned (Table 1).

To provide a targeted survey of chloroplast proteoforms, we also
investigated whole chloroplast samples isolated from A. thaliana leaf
tissue during the middle of vegetative growth. The same pipeline as
for total leaf was used for the subsequent proteomics analysis using
nine SEC fractions with a 120-minute CZE-ESI-MS/MS online separa-
tion for each fraction. In total, 1836 proteoforms from 200 proteins
were identified in the chloroplast sample, with 40.7% of proteoform
identifications categorized at Level 1 (Table S2 and Figure S1B). The
proteoforms were identified with an average of 20.7 fragment ions per
proteoform. We illustrate MS/MS spectra and electropherograms of
five representative proteoforms in Figures S3-S7. Comparing the total
leaf and chloroplast samples, identifications of 242 proteoforms from
99 proteins are present in both experiments (Figure S2). As an example
output, the fragmentation pattern of a double phosphorylated proteo-
form of Thylakoid Soluble Phosphoprotein 9 (at3g47070) is shown in
Figure 1. Residue-level assignment of the two phosphorylation sites is
possible due to the fragmentation within the consecutive Thr residues.

3.2 | Proteoform mass shifts and post-translational
modifications

Across the total leaf samples, a total of 2390 mass shifts were iden-
tified. In fact, over 61% of identified proteoforms in our datasets
contained at least one mass shift. We generated a histogram of
these shifts to identify those most frequently represented within our
datasets (Figure 2A). The most prevalent mass shifts match with com-
mon PTMs, such as acetylation (460 proteoforms), N-terminal Met
excision (357 proteoforms), oxidation (179 proteoforms), and methyla-

tion (28 proteoforms) (Figure S8A). Acetylation was the most abundant
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FIGURE 1 The top-down proteomics workflow of total leaf and isolated chloroplast samples. After isolation of total leaf and chloroplast
samples, proteins were extracted in 2% (w/v) sodium dodecyl sulfate detergent, precipitated by acetone, resuspended with 8 M Urea in 100 mM
ammonium bicarbonate (ABC), and buffer exchanged into 100 mM ABC. After separation into six size-exclusion chromatography (SEC) fractions,
they were characterized by CZE-ESI-MS/MS and identified with the TopPIC MS/MS analysis suite using the TAIR10 A. thaliana protein sequence
database. An example of an identified double phosphorylation on the Thylakoid Soluble Protein 9 (TSP9) is shown with its fragmentation pattern.

Figure Made in BioRender.com.

TABLE 1 5-Level classification of identified proteoforms

Level: 1 2A 2B 3 4 5 Total

Total Leaf No 1233 0 0 0 0 0 1233
1Mod 272 42 177 1101 0 O 1592
2Mods 26 0 22 267 0 0O 315
3Mods 1 0 0 57 0 0 56
Total 1532 42 199 1425 0 O 3198

Chloroplast No 636 0 0 0 0 0 636
1Mod 101 105 119 741 0 O 1272
2Mods 10 7 6 111 0 0 134
3Mods O 0 0 0 0 0 O
Total 747 112 125 852 0 O 1836

PTM identified in the total leaf proteoforms, 87% of which was found
to occur on the N-terminus, generally accompanied by Met excision.
Oxidation was found on multiple amino acids, most frequently on Lys.
Twenty-eight proteoforms were methylated which localized on Lys,
Gln, Asp, and Glu. Sixteen proteoforms were found to be phosphory-

lated despite the absence of special enrichment of phosphoproteins or
the use of phosphatase inhibitors. Numerous other mass shifts were
found which could not be readily assigned to a specific PTM. Possible
interpretations of these unassigned mass shifts, based on the Unimod
database [38], are indicated in Figure 2A.

While almost all mass shifts fell within the -100 to +100 Da range,
we did identify two peaks of -176.1 Da and -218.1 Da found on 59
and 49 proteoforms, respectively, of the Rubisco large subunit (RbcL,
tcg00490). Manual interpretation indicated that software incorrectly
predicted the N-terminal residue to be the initiating Met1. The mass
shift of -176.1 Da was found on proteoforms lacking a predicted acety-
lation, and was consistent with removal of Met1 and Ser2 and inclusion
of an acetylation. Meanwhile, the -218.1 Da mass shift was found
on proteoforms with a predicted acetylation and was consistent with
removal of Met1 and Ser2. Similarly, 14 RbcL proteoforms, all with a
predicted removal of Met1, were found with a mass shift of -45.1 Da,
consistent with removal of Ser2 and an acetylation. Thus, we manu-
ally corrected 122 RbcL proteoformes, all resulting in Pro3 as the first
residue and with the presence of an acetylation (Table S1). In total,
144 proteoforms of RbcL were found with Pro3 as first residue and an

acetyl PTM. This assignment is consistent with previous studies [39]
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FIGURE 2 Proteoform mass shift distribution from -100 Da to +100 Da. Common PTMs are marked according to the color code indicated in

the legend. (A) A histogram of mass shifts among proteoforms identified in the total leaf sample. Two bins containing prevalent mass shifts which
are out of the indicated range are included as subsets in the bottom left, both of which are specific to RbcL proteoforms. Because the underlying
predicted N-terminus of the proteoforms are different, both mass shifts result in RbcL proteoforms that initiate with an N-terminally acetylated
Pro3 residue, as described in the text. (B) A histogram of mass shifts among proteoforms identified in the chloroplast sample. The bin size of all
histograms is 1 Da. Possible interpretations of the three most prevalent unidentified mass shifts are proposed based on the Unimod database.
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and with their electrophoretic mobility in CZE, as described below in
Section 3.3. It is notable that very few proteoforms were found to start
with Ser2, which amount to less than 4% of total RbcL proteoform
feature intensity. Although the mature form of RbclL is recognized to
begin with an N-acetylated Prog3, it remains unclear whether process-
ing of the initiating Met1 and Ser2 occurs in a stepwise fashion or as a
single cleavage event between Ser2 and Pro3. Our proteoform identi-
fications uncover little evidence of an intermediate state in which only
the Met1 is removed. This strongly suggests that N-terminal process-
ing of RbcL occurs in a single step from an unknown dipeptidase, as
suggested previously [40].

We identified 16 proteoforms with phosphorylation in the total
leaf sample, including five different phosphorylated proteoforms of
Plastocyanin-1 and -2 (at1g76100, at1g20340). Although twelve of
the sixteen proteoforms were chloroplast-localized, a non-overlapping
set of phosphorylated proteoforms were identified in the chloroplast
sample. This included three proteoforms of TSP9 (Table S2). As noted
above and observed in previous BUP experiments [41, 42], double
phosphorylation of Thré66 and Thr71 was observed. Phosphoryla-
tion on Thré4 was also observed in two other proteoforms, however
never shared with phosphorylation of Thré66 or Thr71. This suggests
that phosphorylation of the Thré66/Thr71 pair and phosphorylation of
Thré64 may be mutually exclusive. Curiously, oxidation of Met42 on
TSP9 was also observed in high abundance in the chloroplast sam-
ple, although never in combination with phosphorylation of Thré4 or
Thré66/Thr71.

Across the chloroplast sample, we found a total of 1540 mass
shifts (Table S2). Over 76.6% of identified proteoforms include at
least one mass shift. As with total leaf sample, the most prevalent
mass shifts match with common PTMs such as oxidation (208 prote-
oforms), acetylation (80 proteoforms), Met excision (64 proteoforms),
and methylation (11 proteoforms) (Figures 2B and S8B). In addition,
we also found that the relative ratio of oxidation is substantially higher
in the chloroplast sample (5.6% of proteoforms vs. 13.5% of proteo-
forms, respectively), which we suggest to be physiologically relevant
as a reflection of the high oxidative pressure found in the chloroplast
[43, 44, 45] (Tables S1 and S2). In support of physiologically relevant
oxidation in the chloroplast, we identified (di)oxidation of trypto-
phan (+15.99 and +31.99 Da) on six different chloroplast proteins:
Photosystem | reaction center subunit N (PsaN; at5g64040), CP12
(at2g47400), CP12-like (at3g62410), Photosystem Il light harvesting
complex protein (LHCII-1.5; at2g34420), Chlorophylll a/b binding pro-
tein 3 (CABS3; at1g29910), and RbcL (Tables S1 and S2). Trp dioxidation
of Executer 1 and Executer 2 of the chloroplast thylakoid has previously
been shown to function as a specific sensor of oxidative stress through
reaction with singlet oxygen, triggering retrograde signaling [46]. Our
identification of Trp dioxidation modifications on several additional
proteins may indicate a broader suite of singlet oxygen sensors than
was previously recognized. Curiously, in addition to the six chloro-
plast proteins, a single non-chloroplast protein, Pathogenesis-related
5 (PR5; at1g75040), also had (di)oxidation found on Trp 37 in the total

leaf sample.
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3.3 | Predicting electrophoretic mobility with
CZE-MS/MS

As an open tubular configuration, CZE outperforms RPLC in the
accurate prediction of proteoform separation times based on elec-
trophoretic mobility (uef) [47]. The semi-empirical prediction model of
protein pes has been modified and evaluated for the large-scale CZE-
MS/MS-based proteomics, and has been discussed at length previously
[29].

Accurate prediction of retention/migration times can assist in cor-
rectly identifying proteoforms and corresponding mass shifts. To
explore the prediction of proteoform mobility within the context of
our total leaf and chloroplast samples, we applied our prediction model
to proteoforms without modifications, or with only one acetylation
or phosphorylation, using proteoform identifications from the second
run of total leaf fraction 6, which has the highest number of proteo-
forms. While predicted and experimentally-determined ues values of
unmodified proteoforms aligned excellently, the phosphorylated and
single N-terminal/lysine-acetylated proteoforms deviated from expec-
tation, as seen in Figure 3A. Acetylation removes the positive charge
on the N-terminus or on the lysine side chain, while phosphorylation
adds a single negative charge. After accounting for the (-1) charge
reduction of these PTMs, we found that most corrected proteoforms
aligned well with the trend line (Figure 3B), and the R? increased to
0.92 from 0.89. The R? value for non-modified proteoforms alone is
0.91, showing that the modified charge proteoforms match the linear
correlation well. The several remaining outliers may represent incom-
plete unfolding in the 10% acetic acid or incorrect proteoform IDs.
The well improved linear correlation between experimental and pre-
dicted ues of proteoforms after charge correction highlights the value
of CZE-MS/MS for confident proteoform identification and accurate
characterization.

We further looked specifically at the identified RbcL proteoforms.
The predicted and experimental p¢ of all 43 proteoforms of RbcL with
mass shifts are shown in Figure S9A. There are five non-modified pro-
teoforms, 22 proteoforms with single acetylation, 13 proteoforms with
a -176 Da mass shift, one proteoform with a -45 Da mass shift, one
proteoform with a +37.9 Da mass shift, and one proteoforms with a
-2 Damass shift. The linear correlation between experimental and pre-
dicted ¢ is poor (R2 = 0.69) due to the PTMs of proteoforms, which
relate to the mass shifts. The mass shifts (i.e., -176 Da and -45 Da)
are difficult to explain. However, after -1 and -2 charge corrections
for RbcL proteoforms with mass shifts, as highlighted in Figure S9, the
linear correlation was drastically improved (RZ = 0.99). The data sug-
gest that those mass shifts reduced the positive charges of proteoforms
significantly during CZE separation. Considering the positive charge
reduction from the -176 Da mass shift, we attributed the mass shift
to the loss of Met1 (-131 Da) and Ser2 (-87 Da) amino acid residues
plus an N-terminal acetylation on Pro3 (+42 Da). Similarly, we specu-
lated that the -45 Da mass shift was due to the removal of Ser1 residue
and N-terminal acetylation on Pro2 residue. Four proteoforms with -2

charge reduction most likely had a combination of multiple PTMs that
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FIGURE 3 Linear correlation between predicted and
experimental electrophoretic mobility (uef). Comparison is made using
et Values from the size-exclusion chromatography fraction 6 of the
total leaf sample before charge correction (A) and after charge
correction (B). Proteoforms with at least one unidentified mass shift
were removed. Unmodified proteoforms with no mass shift were
labeled in blue, proteoforms with a single acetylation were labeled in
orange, and proteoforms with a single phosphorylation are labeled in
green. The theoretical electrophoretic mobility is calculated from the
number of positive charges (counts of positively charged residue K, R,
H, and N-term) and the theoretical mass. The modified predictions are
corrected by subtracting 1 from the charge due to acetylation or
phosphorylation.

reduced the charge of proteoforms. Three of these four proteoforms
had a -175 Da mass shift and one N-terminal acetylation. We expect
that those proteoforms have loss of the first two amino acid residues as
mentioned before (Met1, -131 Da, and Ser2, -87 Da), and two acety-
lation sites including the identified N-terminal acetylation. The results
further demonstrate that CZE-MS/MS has the capability for accurate
characterization of proteoforms with PTMs.

3.4 | Identification of processed protein sequences
and truncation pattern

The identification of intact proteoforms offers a prime opportunity

to establish the processed N-termini of mature protein sequences,

including putative cleavage sites of sub-cellular localization signals
such as cTPs or mTPs. Taking advantage of the proteoform data gener-
ated from our total leaf and chloroplast samples, we proposed mature
N-termini for 343 proteins (proteoforms of an additional 216 pro-
teins were clearly limited to internal fragments of the full protein
and hence N-termini could not be determined). Determination was
performed manually, relying on frequency of N-termini among pro-
teoforms, relative abundance, and coincident N-terminal acetylation
(Table S3). Of the 343 proteins for which mature N-termini were pro-
posed, 253 were consistent with the prediction from TargetP 2.0.
including predicted cleavage sites of 65 cTPs, 9 mTPs, 20 SPs, and
16 luTPs. Of those that were inconsistent, most were cTPs (40), or
SPs (30). Significantly, the confidence values of TargetP predictions
that were inconsistent with the experimental evidence were, on aver-
age, almost as high as those that matched with experimental results
(88% vs. 94%, respectively). This indicates that the measure of confi-
dence of TargetP 2.0 may not provide a reliable indication of incorrect
predictions. Below, we consider results from each class of sub-cellular
localization signal separately, highlighting representative proteins in
each case.

3.4.1 | Chloroplast transit peptides

Our proteoform identifications are rich in nuclear-encoded chloroplast
proteins and allow us to propose cTP cleavage sites for 105 proteins
(Table S3). Localization of experimental and predicted cTP sites were
consistent in a majority of cases, with 45.4% of proteoforms precisely
matched with the predicted cleavage site of cTPs (Figure S10). In one
case, that of the cold-regulated protein 15a (AtCori15a; at2g42540),
we observed proteoforms starting sequentially from residue 38 to
residue 43 in both total leaf and chloroplast samples (Figure S11).
While the N-termini of the most abundant proteoform was consis-
tent with the predicted cleavage site (i.e., residue 38), the sequen-
tial coverage of five residues likely indicates imprecise cleavage of
this cTP.

In 11 cases we suggest a corrected cTP cleavage site (Tables S3 and
S4). For example, LHCII-CP26 (at4g10340) was predicted to have a
25% possibility of cleaving between 50K-51A and a 21% possibility
between 36V-37A by TargetP 2.0 (Figure S12). In contrast, we identi-
fied 11 out of 15 proteoforms starting from residue 38L in total leaf
sample (CP26 was not identified in chloroplast), comprising over 90%
of total proteoform intensity. Based on these experimental results we
suggest the cTP cleavage site of CP26 is, in fact, 37A-38L. Likewise,
a cTP cleavage site is predicted for Rubredoxin A (RubA; at1g54500)
at residue 59. However, proteoform evidence from both total leaf and
chloroplast samples suggest the mature protein sequence begins at
residue 55. This is supported by the identification of multiple abun-
dant proteoforms beginning at residue 55 in both total leaf (with
N-acetylation) and chloroplast samples, as well as the absence of any
proteoform beginning at residue 59.

Several of our corrected cTP cleavage sites are consistent with

results from other studies that rely on orthogonal (i.e., non-TDP-based)
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experimental methods. Based on proteoform identifications we deter-
mined cleavage sites for CP29 (at5g01530) and PsbS (at1g44575)
at 31T-32A and 53L-54F, respectively (Table S3). These two results
are consistent with a previous TDP study [30]. Similarly, Heat Shock
Protein of 70 kDa (HSP70; at4g24280) was predicted to start at
93A in TargetP 1.0 and updated to 69T in TargetP2.0. In total leaf,
we identified three proteoforms, all of which began at residue 78E,
indicating the cTP cleavage site lies at 77N-78E, as previously reported
from the TAILS experiment [7].

Proteoform patterns of the two chloroplast ferredoxin isoforms
(Ferredoxin-1; at1g10960, and Ferrredoxin-2; at1g60950) represent
unusual cases (Figure 4, Table S3). Both proteins hold a predicted cTP
cleavage site at residue 52 M-53A (the same residue and position in
both isoforms). Consistent with this, proteoforms identified from the
chloroplast sample routinely begin at residue 53A. But surprisingly,
these proteoforms represent a miniscule proportion of all proteoforms
identified from the total leaf sample, even though the chloroplast-
localized, and hence processed, proteins should be highly represented
inthese samples. Instead, a majority of proteoforms, both in prevalence
and in relative abundance, start at residue 78D (the same residue and
position in both isoforms). This places the starting residue well within
the 2Fe-2S Ferredoxin-type iron-sulfur binding domain, indicating that
a substantial proportion of the domain is not present within the prote-
oforms and that they are not functional. As the chloroplast sample is
dominated with proteoforms initiating at 53A, consistent with the Tar-
getP 2.0 prediction, we conclude that the true cTP cleavage site of both
Ferredoxin isoforms is 53A, however it remains unclear why a majority
of bothisoforms are processed precisely to the 78D residue specifically
in the total leaf sample.

3.4.2 | Lumenal transit peptides

Remarkably, among predicted IuTPs, all were consistent with our
experimental determinations (Table S3). For example, proteoforms of
PsbP-1 predominantly began at 78A, consistent with the predicted
IuTP cleavage site at 77A-78A (Figure S13). Interestingly, three lower
abundant proteoforms of PsbP-1 were identified that start from 34T,
which may represent proteins that have had their cTP processed
but still await transport into the lumen and subsequent removal of
the luTP.

3.4.3 | Signal peptides

Predicted SP cleavage sites were consistent with our experimental
determinations for 40.0% of proteins. Remarkably, 14 SP predicted
proteins appeared not to have processed sub-cellular localization sig-
nals of any sort, instead accumulating proteoforms starting at Met1 or
residue 2. In fact, eight of the 14 proteins were found acetylated on the
N-terminus. For example, the fragmentation pattern of a single prote-
oform of Transmembrane Protein (at1g11850) was found with almost

full sequence, and initiating from the Met1 residue (Figure 5A).
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FIGURE 4 Proteoform identifications of Ferredoxin-2 in total leaf
(A) and chloroplast (B) samples. Proteoforms identified in the
chloroplast sample support cTP cleavage at residues 52-53, while an
additional, frequent cleavage site at residues 77-78 is seen specifically
in the total leaf sample. A cartoon diagram of the protein sequence
domains overlays, and is aligned to, the proteoform identifications
indicated as blue horizontal lines shaded according to their estimated
abundance (based on ion intensity). The blue trace above the cartoon
represents the TargetP 2.0 predicted probability of the cTP cleavage
site for each peptide bond. A histogram of green and red bins,
overlaying the identified proteoforms, indicates the frequency with
which each residue represents either the N-terminal residue (green)
or the C-terminal residue (red) among all identified proteoforms. In
total leaf sample, the dominant proteoform is 79A-148S, with a mass
shift of +23.9 Da. This proteoformis not identified in the chloroplast
sample. In the chloroplast sample, the dominant proteoform is
53A-148S with a mass shift of -39.4 Da. This proteoform is identified
in the total leaf sample as well, but is only 0.28% the intensity of the
highest abundant proteoform in the total leaf sample.

In four cases we could propose a corrected SP cleavage site. The SP
of a protein of unknown function (at3g07470) is predicted to cleave at
24A-251. However, a single proteoform, beginning with residue 14 V
and continuing to the final encoded residue, was identified. Similarly,
the SP of the TSK-associating protein (at1g52410) is predicted to
cleave at 29C-30Q. In contrast, the most abundant proteoforms were
found to begin at 21L. Furthermore, only a single proteoform at much

lower abundance was found to begin at 30Q.
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FIGURE 5 Suggested corrections to the predicted sub-cellular
localization signals of two proteins. (A) Transmembrane Protein
(at1g11850) is predicted to use a Signal Peptide cleaved at 23A-24R.
However, the only proteoform identified from this protein reveals a
sequence initiating with Met1, indicating the protein does not harbor
acleavable Signal Peptide. The fragmentation pattern from the
identified proteoform, along with e-value and FDR are indicated. (B)
Chaperonin 10-3 (Cpn10-3; at1g14980) is predicted to use a
mitochondrial targeting peptide cleaved at 22K-23T. However,
proteoform identifications indicate the protein cleaves at 14V-15Q. A
cartoon diagram of the protein sequence domains overlays, and is
aligned to, the proteoform identifications indicated as blue horizontal
lines shaded according to their estimated abundance (based on ion
intensity). The blue trace above the cartoon represents the TargetP
2.0 predicted probability of the cTP cleavage site for each peptide
bond. A histogram of green and red bins, overlaying the identified
proteoforms, indicates the frequency with which each residue
represents either the N-terminal residue (green) or the C-terminal
residue (red) among all identified proteoforms.

3.4.4 | Mitochondrial transit peptides

Our experimentally concluded mTP cleavage sites coincided with pre-
diction in 9 out of 18 (50%) proteins (Tables S3 and Table S4). We
identified three proteoforms of Cpn10-3 (at1g14980) in the total
leaf, which all conflicted with the predicted cleavage site at 22K-23T
(Figure 5B). Our results suggest that the mTP cleavage site for this
protein is 14V-15Q. While the highest abundant proteoform begins at
residue Met1 (and is evidently not imported into the mitochondria), the

two remaining proteoforms both initiate at residue 15Q.

Significantly, we identified likely mTP cleavage sites on three
other proteins that are not currently predicted to contain mTPs
(or any other sub-cellular localization signal) in TargetP 2.0. To con-
clude a mitochondrial localization for these proteins we relied on the
SUBA4 database, which compiles a consensus localization based on
disparate experimental and predictive datasets, including MS-based
proteomics, fluorescent protein tagging experiments, co-expression
data, and 22 computational prediction algorithms [48]. According to
SUBA4, the three proteins (Voltage Dependent lon Channel 3[VDACS,
at5g15090], Caspase 6 [CASP6, at2g15000], and D-Tyr-tRNA Dea-
cylase family protein [YtDA, at4g18460]) are all strongly expected
to localize in the mitochondria. Consistent with this notion, a single
proteoform was identified from each of the proteins, each consis-
tent with a cleavage site ranging from residue 33 to 65. Significantly,
no proteoform was identified initiating at residue Met1, as would
be expected based on the TargetP 2.0 prediction. The identified pro-
teoforms from VDACS3, CASP6, and YtDA began at residues 35S,
65P, and 65D, respectively, directly presenting putative mTP cleavage

sites.

3.5 | Residue frequency of cleavage sites

We plotted residue site occupancy around the updated cleavage sites
for cTP,IuTP, mTP, and SP sequences. WebLogos representing the abso-
lute frequency of residues at each position relative to the cleavage site
reveal a weak preference for Ala in the -1 position (relative to the
cleavage site) in cTP, SP, and IuTP sequences (Figure S14A-D). Con-
versely, mTPs displayed a somewhat stronger preference for Phe in the
-1 position, as well as Ser in the +1 position and a clear preference
for Argin the -3 position. These patterns were drawn out more clearly
when presented as an iceLogo which calculates a residue probability
in each position by normalizing the absolute frequency of a residue
by its frequency throughout all A. thaliana protein sequences (Figure
S14E-H). Site occupancies of the sub-cellular localization signals are
consistent with those reported previously [49, 7].

4 | DISCUSSION

Methodological and technical advancements in the past 10 years have
greatly expanded the capabilities of TDP, including more powerful
MS/MS search algorithms and increased resolution of mass analyzers
[30, 32, 50]. However, these advancements have not, thus far, been
applied to large-scale studies in plants. It was the objective of this
study to exploit and exhibit the capabilities of TDP in characterizing
the proteoforms of A. thaliana leaf tissue, with a particular focus on the
chloroplast. Using CZE-MS/MS analysis and offline pre-fractionation
by SEC, we identified over 4700 unique proteoforms across total leaf
and chloroplast samples. This included a substantial number of prote-
oforms in each sample that contain mass shifts, arising from PTMs or
sequence differences relative to the reference protein database. While

most mass shifts could not be confidently associated with common
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PTMs, 683 and 306 mass shifts in total leaf and chloroplast samples
were assigned to common PTMs, such as phosphorylation, oxidation,
and acetylation (Figure 2). Some assignments were based on manual
curation of the data, comparing mass shift values with monoisotopic
masses and literature reports. Identification of these common PTMs
was based on the Miscore [32, 51] as well as electrophoretic mobility,
providing robust confidence in the identifications.

Among the identified PTMs was Trp oxidation (+15.99 Da) or diox-
idation (+ 31.99 Da) on seven proteins, six of which are chloroplast-
localized. This somewhat lesser known PTM has recently been found
to arise through reaction of singlet oxygen with the Trp side chain, and
is a crucial component of singlet oxygen retrograde signaling [52, 46].
Trp oxidation of multiple proteins in ROS-producing mitochondria has
similarly been reported to function in retrograde signaling [53]. The
functional role (if any) of the Trp (di)oxidation identified in this study
is not clear, however the oxidation disrupts the indole ring of the Trp
side chain affecting the physico-chemical properties.

A primary goal of this study was to identify mature N-termini of
proteins and, by extension, propose cleavage sites of sub-cellular local-
ization signals. In 35 cases, we could confidently propose cleavage sites
inconsistent with prediction from the TargetP 2.0 algorithm (Table S3).
Alignment of cleavage sites, as determined from our datasets, pro-
duced residue frequency plots (i.e., WebLogo and iceLogo) that were
largely consistent with those reported in other studies and with other
experimental methods [49, 7]. Significantly, we did not observe free
cTPs. This is consistent with observations from others that turnover
of cTPs occurs rapidly following their cleavage after chloroplast import
[54,7].

Among the interesting observations we report from our study, we
found that many proteins accumulated mature sequences with multi-
ple N-termini (Table S4), often varying by a single residue. It is unclear
whether this holds functional significance for a given protein, though
it seems likely that it would influence stability of at least some pro-
teins. The multiple N-termini may arise due to imprecise cleavage of
processing peptidases that recognize sub-cellular localization signals.
Alternatively, and not mutually exclusive, the multiple N-termini may
represent evidence of additional processing following cleavage of a
sub-cellular localization signal. Indeed, Rowland, et al. conclude from
their chloroplast N-terminome study that additional, and yet to be
identified, peptidases further process the N-terminus of cTP-cleaved
proteins to arrive at a limited set of N-terminal residues in mature
protein sequences [7].

Importantly, our proteoform identifications are limited to those
less than ca. 30 kD. Identification of larger proteoforms is a well-
known challenge of TDP studies that is attributed to the negative
effects of larger molecular species on the signal/noise ratio [55,
56, 57]. As a molecular species gets larger, its number of possible
charge states increases, leading to a dilution of ion intensity across
an increasingly larger number of charge state molecules. Identification
of larger proteoforms is however possible, and has been accom-
plished, but generally requires simpler protein mixtures [55]. The

development of strategies to handle the mass problem represents
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one of the greatest opportunities for future improvements in TDP

analysis.
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