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ABSTRACT

The order of enzymatic activity across Golgi cisternae is essential for complex molecule
biosynthesis. However, an inability to separate Golgi cisternae has meant the cisternal
distribution of most resident proteins, and their underlying localization mechanisms, are
unknown. Here, we exploit differences in surface charge of intact cisternae to perform
the first separation of early to late Golgi sub-compartments. We determine protein and
glycan abundance profiles across the Golgi; over 390 resident proteins are identified,
including 136 new additions, with over 180 cisternal assignments. These assignments
provide a means to better understand the functional roles of Golgi proteins and how
they operate sequentially. Protein and glycan distributions are validated in-vivo, using
high resolution microscopy. Results reveal distinct functional compartmentalization
among resident Golgi proteins. Analysis of transmembrane proteins shows several
sequence-based characteristics relating to pl, hydrophobicity, Ser abundance and Phe
bilayer asymmetry that change across the Golgi. Overall this suggests a continuum of
TM features, rather than discrete rules, which guide proteins to earlier or later locations
within the Golgi stack.

INTRODUCTION

The Golgi is an ancient organelle, common to all eukaryotic lineages (1), consisting of a
stack of flattened, membranous discs, or cisternae, in which protein and lipid cargoes
are modified in a progressive manner, and substituted with complex glycan side chains
(2-4). The Golgi is the hub of the secretory pathway, trafficking cargo-containing
vesicles to and from the endoplasmic reticulum (ER) at the cis face (5) and to other
cellular destinations at the trans face (6). There have been important advances in
understanding trafficking processes from the trans-Golgi network (TGN) to post-TGN
destinations (7-9), and many regulatory components of ER to cis-Golgi traffic have

been determined (5,10). However, our understanding of the trafficking pathways within
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the Golgi stack itself, and the mechanisms underlying spatial partitioning of proteins

within stacks, is still somewhat limited.

Studying secretory organelle organization not only contributes to a general
understanding of biochemical pathways and how protein localization is specified but
also gives us the capacity to better control the complex, sequential biochemistry and
trafficking processes of cellular secretion. Although understanding of how sequence
characteristics localize proteins to organelles has advanced (11), no general sequence-
based determinants of Golgi cisternal membrane localization are known (12). TM span
length, retrieval and retention motifs (13—16) cannot sufficiently explain the distribution
of resident proteins within the Golgi, implicating undiscovered factors governing intra-
Golgi protein localization. Cutting-edge microscopy has localized a limited number of
Golgi proteins (17), though tagging membrane proteins can increase aberrant
localization (18). Consequently, too few proteins have been accurately localized within
the Golgi to identify cisternal targeting sequences or map intra-Golgi trafficking

pathways.

Modern mass spectrometry, using multiple separation stages and peptide mass
fingerprinting, provides a way of simultaneously detecting and quantifying the
occurrence of thousands of proteins in purified and enriched samples. This has allowed
the compilation of proteome sets for sub-cellular compartments. Generally, these
comparative proteomic analyses, which have proved essential to our understanding of
vesicular trafficking (9,19), depend on some degree of physical separation of
compartments. Here, the LOPIT (localization of organelle proteins by isotope tagging)
technique, using density gradient centrifugation, has become the gold-standard for sub-
cellular proteome discovery (20) and has provided ER, Golgi and TGN proteomes in
Arabidopsis (21-23). However, to-date, only electrophoresis techniques have delivered
adequate separation of Golgi cisternae. Free-flow electrophoresis (FFE) has been
shown to separate vesicles according to small differences in surface charge (24,25).
Although early attempts to separate the ER, Golgi cisternae and TGN using FFE were
promising (26), contemporary technical limitations prevented proper follow-up and

validation. In this study, we separate the Golgi sub-compartments in an
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endomembrane-enriched sample from an Arabidopsis cell-suspension culture using
FFE.

Plant suspension-culture cells are an attractive option for studying the endomembrane
as they generate large quantities of intact Golgi cisternae (27). Centrifugation and
gentle manipulation under negative pressure efficiently unstacks cisternae, which can
be enriched on a simple step-gradient. A gradient of surface charge, likely resulting from
flipping of negatively charged phospholipids to the outer leaflet, exists between the ER,
Golgi, TGN and PM (26,27), and appears to exist across Golgi cisternae, which
facilitates electrophoretic separation.

Here we combine gentle electrophoretic fractionation of largely intact endomembranes
with high-throughput mass spectrometry, bioinformatics and imaging techniques to
create one of the largest experimental data sets in this field to-date. We use both LOPIT
and FFE abundance profiles to determine the localization of hundreds of resident
proteins, protein cargo and glycan cargo through the secretory pathway at sub-Golgi
resolution. Our approach is validated in serval ways, including using glycan immuno-
gold transmission electron microscopy and protein fluorescence microscopy. We show
sub-Golgi categorisations that are consistent with the progressive glycosylation
functions of the Golgi. This then allows us to bioinformatically analyse sub-Golgi specific
protein sequences to discover any trends or rules which may contribute to cisternal

localization.

RESULTS
Experimental inputs

Using free-flow electrophoresis (FFE) we separated an endomembrane-enriched
homogenate into 96 fractions according to surface charge. For each replicate sample,
approximately 45 fractions with significant endomembrane protein content were
selected in each case and analysed using shotgun proteomic mass spectrometry, to

gauge the identity and relative amount of each protein in each fraction. A schematic
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representation of our approach, using gentle separation of intact-membrane samples,
mass-spectrometric proteomic identification and subsequent abundance profile

generation is illustrated in Figure 1.

Preliminary investigations with two biological replicate samples (R1 and R2), performed
with an ABSciex 5600 TripleTOF, identified over 1500 proteins and established the
basic utility of our approach (and R1, which contained more material than R2, was later
used for glycan/carbohydrate analysis). This was then followed-up with three high-
sensitivity replicates (R3, R4 and R5), using an Orbitrap QExactive mass spectrometer,
which detected over 2700 proteins and formed the basis of our main analysis.

Establishing updated sub-proteomes for the Golgi and other organelles

Before we could begin to dissect any cisternal separation of Golgi proteins, our first task
was to establish updated protein sets of resident proteins for the Golgi and other
membrane-bound compartments within our cell line. Current plant protein annotations
sometimes contain contradictory locational information, often with no indication of which
proteins are organelle residents or localize to multiple organelles. This is problematic
when analyzing the Golgi, as distinguishing between cisternal residents, cargo, and
vesicular proteins, is essential. It was especially important to generate accurate,
updated ER and TGN proteomes; the ER showed the closest degree of FFE fraction
overlap with the Golgi (see Figure 2a) and dual-localized ER-Golgi proteins were
expected. Electrophoretic migration of the TGN was difficult to distinguish from the
Golgi, as TGN proteins are both trafficked through and exchanged with the Golgi.
Hence, updating the TGN proteome enabled TGN cargo to be distinguished from Golgi

residents.

To date, the only proteomics technique capable of distinguishing resident and cargo
proteins is LOPIT. In LOPIT, organelles are separated on a linear density gradient,
fractions of which are labelled using isobaric tags. Tagging enables very accurate
guantitation of protein abundances along the gradients. Proteins from the same
organelle have similar abundance profiles so when, for example, principal component

analysis is applied to quantitation data, organelle residents form distinct clusters and
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multi-localized proteins do not. LOPIT was originally developed and validated using
Arabidopsis, over a decade ago (22). Thorough cross-validation using immunoblots and
imaging, as well as technical and bioinformatic updates, have led to LOPIT becoming
the technique of choice for high-accuracy, whole-cell proteomics analysis (20,28-31)
but it has never been re-applied to a whole-cell analysis of Arabidopsis. Updating

resident organelle proteomes was therefore an essential first step in this study.

Multi-class support vector machine (SVM)-based methods are frequently combined with
LOPIT to classify proteins according to their location (20,32,33). Here, we used proteins
with clearly annotated localisation derived from the subcellular localization database for
Arabidopsis proteins (SUBA) (34) and from (21) as the initial classification inputs (Table
S1). This created organelle-specific clusters by partitioning the LOPIT profile data (i.e.
density centrifugation profiles) according to the consensus of the initial markers.
Classification parameters (see experimental procedures) were set such that organelle
clusters remained tight and were therefore most likely to contain only resident proteins.
When compared against fluorescent protein localization records housed in SUBA, <5%
of proteins showed conflicting localizations. Given that the Golgi has been subject to
relatively few proteomic studies, it was desirable to increase the number of known Golgi
resident proteins. Hence, the SVM classification parameters were relaxed to permit <2%
conflicts. This did not affect the tightness of the Golgi cluster, meaning accuracy was
not compromised. For all organelles, proteins were only selected if present in 2 or more

replicates.

Principal component analysis (PCA) revealed tight, distinct clusters for all subcellular
compartments (Figure 2a). The compartments could be largely, but not entirely,
separated by projection on to only two principle components. Hence, results were also
visualized using t-distributed stochastic neighbour embedding (t-SNE), which attempts
to combine data from all dimensions to a two-dimensional plot (35). t-SNE confirmed
that clusters overlapping in Figure 2a, including the ER, Golgi and TGN, were indeed
separate (Figure 2b). Importantly, for our later analyses, the TGN group was entirely
distinct from the Golgi.
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LOPIT resulted in the identification of 345 ER, 46 TGN and 397 Golgi resident proteins
in three spatially distinct clusters, along with comprehensive lists of resident protein
markers for all other organelles (Figure S1, Table S1, Supplemental Results). The
currently annotated Arabidopsis Golgi proteome (covering all cell types) is estimated at
~ 530 proteins (36), suggesting that we identified a large majority of resident Golgi

proteins present in our cell line.
Organelle FFE protein abundance profiles

Having established updated, resident proteomes for all major subcellular compartments
we then used this to analyse FFE data. After merging high-sensitivity proteomic data
from replicates R3-5 (see Methods) the combined, average FFE profiles of proteins
previously known to reside in the ER and Golgi are illustrated in Figure 2c, alongside
profiles for the newly-assigned ER and Golgi sets from LOPIT; the newly assigned
proteins had remarkably similar profiles to those of established residents. Additionally,
the combined FFE profiles for all other LOPIT sub-compartment classifications (Figure
2c) show that this data can be used to categorize non-endomembrane proteins as either
non-secretory contaminants or cargo. Contaminants e.g. peroxisome, plus most
chloroplast and PM proteins, had electrophoretic profiles similar to those observed in
previous electrophoresis separations (37,38). Interestingly, some chloroplast, PM,
vacuole and mitochondrial proteins had flat profiles which did not correspond to
previous observations for those organelles (25,37). The subpopulation of proteins from
these organelles with flat profiles were disproportionately enriched in features consistent
with cargo subjected to post-translational modifications in the Golgi. Over 40% of non-
Golgi proteins identified in Golgi-enriched fractions had either been found previously in
vesicular trafficking proteomes (9), were S-acylated (9), contained a high-confidence N-
glycosylation site (39) or had an experimentally determined glycosylphosphatidylinositol
(GPI)-anchor (40).

Overall, Golgi proteins were detected across the entire region of the selected
membrane fractions and did not obviously separate into discrete surface-charge regions
(e.g. corresponding to different cisternae). However, even with separate sub-Golgi

proteomes we would expect a somewhat overlapped situation here given that resident
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proteins transit though, and possibly recycle, via adjacent compartments. Additionally,
we are studying a superposition of different cellular and vesicular states, i.e. with

varying surface charge.

As illustrated in Figure 2d for high-sensitivity replicates R3-R5, protein profiles were
hierarchically clustered according to the pattern of their merged FFE abundance along
the separated fractions. This clustering effectively pairs the most similar abundance
profiles, in a progressive manner, and allowed us to visualize any innate groups that
may occur within the FFE data, i.e. which may correspond to different organelles and
sub-compartments. Given that Golgi cisternae remained largely intact during the FFE
separation we did not directly separate Golgi residents from trafficking cargo, even if we
might expect resident and cargo proteins to have different, characteristic FFE profiles.
Hence, to objectively assign organelle residents to FFE profile clusters with highest
confidence, we used only resident proteins from Figure 2a, b and Table S1.

When proteins with existing organelle annotations are compared by hierarchical
clustering (Figure 2d and S2b) the grouped profiles clearly correspond to three major
clusters: Golgi/TGN, ER and plasma membrane (PM), which have peak abundances in
different regions of the FFE profile. Overall, the Golgi/TGN proteins tend to peak in early
fractions (nearer anode), ER residents come in the middle and plasma membrane
proteins come later. These features were also obvious in hierarchical clustering of the
individual FFE replicate datasets R3-R5 (Figure S3), although they are clearest in the
combined data, as expected. Also, looking within the large Golgi/TGN cluster we can
see that TGN annotations largely group together and Golgi sub-clusters are present.
Although the TGN FFE profiles are similar to, and hence cluster with, those from the
Golgi, this presents no problems for our analysis as these compartments are entirely

separate in the density centrifugation (LOPIT) analysis.

Dissecting the clustering further into minor sub-clusters which we label A-H, we can see
that ER proteins were distributed over a larger cluster E and a smaller, higher-variance
cluster F (Figure 2d). Cluster D contained ER and Golgi proteins with profiles
intermediate to most ER and Golgi proteins, possibly indicating a dual-localized group.

Golgi proteins could be grouped into three mains clusters which appeared to form a
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continuum along the electrophoretic gradient. The Golgi cluster with peak abundance
closest to the anode (cluster A) exhibited a zone of main protein abundance that was
focused over a smaller number of fractions compared to e.g. cluster C, which was wider
and peaked closer to the cathode. Clusters G and H comprised mainly PM proteins and
migrated furthest towards the cathode. This is consistent with previous reports that PM
vesicles come out further towards that cathode than other endomembrane

compartments (38).
Evidence for sub-Golgi separation in FFE profiles

To investigate whether the Golgi sub-clusters found in the FFE profiles had any
correspondence with Golgi cisternae we performed an analysis of glycans in the FFE
fractions that was coupled to electron microscopy of individual cisternae and also

looked at proteins with well-established cisternal identity.
Cisternal polysaccharide distribution

Using immuno-gold transmission electron microcopy (TEM), we performed an in-situ
analysis of glycan epitopes. These epitopes represented polysaccharides with different
structural complexities, as would be found across the range of Golgi cisternae (see
Table S2 for details). By using TEM on samples with gold-labelled antibodies we

localized the glycans to individual cisternae with high spatial resolution.

As expected from previous analyses, glycan epitopes showed specific localizations for
different Golgi membranes, with more structurally complex polysaccharides being
associated with later cisternae (Figure 3a and summarized in Table S2). The overall
TEM results (Figures 3a and 3b) are summarized as follows: 1) Anti-extensin LM1 was
detected in the cis-Golgi; extensins have protein backbones, which provide a substrate
for modification immediately after entering the Golgi. 2) Anti-mannan antibody LM21
was detected over cis and medial cisternae. 3) Antibodies for LM19, which recognizes
partially methyl-esterified homogalacturonan (HG), and LM15, which recognizes a
simply-branched, xylose-substituted epitope of xyloglucan (XG) , occur early but overall
have a medial distribution and peak before XG epitopes with longer side-chains. 4) Anti-
xyloglucan M87, which recognizes XG epitopes with medium-length side-chains (xylose,
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galactose) was bound at late, trans cisternae. 5) Antibodies against long XG side-
chains, containing xylose, galactose and fucose (M1 and M39) were also found in late
cisternae. Of those polysaccharide epitopes which had been previously imaged within

the Golgi, cisternal localization results matched earlier findings (41-44).

Following-on from the TEM imaging, the FFE fractions (from R1) were analyzed for the
same classes of polysaccharide, using carbohydrate antibody arrays immobilized on
nitrocellulose membranes, which has been successfully applied to endomembrane
enrichments (45) and post-Golgi compartments (46). Here we were able to probe an
expanded number of polysaccharide epitopes compared to TEM due to the high-
throughput nature of the array assays. Where possible, antibodies were chosen against
epitopes with a known, or likely, sub-Golgi distribution either from previous publications
or from Figure 3a. Polysaccharide epitopes were placed into four groups (details in
Table S2) with correspondence to the TEM probes. It is notable that the
rhamnogalacturonan (RG) class was not covered in the TEM analysis but localized to
cis/medial cisternae, as described previously (47), and so was grouped with
homogalacturonan and XGs with shorter side-chains. As shown in Figure 3c, the
combined FFE profiles from the carbohydrate analysis show distinct distributions for the
four epitope groups, with each peaking in the following anode-to-cathode order:
complex and medium-branched XG (late), HG, XG with shorter branching and RG
(medial), mannans (early) and extensins (very early). Hence, the appearance of the
polysaccharide epitopes along the FEE profile has a distinct cisternal bias in the order
of trans to medial to cis-Golgi, i.e. going from glycans with more complex or longer to
less complex or shorter branching , as the fraction number increases toward the

cathode.
Cisternal protein distribution

Next, the overall protein FFE profiles were examined for any evidence of ordering to
proteins along the electrophoretic gradient, which might also correspond to different
Golgi cisternae. An initial, approximate gauge was obtained by examining the
distribution of N-glycosylation enzymes where ER or cisternal localization, and hence

secretion pathway order, had been established previously (16,48). FUT13, the trans-

10



294
295
296
297
298
299
300

301
302
303
304
305
306
307
308
309
310
311

312

313
314
315
316
317
318
319
320
321
322
323

11

Golgi N-glycosylation marker, was not present in all replicates, so two alternative
biosynthesis enzymes of known trans-Golgi location (49,50) were included. As
illustrated in figure 3d, the peak protein abundance was again observed to approximate
the late;early;ER sequential order, i.e. with proteins from the medial and trans cisternae
more abundant in earlier fractions (closer to the anode). The COPIl-associated proteins
p2462 and p2465 were also included for comparison. As anticipated, these profiles

were similar to ER and cis-Golgi proteins.

A second, more in-depth protein analysis was conducted using targeted proteomics for
proteins previously localized at sub-Golgi resolution (Figure 3e). The notion here was
that a higher-sensitivity, but lower-bandwidth technique could be used to validate and
complement the high-throughput shotgun proteomics mass spectrometry technique we
were using in the main (51,52). The proteins of known localization that were used as
sub-Golgi markers for targeted proteomics are listed in Table S2, and include N-
glycosylation markers from Figure 3d. Profiles obtained using targeted (Figure 3e) and
shotgun proteomics (Figure 3d) were comparable and, again, a cis-medial-trans Golgi
trend towards the anode was evident. Together with carbohydrate data, this analysis
further corroborated that FFE can separate Golgi cisternae, with earlier cisternae

migrating further towards the cathode during separation.
Sub-cluster discrimination

After establishing the general, peak cisternal ordering along the FFE gradient we
returned to analysis of the minor sub-Golgi FFE clusters. Following-on from the initial
hierarchical clustering of protein abundance profiles, we next generated a more robust
set of clusters using a bootstrapping approach, as detailed in the Methods and
illustrated in Figure 4a, which randomly omitted 20% of the proteins during repeat
hierarchical clustering to generate consensus groups and a measure of uncertainty.
This more general, consensus clustering generated clusters numbered 1-8 (Figure 4b).
Consistent with the observation that more anodic clusters contained later Golgi proteins,
proteins previously localized to the late Golgi (FUT12, XYLT, FUT1, QUA2 — see Figure
3d, e, Table S2) were found in clusters 1 and 2, and proteins previously localized to the

early Golgi (GMII, MNS2 — see Figure 3d, e, Table S2) were found in cluster 3 and 4.

11
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Given this, together with the general cisternal separation, we tentatively assigned
clusters as follows 1: trans Golgi, 2: medial-Golgi and TGN, 3: cis Golgi, 4:cis-Golgi and
ER, 5 & 6:ER, 7 & 8 plasma membrane.

To visualise these clusters on a two-dimensional map, and thus to better illustrate group
relationships, PCA was performed on the merged FFE protein profiles (R3-5) using
robust clusters 1 — 8 as labels (Figure 3c). Here, Golgi clusters 1, 2 and 3 (trans, medial
and cis) formed a somewhat continuous grouping, whilst Golgi cluster 4 was peripheral
to the ER group. Cluster 1, the largest Golgi cluster, appeared to be more diffuse at its
outer edge but this peripheral group did not obviously correspond to any sub-cluster, so
cluster 1 was not further divided. It is notable that two medial-localized N-glycosylation
enzymes, XYLT and FUT12, were consistently identified in the peripheral region of
cluster 1. The dispersed, distal end of cluster 1 might correspond to Golgi residents in a
specific trafficking pathway. Although cluster 4 was proximal to the ER cluster, the
earlier LOPIT analysis had confirmed that clusters 4 members were resident Golgi
proteins. This proximity to the ER suggests a similarity in compartment surface charge,
hinting that cluster 4 may be either an intermediate compartment or a Golgi sub-
compartment that accepts ER vesicles.

To generate final proteome lists the robust clusters 1-8 were used as labels for training
data in a multi-dimensional SVM based classification. This was used to further classify
data from R3 — R5, this time considering proteins only detected in single replicates.
These additional proteins clustered consistently and so were incorporated into an
expanded training set, which was then used in a second round of SVM, to classify
merged data from all replicates R1-R5 (See Figure 3d for 2D PCA projection). In the
end this yielded compartment proteomes of the following sizes: ER; 181, cis-Golgi; 41,

medial Golgi; 56, trans-Golgi; 84 proteins (Table S3).

Golgi cisternae were not expected to differ sufficiently in density to be separable on a
density gradient and LOPIT proteome maps were therefore not expected to reflect
clustering observed in FFE data. Nevertheless, for comparison, sub-proteomes were
plotted onto LOPIT data (Figure 4f). This revealed separate partitioning from the ER

and, unexpectedly, some partial separation of Golgi cisternae proteins. The proposed

12
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proteomes largely separated along an ER-cis-medial-trans axis, indicating that

classifications from electrophoretic separations were correct.
Validating Golgi cisternae separation
Super-resolution imaging of protein distributions

Next, we validated our observations by testing whether members of the sub-Golgi
proteomes showed their proposed in-vivo localizations. Using Structured lllumination
Microscopy (53) of transiently-transformed tobacco leaves, we resolved RFP- and GFP-
tagged protein pairs for cis/cis, medial/medial, trans/trans, cis/medial, medial/trans, and
cis/trans locations (Figure 5a). Proteins were selected based on their functional
association with cisternae or relevance to products localized in Figure 4. A visual
overview of protein localization is provided in Figure 5a by showing protein localization
in individual Golgi stacks. We sampled a large number of Golgi stacks from multiple
images (Dataset S1) to generate a statistically robust analysis of protein-pair

localization.

To give a measure of the overlap between the locations of the fluorescent proteins, we
used a method based upon the distance transform (see Methods) to quantify how
coincident the red and green signal intensities were in the Golgi image regions. From
the values of the distance transform we devised a simple log-ratio based score to
indicate whether the overall distribution of values for the two channels were generally
overlapping (positive), partly overlapped (near zero) or separated (negative): examples
of this are illustrated in Figure 5b. Results showed that values became more negative
(more separated) when combinations were predicted to be more physically distant
within the Golgi stack (Figure 5c). Results therefore confirm cis-/medial/trans-Golgi

separation using FFE and subsequent compilation of relevant sub-proteomes.
Distribution of protein function across Golgi cisternae

The sub-Golgi proteomes were examined for evidence of functional differences
associated with cisternae and were contrasted with the ER and PM. Proteins were

grouped by sub-family where possible, given that functional categories such as

13
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‘hemicellullose biosynthesis’, for example, were too broad for the high spatial resolution
of Golgi biosynthetic processes. As summarized in Figure 5d for selected groups (see
full descriptions in Table S3), specific functions were clearly associated with cisternal
sub-proteomes. There was little overlap of typical ER functions (or KDEL motif proteins)
with the cis-Golgi and virtually no overlap of typical Golgi functions with the plasma
membrane. Prolyl-4-hydroxylases were clearly cis-Golgi associated, as anticipated (54).
The GT47 family was enriched in the trans-Golgi, as were glucuronic acid and xylose
epimerases. A distinct cis/medial trend was observed in the GAUT and O-
fucosyltransferase families.

Bioinformatics analysis of Golgi and sub-Golgi trends
Paralogue TM region sequences

Having established proteomes for the sub-Golgi we sought to identify features common
to these sub-compartments that might determine localization. We investigated proteins
in our dataset that are close paralogues (i.e. with highly similar amino acid sequences),
but which have different cisternal localizations. We observed that the transmembrane
(TM) and near-TM regions of the paralogue sequences seemed somewhat variant (
Figure 6). Although protein transmembrane regions, because they form simple spanning
helices, would be expected to vary somewhat during evolution (not withstanding
restraints on hydrophobicity) they are potentially ideal sites for specifying localization
given that they can vary without affecting globular domains and are able to respond to a
lipid membrane environment. Hence, we investigated the amino acid composition of the
TM regions in detail to discern any compartment-specific patterns. As highlighted in
Figure 6, an initial casual check on the sequences showed that the paralogues from
later cisternae generally had more phenylalanine residues on the exoplasmic/lumenal

side of the TM/span and more serines on the exoplasmic side after the TM span.
Compartmental TM region logo plots

To give a more general picture of TM region composition in the cisternae, and because
differently localized paralogues are rare, we looked at the overall sequence properties
of each localized sub-proteome group. Datasets for single TM-span proteins were

14
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augmented using a similar approach to (11), with only very close homologues selected
and TM span edges determined from multiple-alignments using a consistent,
hydrophobicity-based informatics procedure (see Methods). We did this for all our
localized single-span TM proteins using logo plots for visualization (Figure 7), and
where we aligned different sequences according to the cytoplasmic edge or exoplasmic
edge of their estimated TM span. This revealed several features that appeared to
correlate with progression though either the Golgi stack, or through the entire secretory
pathway from ER to PM. From ER to PM there was an increased frequency of Arg/Lys
at the cytoplasmic TM boundary. Also, the peak Arg/Lys abundance appears to be
broader in the early Golgi compared to the ER. In the Golgi there was increased Ser
occurrence at the exoplasmic boundary, although a much weaker, diffuse Ser signal
was present in TGN and PM proteins. From the cis- to trans-Golgi, Phe distribution
became progressively more biased towards the exoplasmic half of the TM span and Val
to the cytoplasmic half, but little change was seen in other hydrophobic residues within
Golgi groups. In the PM, Ala, Val, Gly and lle were predominant in the exoplasmic TM
half with Phe and Leu in the cytoplasmic half. Phe frequency was proportionally much
lower in the TGN and PM TM-span compared to the ER and Golgi. Hence, overall
differences in amino acid distribution likely reflect organelle-specific changes in overall
membrane composition and relative differences between the inner and outer membrane
leaflets (55).

Intra-protein sequence patterns

Although logo plots of aligned sequences provide a good illustration of amino acid
composition, they only present an average picture and are agnostic as to residue
correlations within individual sequences. Hence, we additionally analyzed single-span
Arabidopsis transmembrane proteins, at the TM spans and * 15 flanking residues, to
look generally for patterns across the (sub-)compartments that were hinted at when

inspecting the logo plots together with example sequences.

Firstly, we looked at trends which we would predict from the logo plots by investigating
Arg, Lys and Ser residues at TM edges (Figure 8ai). Consistent with the logo plots

these showed some abundance differences for Arg/Lys at the cytoplasmic boundary
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and Ser at the exoplasmic boundary. However, overall these trends were not especially

discriminating for individual cisternae.

Next, we looked at Phe and Ser residues in more detail, given our initial observations on
paralogues. Specifically, we measured the asymmetry of Phe composition by comparing
the cytoplasmic and exoplasmic halves of the TM span sequences (Figure 8aii).
Notably, although overall TM Phe abundance was similar across compartments, Phe
was more concentrated in the exoplasmic half of the medial and trans-Golgi TM spans ,
while the PM, and to some degree the ER, showed the opposite tendency. When
looking at Ser abundances (Figure 8aiii) we saw that this increased through the
secretory pathway, peaking in the trans-Golgi before dropping a little in the PM.
However, a more striking observation was discovered when looking at the presence of
three or more adjacent serines (i.e. “SSS” in the sequence) on the exoplasmic side of
the TM span; these only seemed to occur in the late Golgi to PM and peaked in the

trans-Golgi.

An overview of these results is presented in Figure 8aiv and expressed as a proportion
of each sub-proteome, to illustrate the ubiquity of the trends. Overall, although each
feature many not be present in all proteins of a given compartment, there is very clearly
a fingerprint of characteristics for each. These measures are similar for the cis-Golgi
and ER, the TM Phe asymmetry and exoplasmic Ser distinguish later cisternae and
cytosolic edge Arg/Lys (i.e. positively charges) are characteristic of trans-Golgi and PM.
These features can potentially account for much of the residue intra-Golgi TM protein
distribution. However, physical properties like hydrophobicity, exoplasmic and

cytoplasmic pl, as we examine next, may also contribute.
TM span properties

When analysing the derived, physical TM span properties it was pertinent to investigate
span length, as this is one of very few characteristics associated with increasing
membrane thickness in later cisternae (12), although the span-length variety in plant
Golgi proteins (16) implies the existence of other factors beyond those specific to
protein families (13,14).
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As shown in Figure 8b, the span length distributions for the cis-Golgi are similar to those
of the ER, and then from the medial Golgi onwards the length tends to increase, on
average, through the secretory pathway to the PM. The cytoplasmic pl distributions
show analogous trends, albeit with the pl diminishing from the medial Golgi to PM. On
the other side of the TM span the exoplasmic pl is somewhat different between the cis-
Golgi (lower) and later cisternae (higher), and both are distinct from the ER and PM.
The per-residue hydrophobicity (relative to the TM edge) generally reflected the
observed trends in TM span length. However, the most notable hydrophobicity
differences occurred in the 10- to 15-residue segment flanking the exoplasmic TM
boundary (Figure 8c). This increased in the Golgi, from cis- to trans- but was
appreciably lower in the TGN and PM. This was accompanied by a decrease in mean
exoplasmic residue charge in the late Golgi, which also contrasted with the TGN and
PM.

DISCUSSION

This study shows that the secretory pathway can be directionally separated, from the
ER to the trans-Golgi. We describe the first proteomic comparison of separated Golgi
cisternae and present a series of protein characteristics likely to affect protein location
and longevity in different cisternae, along with the most comprehensive Arabidopsis
Golgi resident proteome, to date. Separation results were validated by comparing
protein and glycan localization in-vivo and post-electrophoresis. Partial separation of
cisternae by density gradient centrifugation provided additional independent validation
of the cisternal proteomes.

The medial and trans-Golgi are proposed to be the principal sites of polysaccharide
synthesis (41) and glycan complexity and length of side-chains is known to increase
from cis- to trans-Golgi (3). Our results agree overall but showed considerable levels of
polysaccharide synthesis in the early Golgi (Figures 3b & 3c). Consistently fewer gold
particles were detected in early compared to late Golgi compartments (Figure 3a),
suggesting that polysaccharides are less readily detectable in the early Golgi using
immunogold-TEM. The signal from antibodies in the ‘very early’ group was found to

persist through Golgi-containing fractions (Figure 3c), even though the LM1 signal was
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restricted to the cis-Golgi in TEM images (Figure 3b). Some ‘very early’ antibodies may
exhibit some cross reactivity with arabinogalactan side-chains (56), which may be
present in the later Golgi. The overall increase in glycosyl-transferase (GT) proteins in
the trans-Golgi (Figure 3e) indicates that diversity of glycosylation reactions is greatest
in the trans-Golgi.

Functional analysis of cisternal proteomes supported the canonical view that molecular
complexity of modified cargo increases through the Golgi and showed that our sub-
Golgi categorization accurately reflects biological function. The GAUT family members
which have been biochemically characterized are known to synthesize polysaccharide
backbones (57), whilst members of the GT47 family and core-2/I-branching beta-1,6-
GlcNAc transferase family transfer sugars to peripheral glycan branches (58-62). As
shown in Figure 5, the latter two families were found mainly in the trans-Golgi and
GAUTs in the cis/medial Golgi. Several of the cis Golgi-localized (Figure 5) P4H
enzymes catalyze the first step in O-linked glycosylation, and shuttle between the ER
and cis-Golgi (54,63), whilst the medial RRA3 (M4 in Figure 5a) catalyzes the
subsequent arabinosylation of hydroxyproline (64). Some SAM-dependent
methyltransferases have been associated with methyl esterification of substrates
synthesized by GAUT1 and GAUT?7 (65,66). Consistently, these proteins localized
subsequent to GAUT1 and GAUT?7 (Figure 5), as did their reaction products (Figure 3).
MUR3, a GT47 family member, was located in the trans-Golgi (Figure 5), along with its
product, galactosylated xyloglucan (Group 4, Figure 3). Functional insight imparted by
our results is demonstrated by analysis of DUF707 proteins, which are suggested to be
a GT family (23) but are otherwise unstudied. Of the 11 Arabidopsis family members,
we identified 9 in the medial/trans-Golgi cluster in our LOPIT data. In electrophoretic
data 3 were identified, all exclusive to the trans-Golgi. Given their trans-Golgi
association, and the family size, it seems likely that DUF707s make an important
contribution to the diversity of terminal substitutions on glycan chains, possibly relating

to the cell wall.

Non-fucosylated xyloglucan epitopes were not observed in the very latest Golgi

cisternae (Figure 3a, b, c) but have been recorded in post-Golgi compartments and the
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cell wall (46). This suggests that their absence from the very late Golgi was not a
consequence of further substitution preventing antibody binding. Possibly, epitopes not
being further substituted pass through the very latest cisternae quickly, so are present
at low concentrations, though it cannot be ruled out that select cargo may somehow
bypass terminal cisternae.

A unique advantage of this study is that hundreds of cargo and resident proteins were
tracked simultaneously through the secretory pathway. Profiles of these protein groups
indicated distinct trafficking mechanisms; the flat profiles of cargo proteins (Figure S2)
were compatible with a uniform, non-selective mechanism of trafficking cargo from the
cis- to trans-Golgi, such as cisternal maturation (67). Golgi residents accumulated
above cargo abundance levels, which is most straightforwardly explained by recycling of
resident proteins directionally opposite to the cargo flow, although anterograde
trafficking mechanisms cannot be ruled out. Observations are therefore consistent with
the current consensus model of combined cisternal maturation and retrograde vesicular
trafficking (67—69). Interestingly, TGN proteins were somewhat more associated with
medial than trans-Golgi cisternae (Figure 2d). This could be a consequence of medial
Golgi receiving retrograde trafficked material in COPIb vesicles, as recently discussed
in (70).

The gradient of increasing electronegativity that appears to exist across the Golgi stack
cannot be explained by bulk changes in cytosolic pl of proteins (Figure 8b), so must be
attributed to lipid content. Phosphatidyl serine (PS) is an endomembrane-associated
monoacidic phospholipid whose concentration at the cytoplasmic leaflet is higher in the
Golgi than the ER (71,72) due to the action of flippases (73). Our data indicate that
cytoplasmic-leaflet PS concentration increases from cis- to trans-Golgi. In this case, an
extremely anodic migration of PM could have been expected, owing to accumulation of
cytoplasmic leaflet phosphatidylinositol-4-phosohate (P1(4)P) (72,74). The observed
extremely cathodic migration (Figure S2b) was therefore likely due to binding proteins,

counterions or most vesicles being in a exoplasmic-face out orientation..

Phe asymmetry in the TM-span, exoplasmic Ser concentration, multiple consecutive

Ser, exoplasmic pl and exoplasmic hydrophobicity were convincingly associated with

19



560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
S77
578
579
580
581
582
583

584
585
586
587
588
589
590

20

the later Golgi (Figures.6, 7 & 8). The changes in Phe asymmetry at the TGN and PM
(Figure 7) suggests this is an important identifier of Golgi residents. Phe stabilizes
membrane proteins by inserting into the bilayer adjacent to ionic lipid:protein
interactions (75). Less asymmetric proteins could be progressively excluded if this
feature confers stability in the late Golgi luminal environment. The luminal pH of plant
secretory compartments decreases from the ER to the TGN, and thereafter increases
(76). Total Golgi measurements in earlier studies suggest this feature is not unique to
plants (11,77). Exoplasmic Ser could further increase stability in tightly appressed trans-
Golgi cisternae by facilitating hydrogen bonding and compact folding through its action
as a flexible linker between the TM helix and catalytic domains (11). The increase in
Arg/Lys at the cytoplasmic TM boundary from the ER to PM (Figure. 7) may increase
protein stability as outer-leaflet concentrations of negatively charged lipids increase
throughout the entire secretory pathway. The observation that differences in these
sequence features can be detected between differentially localized proteins of very high
overall sequence similarity (Figure 6) lends weight to these features being important
determining factors in sub-Golgi localization. Recently, Glu at the exoplasmic TM
boundary was found to confer cis/medial Golgi localization of GnTI (70). Exoplasmic
anchoring of medial protein TM span sequences reveals a prominent Glu at this position
in our data, suggesting that multiple Medial Golgi protein are localized in this way. A
single, cisternally-specific amino acid at this location was not evident in cis or trans
proteomes (Figure 7). If early to late cisternal localization is conferred by a gradient of
preference for Ser and Phe, a specific central Golgi signal may add a further level of
distinction. Alternatively, this may identify a specific retrieval pathway for medial proteins
(70).

At the TGN, most resident proteins must be retained and recycled, and relevant proteins
selected for onwards trafficking (78). The drop in exoplasmic pl and hydrophobicity at
the TGN (Figure 8c), and loss of exoplasmic Ser (Figure 8a) indicates a sudden change
in luminal environment, which could exclude Golgi residents from most TGN regions.
Lipid zonation occurs within the TGN (79,80); the decrease in TM Phe bias in TGN
proteins indicates that TM span composition may exclude Golgi residents from certain

TGN zones. Residue composition appears to play an important role in distinguishing
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PM proteins (Figure 7), for example illustrated by the lack of Leu and prominence of lle
toward the exoplasmic TM edge, which is not observed in other membranes. Also, the
strong, regular spacing of Gly residues toward the exterior of the TM span may indicate

the presence of dimerization sites in these PM proteins (81).

In summary, we have shown the electrophoretic separation of Golgi cisternae is
possible and provides a means to determine the order of proteins, and hence functions,
within the secretory pathway, and to discriminate residents from cargo. Through this
separation we have also uncovered a continuum of differences in transmembrane
amino acid sequences across the different Golgi cisternae. Our results provide a
framework upon which the precise mechanisms of cisternal localization and longevity
can be investigated and will contribute to an understanding how the complex equilibrium

of the Golgi is maintained.
METHODS
Preparation of intact-membrane material

Arabidopsis cell suspension culture line (cv. L. erecta) was maintained, homogenized
and enriched for endomembranes in a similar manner to (27). For membrane
separations, 60 — 80 g fresh weight (FFE separations) or 40 g fresh weight (LOPIT) of 7
day-old cells were protoplasted according to (82) and gently homogenized using 6
strokes of a glass-teflon homogenizer in a 10 mm Na,HPO4, 3 mm EDTA, 2 mm
dithiothreitol, protease inhibitor tablets (Roche), and 1% dextran 200000 [w/v] buffer
(1:2 w/v ratio of fresh cell weight:buffer). The ensuing homogenate was clarified at 3000
g for 15 min, then collected on a cushion of 1.4 M sucrose at 100,000 g for 1.5 h. The
cushion was overlayed with homogenization buffer containing 1.0 M and 0.2 M sucrose
and endomembranes were collected at the 1.0/0.2 M interface after centrifugation for
100,000 g for 1.5 h. Each biological replicate (FFE and LOPIT experiemnts)
represented a separate preparation of homogenized cell-suspension culture, collected

in different weeks, from different inoculations.

Free-Flow Electrophoresis
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The electrophoresis was performed using continuous zone electrophoresis-FFE (ZE-
FFE) using an FFE System (BD Diagnostics) in the same manner as (27), on five
separate biological replicates of endomembrane-enriched samples from Arabidopsis
cell-suspension cultures (as above). Separation was by the tangential action of laminar
flow and voltage; using 700 V, which resulted in a current of 105-115 mA. The media
injection speed was 200 mL/h, and samples at 1500 uL/h. Fractions were collected and
assessed for total protein content according to absorbance at 280 nm. Fractions
corresponding to the main endomembrane separation zone (See Figure 1) were
analyzed using shotgun proteomics (all replicates) and further validated using targeted
proteomics (replicate 4) and glycan epitope analysis (replicate 1) where material was

available.
Mass spectrometry analysis of replicates 1 and 2

Proteins were reduced, alkylated and digested with trypsin (1:10 w/w) overnight in 50%
acentonitrile and 10 mM Tris-HCL, pH 7.5. Peptides were injected onto a Pepmap100 u-
guard column on a Famos Autosampler (both Dionex-LC Packings, Sunnyvale, CA) and
washed for 10 min with Buffer A (2% acetonitrile, 0.1% formic acid) flowing at 15

ML/min. Peptides were eluted onto an Acclaim Pepmap100 C18 column (75 ym x 150
mm, 300 nL/min flow rate; Dionex-LC Packings) and into the TripleTOF 5600 via a
gradient of 5% buffer B (98% acetonitrile, 0.1% formic acid) increasing B to 35% B over
60 min. B was increased to 90% over 3 min and held for 15 min followed by a ramp
back down to 5% B over 3 min where it was held for 15 min to re-equilibrate the column.
Peptides were introduced to the mass spectrometer using a Nanospray Ill source (AB
SCIEX) with a nanotip emitter (New Objective, Woburn, MA) in positive-ion mode (2400
V). Data were acquired with Analyst TF 1.5.1 operating in information dependent
acquisition (IDA) mode. After a 250 ms scan, the 20 most intense ions (charge states 2—
5) within 400-1600 m/z mass range above a threshold of 150 counts were selected for
MS/MS analysis. MS/MS spectra were collected using time of flight (TOF) resolution
mode: high resolution with the quadrupole set to UNIT resolution and rolling collision
energy to optimize fragmentation. MS/MS spectra were scanned from 100-1600 m/z
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and were collected for 50 ms. Selected precursor ions were excluded for 16 s following
MS/MS acquisition.

Mass spectrometry analysis of replicates 3-5

Proteins were digested as above and resulting peptides were injected on to a Q-
Exactive+ (Thermo Fisher Scientific) using a nanoACQUITY UltraPerformance LC
system (Waters), incorporating a Cig reverse phase column (Waters; 100 ym x 100 mm,
1.7 ym particle, BEH130C18, column temperature 40 °C). Peptides were analysed over
a 150- min gradient using Buffer A, 5% Buffer B. Buffer B was increased from 2 to 10%
over 2 min, to 40% over 110 min, then to 85% over 1 min, maintained at 85% for 10 min
and equilibrated for 14 min with 2% buffer B. Peptides were eluted at a flow rate of

300 nl/min. An MS survey scan was obtained for the m/z range 300-1600. MS/MS
spectra were acquired using a top 15 method, where the top 15 ions in the MS spectra
were subjected to high- energy collisional dissociation. An isolation mass window of
2.0 m/z was used for the precursor ion selection, and normalized collision energy of
27% was used for fragmentation. A duration of 5 sec was used for the dynamic
exclusion. An automatic gain control target of 1,000,000 for MS and 50,000 for MS/MS
was used, while maximum IT for MS was 30 ms and MS/MS was 50 ms. The system
employed a resolution of 70,000 for MS and 17,500 for MS/MS.

Label-free protein quantitation using the Normalized spectral index (SiIn)

Identification annotations were extracted from mzldentML files. Spectra were clustered
using the spectra-clusetr-cli version 1.0.3 (83) a precursor tolerance of 2 m/z and a
fragment tolerance of 0.1 m/z. All other settings were left at their defaults. The accuracy
of label-free quantitation was improved using the id_transferer_cli tool to transfer
identifications to unidentified spectra if these were part of a cluster with >=5 identified
spectra and at least 70% of these spectra identified the same peptide. This approach is
comparable to a feature mapping based on precursor m/z and retention time but does
not required complex retention time alignment to be performed between the different
samples. Proteins were inferred from TAIR10 (84) and the smallest number of proteins
required to explain all observed peptides were retained. Peptides that could be
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assigned to more than one unambiguously identified protein / protein group were not

taken into consideration for label-free quantitation.
Merged FFE profile generation

Fraction-separated spectral count data from different FFE replicates were merged into a
single set of pseudo-fraction abundances prior to hierarchical clustering. Merging was
achieved by progressive, pairwise aggregation of FFE profiles, using a scheme (see
below) that aligns fraction data with the objective of maximizing the correlation between
protein abundances in equivalent fractions. Alignment involved an exhaustive search of
relative end offsets (and thus linear scaling) to pair-up overlapping/partially overlapping
fractions from different experimental replicates. The open-source computer code that

performed this operation is available at github.com/tjs23/ms_fraction_merge/.
Fraction align-and-merge procedure:

Data for each replicate, in terms of spectral counts for each protein in each fraction
were loaded from CSV files and the later fractions, where total protein count was
negligible, were discarded in each case (fractions 43, 50, 47, 37 and 44 respectively for
the replicates in this study). Missing abundance values from fractions not harvested
after FFE were imputed by performing a linear interpolation of values from the closest
fractions either side that were recorded. Each protein's abundance profile in each
replicate was then normalized by subtracting its minimum value over all fractions (i.e.
base-line correction for those proteins which don’t have a zero-valued fraction) and
dividing by the summation of counts; each protein had a fractional abundance profile
that summed to 1.0. Each replicate fraction, containing proportional protein
abundances, was than normalized by dividing by the fraction's median value, thus
centering each fraction irrespective of total protein content. Progressing from the most
similar pair of replicates (or replicates combined in a previous round) fraction data was
combined by an exhaustive search of relative offset of profile start and end, and hence
also width scaling, to find the alignment with the best overall correlation in fraction
protein abundances. Fraction offsets, which align the starts and ends of the replicate
data, were sampled in the range of +/-5 in steps of 0.5 (original) fraction-widths.
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Concomitantly this also sampled fraction width scaling, to shrink or expand the fractions’
equivalent range in one data set relative to the other, where intermediate scale values
are linearly interpolated. For each combination of start and end offset parameters the
similarity between two fractions from two different replicate experiments was calculated
as the Pearson correlation in protein abundance (considering proteins common to both
replicates) multiplied by the relative width of the overlap between fractions. The width-
scaled overlap scores were then summed over all fractions to give an overall replicate-
replicate similarity score for each particular combination of offsets. This score is
maximized if the replicates are aligned to give equal abundances of each protein in
equivalent fractions. The combination of alignment parameters that gave the highest
score was then used to merge the replicate data. Merging was achieved by averaging
the protein abundances in each pair of equivalent fractions over their region of overlap,
and generally resulted in merged pseudo-fractions with non-equal widths (i.e. partial
overlap). Where merging was done with data that represents previously combined
replicates the protein abundances were scaled proportionality according to the number
of original replicates in the combined data. After the first pair of replicates was merged,
the next most similar replicate was then merged with the result of the previous merge
and the whole procedure was repeated until all replicates had been merged with the
rest of the data. After the last merge, new pseudo-fractions were generated by imposing
25 equal width bins on the final data, which averages the protein compositions of
differently sized regions that result from the successive rounds of merging. The
composition in each bin was simply the average of the protein abundances of the

overlapping merge regions weighted according to the width of overlap.
LOPIT analysis and clustering

Organelle separation and fraction collection was performed according to (29) with the
following modifications: 20 g fresh weight of cells per gradient were protoplasted and
homogenized as described above. lodixanol was adjusted to the required
concentrations using the above homogenization buffers without dextran. Membrane
were collected on 25% iodixanol cushions, then adjusted to 25% iodixanol and loaded

on to a gradient as described by (29). membranes were then fractionated according to
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their density by centrifuging at 100,000 g for 8 h in a NVTIi65 rotor (Beckman Coulter)
using slow braking. Fractions (0.5 ml) were harvested top-down using an Auto Densi-

flow collection device (Labconco Corporation, Kansas City, MO).

Fractions were pelleted for 50 mins at 100,000 g in an SW55Ti rotor, then resuspended
in 25 mM CaCOj3; and shaken gently for 30 mins at 4 °C before re-pelleting. Membrane
in fractions 1, 3, 6, 9, 11, 15, 18 and 20 were sonicated for 15 min in 10 s pulses and
assayed for protein content. From each fraction, 80 ug of protein precipitated using
chloroform:methanol:water (1:4:3), then resolubilized, and reduced in 50 ul 8 M
urea/100 mM HEPES (pH 7.8) containing 0.1% SDS and 7 mM DTT for 2 h (room
temperature). IAA was added to a final concentration of 15 mM for 2 h (dark, room
temperature). Proteins were precipitated in 6 volumes 80% acetone at -20 °C, then
pelleted at 16,000 g for 10 min at 8 °C and resuspended in 200 ul 200 mM HEPES pH
8.0. Proteins were digested with sequencing grade trypsin (Promega) for 1 h with a 1:40
enzyme:protein ratio, 37 °C. An additional aliquot of trypsin at 1:40 concentration was
added and incubated overnight at 37 °C. Trypsin digests were centrifuged for 10 min at
13,000 g to remove any insoluble matter, then reduced to dryness by vacuum
centrifugation. TMT 10 plex labelling, peptide de-salting and reverse-phase HPLC were
conducted according to (29) but using 100 mM HEPES and ACN instead of TEAB and

isopropanol during peptide labelling.
Mass Spectrometry, raw data processing and quantification for LOPIT

All mass spectrometry runs were performed on an Orbitrap Fusion™ Lumos™ Tribrid™
instrument coupled to a Dionex Ultimate™ 3000 RSLCnano system (Thermo Fisher
Scientific) with parameters from (20). Raw files were processed with Proteome
Discoverer v1.4 (Thermo Fisher Scientific) using the Mascot server v2.3.02 (Matrix
Science), searched against the Arabidopsis proteome (canonical sequences,
downloaded on 04/02/2017). Precursor and fragment mass tolerances were set to 10
ppm and 0.6 Da, respectively. Trypsin was set as the enzyme of choice and a maximum
of 2 missed cleavages were allowed. Static modifications were: carbamidomethyl (C),
TMT6plex (N-term) and TMT6plex (K). Dynamic modifications were: oxidation (M),
TMT6plex(S), TMT6plex(T). False discovery rate (FDR) was assessed using percolator
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and only high confidence peptides were retained. Additional data reduction filters were:
peptide rank = 1 and ion score > 25. Quantification at the MS3 level was performed
within the Proteome Discoverer workflow using the centroid sum method and an
integration tolerance of 2 mmu. Isotope impurity correction factors were applied. Each
raw peptide-spectrum match (PSM) reporter intensity was then divided by the sum of all
intensities for that PSM (sum normalisation). Protein grouping was carried out according
to the minimum parsimony principle and the median of all sum-normalised PSM ratios
belonging to each protein group was calculated as the protein group quantitation value.
Only proteins with a full reporter ion series were retained.

Machine learning and establishment of resident organelle proteomes using LOPIT

data

Data analysis, including PCA, was performed using the R (85) Bioconductor (86)
packages MSnbase (87) and pRoloc (30) as described in (28). t-SNE analysis were
performed in the R programming environment using Rtsne, with the following
parameters: theta=0, perplexity=80, max_iter=800. Supervised machine learning using
a SVM classifier with a radial basis function kernel was employed in order to predict the
localisation of unlabelled proteins. A training set of organelle markers specific to single
subcellular compartments (PM, TGN, Golgi, ER, Peroxisome, Chloroplast, Nucleus,
Mitochondria, Cytosol, Vacuole) was compiled by selecting proteins whose combined
historical data from confocal microscopy and organelle proteomics, housed in (34)
showed a clear majority localization to any one compartment (Table S1). Following the
SVM protocol in (28), one hundred rounds of fivefold cross-validation was employed
(creating five stratified test/train partitions) to estimate algorithmic performance. This
protocol features an additional round of cross-validation on each training partition to
optimise the free parameters of the SVM, sigma and cost, via a grid search. Based on
the best F1 score (the harmonic mean of precision and recall), for each LOPIT dataset
the best sigma and cost were 0.01 and 16, respectively. Previously unclassified proteins
with an SVM score greater or equal to the upper quartile value for each compartment
were assigned as resident to that compartment if consistently classified in at least 2 of

the 4 replicate LOPIT experiments. False assignment rates (FAR) were estimated by
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calculating conflicting microscopy data housed in (34) in the new resident organelle
proteomes. FAR were between 0.1 and 5% for all locations. The resident Golgi
proteome was expanded by lowering the upper quartile threshold until the FAR was 2%.
This did not result in the assignment of any new proteins beyond the main Golgi cluster
in any replicates, so was deemed an appropriate method for expanding the number of

Golgi resident proteins. The final organelle resident proteomes are shown in Table S1.
Hierarchical clustering

Differences between protein abundance profiles were measured as Euclidean distances
and grouped using Ward’s method for hierarchical clustering, considering the similarity
of their merged abundance profiles, across (pseudo-) fractions, from all experimental
replicates. Initially, Scientific Python's scipi.hierarchy implementation of Ward’s method
was used to both create dendrograms and to set the order when plotting the abundance
profiles as color matrices (Figures 2 & 4). A threshold was defined after inspection of
the dendrogram so that proteins could be split into a useful number of groups (i.e.
branches). In each case the threshold was set so that the protein clusters were of
roughly equal size and there were at least three predominantly Golgi enriched groups
(according to proteomes established by LOPIT). The output order of the initial clustering
was also used to set the order of rows and columns in the corresponding correlation
matrix shown in Figure S2. This matrix contained the Pearson's correlation coefficient

between the (merged) profiles for each pair of proteins.

Immunogold Electron Microscopy

Arabidopsis roots were grown on %2 strength MS media containing 1% sucrose under
constant light. Three-day- old root tips were high-pressure frozen, freeze-substituted,
embedded, sectioned, and immunolabeled according to (88). Samples were cryofixed in
B-type sample holders (Ted Pella) using a Leica HPM-100 high pressure freezer with 1-
hexadecene (Sigma) as a cryoprotectant. Samples were freeze-substituted for 5 days at
-85 °C in a Leica AFS2 in a solution of 0.25% gluteraldehyde, 0.1% uranyl acetate and
8% 2,2-dimethoxypropane (Sigma) in acetone. Samples were then slowly warmed to
room temperature over 2 days, infiltrated with LR White resin (London Resin Company)

over 5 days, then resin was polymerized for 36 hours at 70°C. ~70 nm sections were cut
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with a DIATOME knife on a Leica UCS ultramicrotome, suspended on nickel grids
(Gilder) with 0.3% formvar, blocked with 5% bovine serum albumin in TRIS-buffered
saline with detergent (TBST: 10 mM TRIS, 250 mM NaCl, 0.1% w/v tween-20, pH 7.4),
and thoroughly washed with TBST before antibody application. Primary antibodies were
CCRC-M1, CCRC-M39, CCRC-M87, CCRC-M89 (CarboSource Services
www.carbosource.net), LM1, LM15, LM19, and LM21 (PlantProbes

http://www.plantprobes.net), all used at 1/10 dilution and applied for 1 hour at room

temperature, after which grids were thoroughly washed with TBST. Secondary
antibodies were 1/100 goat anti-mouse conjugated to 18 nm gold (Jackson
ImmunoResearch 115-215- 146) or 1/100 goat anti-rat conjugated to 18 nm gold
(AbCam ab105302), applied for 1 hour at room temperature, after which grids were
thoroughly washed with TBST, and then water. Samples were post-stained with 1%
(w/v) aqueous uranyl acetate for 8 minutes and Reynolds’ lead citrate for 4 minutes.
Grids were imaged using a Philips CM120 TEM at 80 kV accelerating voltage coupled
to a Gatan multiscan 791 CCD camera. The relative positions of gold particles were
determined by measuring the thickness of each Golgi stack from cis to trans, then
measuring the distance from the cis-most face for each gold particle

Cis to trans polarity of the Golgi stacks was confidently determined by 1) the cis-to-trans
decrease in cisternal lumen width 2) the increase in cisternal lumen electron

density (89), and 3) the location of a Golgi-associated TGN (where present). Under our
fixation, embedding, and post-staining conditions, the electron density increased up to
the trans-most cisternae, usually peaking in the penultimate cisterna. To avoid glancing
sections through the margins of Golgi stacks, only Golgis with at least three clearly

visible cisterna were imaged.

FFE glycan analysis

The distribution of glycans in replicate 1 after electrophoresis was quantified using
carbohydrate microarrays. Here polysaccharides were released from 20 pg of protein by
digestion with 4 pg of Proteinase K for 4 h at 37 °C, then dilution in array-jet printing

buffer (55.2% glycerol, 44% water, 0.8% Triton X-100) in 0.8% Triton X-100. A 2-fold
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dilution series of 4 dilutions was loaded, printed on to nitrocellulose arrays and
guantified according to (90), using anti-rat (for LM antibodies) or anti-mouse (for CCRC
and BS-400-4 antibodies) secondary antibodies conjugated to alkaline

phosphatase (Sigma, Poole, UK). Primary antibodies were sources as above, with the
addition of BS-400-4 (Australian Biosupplies (Bundoora, VIC, Australia). For each
fraction, extracts equivalent to 0.1 pg or 0.05 pg total protein were probed. Average
antibody signal intensities from the dilution series of two technical replicates were

normalized to the highest sample value per replicate.
Targeted proteomics

Targeted proteomics of specific proteins was performed on replicate sample 4 by
selected reaction monitoring (SRM). This was done on an Agilent 6460QQQ Mass
Spectrometer according to (91) using a 25-min method with the following gradient: 95%
Buffer A (2% acetonitrile, 0.1% formic acid), 5% Buffer B (98% acetonitrile, 0.1% formic
acid). Buffer B increased to 40 % over 17 min, then to 80% B in 30 s, where it was held
for 1 min, then ramped back down to 5% in 30 s and equilibrated for 6 min prior to the
next injection. Data analysis was performed using Skyline (v2.6) (92). Targets were
selected according to the following criteria: confident identification by shotgun mass
spectrometry, appreciable increase in signal intensity after enrichment of
endomembranes from whole-cell homogenates, appreciable increase in signal intensity
after focusing acquisition time around the anticipated retention time. Targets were
identified using up to 5 transitions per peptide and at least two peptides per protein
(Figure S4). Peptide quantification was achieved by summing the integrated peak areas
of two validated SRMs. Peptides were averaged for all proteins associated with sub-
compartments. Relative protein abundance was expressed as a percentage of the total

for all fractions.
Robust clustering of FFE profiles by bootstrapping

Initial hierarchical clustering of FFE profiles defined eight groups and this number of
groups was kept for a second, more robust round of clustering that was less sensitive to

the inclusion of specific proteins. The secondary clustering also used Ward’s method
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(albeit via the sklearn.custering implementation) but was performed on the rows of the
correlation matrix, rather than plain abundance profiles. The robustness of the clustering
was assessed by bootstrapping, removing 20% of data each time, and randomly (and
independently) re-sampling 120 times. The resulting clusters were colored according to
the most similar cluster from the initial (dendrogram) clustering; taking the minimum
Euclidean distance between mean correlation profiles, so that the correspondence
between the initial and secondary clustering was obvious. The bootstrapping results
were then used to estimate the variability in the cluster allocation of each protein (Figure
S2). The variability in the assignment of each protein to the clusters was simply
measured as the fraction of the bootstrap samples that put the protein in its non-modal

cluster.

Machine learning and establishment of resident organelle proteomes using FFE

data

SVM was carried out as described earlier for LOPIT datasets but using a best sigma
and cost of 0.01 and 16, respectively. Results from the bootstrapped clustering
described above provided the training input. Non-Golgi endosomal proteins could be
confidently excluded from cis-, medial and trans-Golgi proteomes as all endosomal
organelles clustered distinctly in LOPIT analyses. Likewise, this approach was used to
distinguish ER and cis-Golgi proteins in clusters 4 and 5. SVM training data and final ER

and sub-Golgi proteomes are described in Table S3.
Structured lllumination Microscopy of Golgi stacks

Structured illumination microscopy (SIM) was carried out on the following representative
of cis (C), medial (M) and trans (T) proteins: AT2G20810.1 (C1), AT5G47780.1 (C2),
AT2G43080.1 (C3), AT1G26850.1 (M1), AT3G62720.1 (M2), AT5G18480.1 (M3),
AT1G19360.1 (M4), AT1G74380.1 (T1), AT1G08660.1 (T2), AT4G36890.1 (T4),
AT2G35100.1 (T3), AT5G11730.1 (T5). AT1G08660.1, AT2G20810.1, AT5G47780.1,
AT5G18480.1, AT3G62720.1, AT5G11730.1, AT2G35100.1, AT1G74380.1,
AT1G19360.1 and AT4G36890.1 in pPDONR227 were a kind gift from Dr. Berit Ebert.
Coding sequences for AT2G43080.1 and AT1G26850.1 were purchased from
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Arabidopsis Biological Resource Cente (abrc.osu.edu), amplified using Gateway
additions for C-terminal tagging using the following gene-specific primers:
ATGGCTCCTGCCATGAAG (AT2G43080.1 Fwd), GTAGCTTTTTGCCTCATCC
(AT2G43080.1 Rev), ATGGCGTTGAAGTCTAGTTCTG (AT2G26850.1 Fwd),
GTGAGTCGAGGTGGAGTTGG (AT2G26850.1 Rev) then recombined into pDONR227.
All pPDONR227 constructs were recombined into pUBC-GFP_Dest and
pUBC_RFP_Dest vectors (93). Sub-Golgi locations of P-UBQ10 driven, C-terminally
tagged GFP and RFP fusion proteins were assayed by pairwise comparisons using
transient expression in N. bethamiana according to (93). Localizations were visualized
for the following pairs (see Figure 5a): C1:C2, C2:C3, M1:M2, T3:T2, M2:T1, C2:M2,
M2:M3, M4:T4, M3:C3, M1:C1, C1:T5, C1:T3. For each protein pair, three images were
taken from at least two leaves. From each image, three regions of >20 Golgi stacks was
selected, giving 9 regions per protein pair. Super-resolution images were acquired using
a Deltavision OMX 3D-SIM System V3 BLAZE from Applied Precision (a GE Healthcare
company) equipped with 3 sSCMOS cameras, 405, 488, 592.5 nm diode laser
illumination, an Olympus Plan Apo N 60x 1.42 NA oil objective, and standard excitation
and emission filter sets. Imaging of each channel was done sequentially using three
angles and five phase shifts of the illumination pattern as described in (94). Sections
were acquired at 0.125 uym z steps. Raw OMX data was reconstructed and channel
registered in SoftWoRx software version 6.5.2 (Applied Precision, a GE Healthcare

company). Brightness/contrast was adjusted as necessary using FIJI (95).
Quantification of microscopic image overlap

Analysis of all nine image regions per pair gave a statistically robust analysis of
red/green channel overlap. Channel signal overlap was quantified by thresholding
intensities to generate regions of interest (ROIs), then summing the distance transform
values for one channel’s ROIs within the ROI bounds of the other. Voxelwise nearest-
neighbour distances were measured for GFP signal relative to RFP signal using a
custom script for Fiji (95) and a custom script in Dataset S1. The latter maps signal
volumes using Kapur's maximum entropy thresholding method (96) and measures

distances using the exact signed 3D Euclidean distance transform with internal
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distances set to zero for display on the histogram. The distribution of distances was
analyzed by using the log ratio of absolute values and comparing the average positive
value with the average (absolute) negative value for each protein pair. Accordingly, log
ratios larger than zero indicate overlap, values around zero represent partial overlap

and values less than zero indicate separation.
Alignments of similar Golgi proteins sequences from different cisternae

Pairwise sequence alignments were carried out between proteins present in cis-, medial
and trans-Golgi proteomes using the nwalign Python module (which implements the
Needleman-Wunsch algorithm). Comparisons were ranked according to alignment bit-
score and the eight most similar pairs of proteins, representing 3 protein families
(GAUTS, GIcNAc transferases, SAM-dependent methyl transferases) are shown in

Figure 6.
Identification of TM sequences in localized proteins and close homologues

Analysis of single-span TM protein sequences was performed in a similar manner to
previous studies (11,23), albeit with refinements. From the Arabidopsis organelle and
sib-Golgi proteome lists, single-span transmembrane proteins were identified by their
UniProt database (97) TM span annotation, where it exists, and otherwise by a
combination of SignalP 4.0 (98) and TMHMM (99), taking predicted single TM spans
and excluding those predicted to be signal peptides. Initial TM span edge positions and
cytoplasm-exoplasm chain topology were taken from UniProt, and otherwise from
prediction by Phobius (100).

Arabidopsis protein sequences were augmented with sequence information from
close homologues using BLAST+ (101) searches of the UniProt reference proteomes
within the Viridiplantae clade. All searches used an E-value cutoff of 10?°. Overlapping
homologue families, from different initial queries, that had common members were
separated by allocating each homologue to its most similar query. Resulting family
groups all had a single, consistent organelle or sub-compartment annotation that was

derived from the Arabidopsis query protein.
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Families of sequences were multiply aligned using Clustal Omega (102) with
default parameters. TM span edge positions were further refined using the multiple
alignment of each homologue family. First, the edges of the TM span (initially taken
from UniProt annotations or Phobius) were adjusted within a region of =5 residues by
selecting the point in the alignment with the maximum difference in GES scale
hydrophobicity (summed over all proteins in the alignment) between the adjacent five
residues on the side of the TM span and the adjacent five residues on the opposite side.
Next, the edge positions were trimmed or extended according to the average
hydrophobicity over the whole alignment. If the mean hydrophobicity of the next residue
exceeded 1.0 KCal/mol (glycine or more hydrophobic) the edge was extended.
Similarly, if the mean hydrophobicity of an edge residue was below 1.0 KCal/mol the
edge was trimmed. Finally, individual protein adjustments were made, extending or
trimming positions for each span sequence. Accordingly, individual TM span edges
were trimmed if they ended in a gap or a hydrophilic residue (defined here as Arg, Lys,
Asp, Glu, GIn, Asn, His or Ser) or extended if the next residue were suitably
hydrophobic (Phe, Met, lle, Leu, Val, Cys, Trp, Ala, Thr or Gly).

Next, families of proteins were multiply aligned again using Clustal Omega (102) and
the following additional checks were made for a comparable TM span, comparing each
BLAST+ hit to the query: 1. The length of the protein must not differ by more than 200
residues, 2. There must not be more than four gap insertions in the TM span region 3.
The separation from the TM span to the N-terminus must not differ by more than 75
residues, 4. There must be a cursory similarity between span sequences (mean, aligned
regional BLOSUMG62 score >0.8).

Reduction of protein sequence redundancy

Given that families contain different numbers of protein sequences with different
degrees of similarity, each protein was weighted according to its dissimilarity to all other

sequences in the whole dataset. Dissimilarity weights for each protein (w,) were
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obtained using a BLAST+ search of each sequence (maximum e-value 10%°) against a

database of all the protein sequences and were calculated as:

1

Here, s; is the BLAST+ bit-score of the aligned high-scoring database hit i (from
a total of N, hits) and m! is the maximum possible bit-score value; the bit score if the
guery were compared with itself over the same alignment region. Accordingly, a
dissimilarity weight is 1.0 if the search only finds itself and approximately l/N if it finds N

very similar sequences. This protects against large and/or well conserved protein

families having an undue influence on the measurement of general TM span properties.
Protein sequence Logo plots

The frequency of residue occurrence in TM-spans and flanking regions of cisternal
proteins and their close homologues was visualized using logo plots. Logo plots were
generated by specially written Python scripts (available at github.com/tjs23/logo_plot)
after randomly sampling 1000 sequences for each dataset, from position-specific
residue abundance probabilities calculated from dissimilarity weighted sequences. The
use of dissimilarity weights (as defined above) reduced the effect of redundant
sequences, i.e. due to different sized homologous protein families. Different proteins
within each sub-group were aligned by anchoring their sequences at the cytoplasmic or

exoplasmic edge of the TM-span, prior to generation of logo plots (Figure 7).
Accession Numbers and Data Availability

Electrophoresis proteomics data is deposited to the ProteomeXchange Consortium via
the PRIDE partner repository (103) with identifier PXD004596. LOPIT proteomics data
is deposited to the ProteomeXchange Consortium via the PRIDE partner repository with
identifier PXD009978. SRM data is available from PASSEL, part of PeptideAtlas
repository (peptideatlas.org/passel/), accession number PASS00908.
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Supplemental Data files

Supplemental Figure 1. t-SNE plots of additional whole-cell Arabidopsis LOPIT

experiments.
Supplemental Figure 2. Further details on hierarchical clustering of FFE profiles.

Supplemental Figure 3. Clustering and correlation of FEE profiles from individual

replicates 3-5.

Supplemental Figure 4. Comparison of Type Il TM protein paralogues with different sub-

Golgi classification.

Supplemental Table 1. Resident organelle proteomes from LOPIT experiments after

SVM-based classification.

Supplemental Table 2. Additional information for monoclonal antibodies, polysaccharide

epitopes and protein targets featured in Figure 3.
Supplemental Table 3. Protein lists for sub-Golgi proteomes.
Supplemental Dataset 1. Complete suite of SIM images used in Figure 5.
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FIGURE AND TABLE LEGENDS

Figure 1. Schematic overview of electrophoretic separation profile analysis of

endomembrane proteins.
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a. Samples from Arabidopsis cell-suspension cultures, enriched in intact
endomembranes, were separated by voltage under laminar flow, i.e. using free-flow
electrophoresis (FFE). This provided gentle separation of membrane-bound
compartments, according to their surface charges, and resulted in 96 separately
collected fractions, ordered along the voltage axis.

b. Total protein content of FFE fractions was determined via absorption at 280 nm to
identify the range of fractions with major endomembrane protein enrichment. These and
adjacent fractions were then taken forward for more detailed analysis. Non-membrane
components from the samples peaked in early fractions outside this range.

c. Endomembrane fractions were primarily investigated using shotgun proteomics, to
measure the relative amounts of the different proteins contained therein. Here proteins
were identified via the mass fingerprints of trypic digest peptides searched against the
most recent Arabidopsis proteome using MASCOT software.

d. Average FFE abundance profiles for resident proteins from Golgi, ER and other
organelles, using independent sub-cellular localizations derived from LOPIT analysis
(see Table S1). Protein abundance values from multiple replicate FFE runs, in the form
of MS spectral intensities, were combined (see Methods for the fraction matching
procedure), generating 25 merged, consensus endomembrane fractions. Combined

data is shown for totals of 200 ER, 204 Golgi and 1290 other organelle proteins.
Figure 2. Primary determination of organelle sub-proteomes.

a. PCA analysis of a single LOPIT experiment: protein abundance profiles from density-
based separation are presented by projection onto their two principle, orthogonal axes,
representing most inter-protein variance. Each point represents a single protein, which
is colored according to its organelle classification. Organelle clusters were distinguished
using multi-class SVM on complete abundance profiles and used existing annotations

for classification (see Methods).

b. Presentation of the same LOPIT data and classifications shown in a., presented as a

two-dimensional t-SNE plot. This visualization attempts to preserve the proximity of
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similar profiles, and the separation of distinct profiles, over all data dimensions (whole
profiles). This is unlike PCA which shows (dis)similarity along the selected projection

axes.

c. Average FFE profiles, across 25 merged fractions from replicates R3-5 are shown for
organelle groups classified using LOPIT data. Plotted values represent the mean
abundance for each fraction in each organelle class, from per-protein normalized
profiles (see Methods). Error bars represent the standard error of the mean. Data is
shown separately for the ER and Golgi (upper plot), which peak as a class in central
fractions, and the distinct profiles for other organelles/compartments (lower plot). ER
and Golgi proteomes have been sub-divided as either those belonging to the initial
organelle markers or those newly classified as organelle residents, demonstrating the

accuracy with which new residents were assigned.

d. Hierarchical clustering of secretory (ER, Golgi TGN and PM) protein FFE profiles.
Merged abundance profiles from proteins identified in high-quality replicates R3-5 were
clustered using Ward’s method and presented as a dendrogram with the corresponding,
underlying abundance profiles shown beneath as a color density plot, together with
primary organelle classifications derived from LOPIT. The three major clusters that
separated profiles generally into Golgi/TGN, ER and PM were further separated into
eight smaller clusters, labelled A-H. Here a threshold was chosen so that each major

ER and Golgi cluster contained three minor clusters.
Figure 3. Establishing characteristics of early and late Golgi FFE profiles.

a. Example negative-stain TEM images showing the in-vivo distributions of several
glycan epitopes, with varying structural complexity, across the Golgi stack. Glycans
were localized using monoclonal antibodies liked to gold particles. All stacks are

depicted with cis at the bottom and trans as the top, is indicated.

b. Violin plots showing the overall data from the immuno-gold TEM localization of glycan
epitopes, as illustrated in a. The relative Golgi stack positions of gold particles
represent the fraction of the particle distance to the outer cis face as a proportion of the
total cis-trans thickness.

51



1441
1442
1443
1444
1445
1446

1447
1448
1449
1450

1451
1452
1453
1454
1455
1456

1457

1458
1459
1460
1461
1462
1463
1464
1465

1466
1467
1468
1469

52

c. FFE abundance profiles for four classes of glycan epitope, with varying structural
complexity. Class members and epitope structures are detailed in Table S2. Data is
shown for detergent-extracted samples from FFE replicate R1 that were printed onto
nitrocellulose microarrays and probed via alkaline phosphatase linked monoclonal
antibodies. Error bars show SEM for n=3 antibodies (Group 4), n=9 (Group 3), n=2
(Group2) and n=5 (Group 1).

d. Exemplar FFE protein abundance profiles, as detected by high-throughput shotgun
proteomics. Example proteins were selected on the basis of previously established sub-
Golgi, ER and transitional ER-Golgi localization relating to well-known biomolecular

functions in the secretory pathway.

e. FEE abundance profiles of selected proteins detected via high-sensitivity, targeted
proteomics. Proteins (see Table S2) were chosen given an established function and
localization specific to Golgi cisternae or the ER. Two independent peptides per protein
were measured for n=7 (ER), n=1 (cis-Golgi), n=5 (medial Golgi) and n=3 (trans-Golgi)
proteins. Solid lines indicate mean abundance over all proteins in the class and error

bars represent SEM.
Figure 4. Classification of sub-Golgi compartments

a. Robust clustering of secretory protein FFE profiles via bootstrapping. Abundance
profiles (second from top) were re-clustered using Ward’s method 120 times, each time
omitting 20% of the proteins. The resulting clusters were assigned to the corresponding
initial clusters A-H (see Figure 2) by similarity to the cluster medioids. These clusters
are shown as a color map (third panel) where each row corresponds to a different,
random subset of proteins, and is presented in the initial hierarchical cluster column
order (as used in Figure 2). The robust, consensus clusters (lower panel) were defined

as the most common cluster identity for each protein over all the bootstrap trials.

b. FFE profiles for each of the eight consensus groups were separately re-clustered
(Ward’s method) to clearly visualize profile characteristics of each group. The groups
were re-labelled 1-8 to discriminate them from the initial clusters A-H, which have
(slightly) different memberships. These were then used for tentative assignment of
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particular groups (1-4) to sub-Golgi compartments using trends presented in Figure 3.
Abundance profiles are presented as a color density map, as in a, but in a new intra-

group order.

c. Merged FFE profile data, for proteins present in replicates R3-5, plotted as a two-
dimensional PCA projection and labelled according to the bootstrap consensus clusters

1-8, as illustrated in b.

d. Merged FFE profile data for all secretory proteins detected in any of the replicates
R1-5, presented as a two-dimensional PCA projection. Multi-class SVM was used to
classify proteins (on whole FFE profiles, not the 2-D map) into three sub-Golgi groups
and an ER group. The group labels used in the classification came from LOPIT to
provide distinction between resident ER and Golgi proteins (and to exclude TGN ones),
given that profiles overlap, to a degree, in the FFE data, but not in the LOPIT data. The
consensus FFE sub-clusters (as in ¢) were then used to classify the three sub-Golgi
groups from among the larger Golgi proteome. Consensus sub-clusters and final

proteomes are detailed in Table S3.

e. Re-presentation of a section of the LOPIT PCA map shown in Figure 2a, now colored
according to ER and sub-Golgi classes presented in d.

f. Re-presentation of a section of the 2D t-SNE map shown in Figure 2b, now colored

according to ER and sub-Golgi classes presented in d.
Figure 5. Validation of sub-Golgi protein localization

a. Example images of structured illumination microscopy (SIM) of validatory protein
pairs, representative of cis (C), medial (M) and trans (T) Golgi sub-localizations. Sub-
Golgi locations of Pygoio driven, C-terminally tagged GFP and RFP fusion proteins (93)
were assayed to provide pairwise comparisons by using transient expression in N.
bethamiana. For each protein pair, localization data were collected from nine regions
(Dataset S1), incorporating three image stacks from at least two leaves per plant.
Localizations were visualized in a single Golgi body from each of the three image
stacks. The gene identifiers for the proteins were: AT2G20810.1 (C1), AT5G47780.1
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(C2), AT2G43080.1 (C3), AT1G26850.1 (M1), AT3G62720.1 (M2), AT5G18480.1 (M3),
AT1G19360.1 (M4), AT1G74380.1 (T1), AT1G08660.1 (T2), AT4G36890.1 (T4),
AT2G35100.1 (T3), AT5G11730.1 (T5). Scale bars = 400 nm.

b. Three example histograms showing the distribution of distance transform values for
image regions containing multiple Golgi stacks with spatially overlapping (top), partly
overlapping (middle) and somewhat separate (bottom) labelled protein pairs, i.e. from
red/green fluorescence microscopy illustrated in a. Channel signal overlap was
guantified by thresholding intensities to generate regions of interest (ROIs), then
summing the distance transform values for one channel’s ROls within the ROI bounds
of the other. Here, negative values indicate greater separation and positive values

indicate overlap.

c. The distribution of red/green channel overlap scores, over multiple image regions
(n=9), for the validatory protein pairs shown in a, arranged in modal order. Overlap
scores were calculated for each image region as the log, ratio of mean absolute values
either side of zero distance (see blue and orange regions in b), with positive values

indicating more overlap. Image regions are given in Dataset S1.

d. Occurrence of proteins families and functional annotation in the secretory and sub-
Golgi proteomes. Using ER, TGN and PM localizations derived from LOPIT data and
sub-Golgi localizations from FFE (see Table S3), proteins were grouped variously
according to family, MapMan (104) functional categorization and possession of the

K/H/RDEL ER-retrieval motif. Groups with at least 5 members are presented here.

Figure 6: Comparison of Type Il TM protein paralogues with different sub-Golgi

classification.

Alignments are shown for pairs of similar, homologous proteins from Arabidopsis which
have different sub-Golgi localisations. TM-span regions are idicated in bold. The blue
Arg/Lys at the cytoplasmic edge highlight the start of the TM span. Phe residues are
colouredeither pink or cyan to indicate relative position in the TM span. Within 15
residues of the exoplasmic TM edge Ser residues are coloured yellow and three

consecutive Ser are red.
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Figure 7. Transmembrane amino acid composition in sub-Golgi and secretory

compartments.

Logo plots of single-span TM proteins from secretory and sub-Golgi proteomes

indicating the relative abundance of amino acids at and around aligned TM spans.

Data is shown for the Arabidopsis proteins localized by LOPIT and FFE and their very
close homologues. Different sequences were aligned at either the cytoplasmic (left
column) or exoplasmic/luminal (right column) edge of the hydrophobic TM spans. (See
Methods for details of gathering homologues and aligning TM sequences). The different
amino acids are color coded according to their physiochemical properties, as indicated
in the color key (bottom). Logo plots were generated after randomly sampling 1000
sequences for each dataset, from position-specific residue abundance probabilities
calculated from dissimilarity weighted sequences. This was done to reduce the bias
caused by the different sizes of protein families, i.e. which are informatically somewhat

redundant.

Figure 8. Comparison of protein sequence features in organelle and sub-organelle

proteomes.

a. Abundance of sequence features at and around the TM spans of single-span proteins
in the secretory and sub-Golgi proteomes. Data is shown for 63 ER, 23 cis-, 37 medial
and 54 trans-Golgi proteins, and 108 PM transmembrane proteins. i. The relative
abundance of lysine or arginine at the cytoplasmic TM edge and serine at the
exoplasmic/luminal edge. Values were normalized relative to the maximum observation.
ii. Overall TM phenylalanine content, as a proportion of TM span length, and the
cytoplasmic-exoplasmic asymmetry of TM phenylaniline; asymmetry was calculated as
the difference in the abundance between the two halves of each TM span. iii. The
relative abundance of Serine and presence of three or more consecutive Serines in the
15-residue exoplasmic region immediately flanking the TM spans. Values were
normalized relative to the maximum observation. iv. An overview of the results
presented in i-iii, but shown as a proportion of each sub-cellular proteome. Here
phenylalanine asymmetry corresponded to positive values presented in ii and high
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serine content corresponded to a count of at least 5 in the 15 flanking exoplasmic
residues. For panels i-iii bar heights are mean values and errors represent the standard

error in the mean.

b. Distributions TM span properties for different sub-proteome groups. Datasets for
localized single-span TM proteins from Arabidopsis were expanded through close
homology searches (as used in Figure 7), where sequence contributions were weighted
by dissimilarity and TM-span were edges defined, as detailed in the Methods. TM-span
length (top), pl of the entire cytoplasmic region (middle) and pl of the entire exoplasmic
region (bottom) are shown as violin plots for different secretory and sub-Golgi
compartments (defined by LOPIT and FFE respectively).

c. Line plots of per-position TM hydrophobicity (top) and mean residue charge (bottom)
for localized Arabidopsis and homologue over TM hydrophobic core and flanking
regions (as in Figure 7). TM spans were anchored at their exoplasmic boundary. Plotted
values represent the means at each TM aligned position, over different, dissimilarity-

weighted proteins. Error bars represent the standard error in the mean.
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Figure 1. Schematic overview of electrophoretic separation profile analysis of endomembrane proteins.
a. Samples from Arabidopsis cell-suspension cultures, enriched in intact endomembranes, were separated by
voltage under laminar flow, i.e. using free-flow electrophoresis (FFE). This provided gentle separation of membrane-
bound compartments, according to their surface charges, and resulted in 96 separately collected fractions, ordered
along the voltage axis.

b. Total protein content of FFE fractions was determined via absorption at 280 nm to identify the range of fractions
with major endomembrane protein enrichment. These and adjacent fractions were then taken forward for more
detailed analysis. Non-membrane components from the samples peaked in early fractions outside this range.

c. Endomembrane fractions were primarily investigated using shotgun proteomics, to measure the relative amounts
of the different proteins contained therein. Here proteins were identified via the mass fingerprints of trypic digest
peptides searched against the most recent Arabidopsis proteome using MASCOT software.

d. Average FFE abundance profiles for resident proteins from Golgi, ER and other organelles, using independent
sub-cellular localizations derived from LOPIT analysis (see Table S1). Protein abundance values from multiple
replicate FFE runs, in the form of MS spectral intensities, were combined (see Methods for the fraction matching
procedure), generating 25 merged, consensus endomembrane fractions. Combined data is shown for totals of 200
ER, 204 Golgi and 1290 other organelle proteins.
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Figure 2. Primary determination of organelle sub-proteomes.

a. PCA analysis of a single LOPIT experiment: protein abundance profiles from density-based separation are presented by
projection onto their two principle, orthogonal axes, representing most inter-protein variance. Each point represents a
single protein, which is colored according to its organelle classification. Organelle clusters were distinguished using multi-
class SVM on complete abundance profiles and used existing annotations for classification (see Methods).

b. Presentation of the same LOPIT data and classifications shown in a., presented as a two-dimensional t-SNE plot. This
visualization attempts to preserve the proximity of similar profiles, and the separation of distinct profiles, over all data
dimensions (whole profiles). This is unlike PCA which shows (dis)similarity along the selected projection axes.

c. Average FFE profiles, across 25 merged fractions from replicates R3-5 are shown for organelle groups classified using
LOPIT data. Plotted values represent the mean abundance for each fraction in each organelle class, from per-protein
normalized profiles (see Methods). Error bars represent the standard error of the mean. Data is shown separately for the
ER and Golgi (upper plot), which peak as a class in central fractions, and the distinct profiles for other organelles/
compartments (lower plot). ER and Golgi proteomes have been sub-divided as either those belonging to the initial
organelle markers or those newly classified as organelle residents, demonstrating the accuracy with which new residents
were assigned.

d. Hierarchical clustering of secretory (ER, Golgi TGN and PM) protein FFE profiles. Merged abundance profiles from
proteins identified in high-quality replicates R3-5 were clustered using Ward’s method and presented as a dendrogram
with the corresponding, underlying abundance profiles shown beneath as a color density plot, together with primary
organelle classifications derived from LOPIT. The three major clusters that separated profiles generally into Golgi/TGN, ER
and PM were further separated into eight smaller clusters, labelled A-H. Here a threshold was chosen so that each major
ER and Golgi cluster contained three minor clusters.
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Figure 3. Establishing characteristics of early and late Golgi FFE profiles.

a. Example negative-stain TEM images showing the in-vivo distributions of several glycan epitopes, with varying
structural complexity, across the Golgi stack. Glycans were localized using monoclonal antibodies liked to gold
particles. All stacks are depicted with cis at the bottom and trans as the top, is indicated.

b. Violin plots showing the overall data from the immuno-gold TEM localization of glycan epitopes, as illustrated in
a. The relative Golgi stack positions of gold particles represent the fraction of the particle distance to the outer cis
face as a proportion of the total cis-trans thickness.

c. FFE abundance profiles for four classes of glycan epitope, with varying structural complexity. Class members
and epitope structures are detailed in Table S2. Data is shown for detergent-extracted samples from FFE replicate
R1 that were printed onto nitrocellulose microarrays and probed via alkaline phosphatase linked monoclonal
antibodies. Error bars show SEM for n=3 antibodies (Group 4), n=9 (Group 3), n=2 (Group2) and n=5 (Group 1).
d. Exemplar FFE protein abundance profiles, as detected by high-throughput shotgun proteomics. Example
proteins were selected on the basis of previously established sub-Golgi, ER and transitional ER-Golgi localization
relating to well-known biomolecular functions in the secretory pathway.

e. FEE abundance profiles of selected proteins detected via high-sensitivity, targeted proteomics. Proteins (see
Table S2) were chosen given an established function and localization specific to Golgi cisternae or the ER. Two
independent peptides per protein were measured for n=7 (ER), n=1 (cis-Golgi), n=5 (medial Golgi) and n=3 (trans-
Golgi) proteins. Solid lines indicate mean abundance over all proteins in the class and error bars represent SEM.



Figure 4
a Robust clustering

Merged

Initial
profile cluster
=
o
@

E fraction
TN 250
o

@

s o

if

O

o =

mc

Con-

sensus

b Cluster classification

S 0
o 0 Merged
'g % fraction
25 w— 25
_ = Proteins in robust cluster order =
[<$)
35 . [ ] I =
zo Litrans Z:medial/TGN 3:cis 4:cis’lER 5:ER 6:ER 7:PM 8:PM
C Profile PCA (proteins in R3-R5) d  SVM classification (all replicates)
‘ 34 -
e ® CIS
2t 5 3 e 5 ] ER o 0o, .
gc@C’,Oo & ®e 0 i e°. “‘ %
e o 1 e e
_ 6%}? SRS T BN, [Tt
S ‘8 <2 T e 5 ° o & K ""(%9«“” x
~ o® @ ~ @ o @ 9o
N7 e oo OO N 1 i:i ! )
o Po. T o ° 0 -2 5
_4,2 ’ o ] 3
e 4
—6} i
] ‘ ‘ ‘ ‘ _5_
-2 -1 0 1 2 3 ) 1 0 1 2 3 4
PC1 (51.62%) PC1 (34.59%)
f LOPIT projection ER/Golgi
4 S
pca | °ER i t-SNE
unknown N
. o cis | s ol °
O 3k medial 2
o o}
trans =
=
ol
i
2 I ° | | |
-4 PpPC2 2 0 0 Dimension1 20

Figure 4. Classification of sub-Golgi compartments

a. Robust clustering of secretory protein FFE profiles via bootstrapping. Abundance profiles (second from top) were
re-clustered using Ward’s method 120 times, each time omitting 20% of the proteins. The resulting clusters were
assigned to the corresponding initial clusters A-H (see Fig. 2) by similarity to the cluster medioids. These clusters
are shown as a color map (third panel) where each row corresponds to a different, random subset of proteins, and
is presented in the initial hierarchical cluster column order (as used in Fig. 2). The robust, consensus clusters (lower
panel) were defined as the most common cluster identity for each protein over all the bootstrap trials.

b. FFE profiles for each of the eight consensus groups were separately re-clustered (Ward’s method) to clearly
visualize profile characteristics of each group. The groups were re-labelled 1-8 to discriminate them from the initial
clusters A-H, which have (slightly) different memberships. These were then used for tentative assignment of
particular groups (1-4) to sub-Golgi compartments using trends presented in Fig. 3. Abundance profiles are
presented as a color density map, as in a, but in a new intra-group order.

c. Merged FFE profile data, for proteins present in replicates R3-5, plotted as a two-dimensional PCA projection and
labelled according to the bootstrap consensus clusters 1-8, as illustrated in b.

d. Merged FFE profile data for all secretory proteins detected in any of the replicates R1-5, presented as a two-
dimensional PCA projection. Multi-class SVM was used to classify proteins (on whole FFE profiles, not the 2-D map)
into three sub-Golgi groups and an ER group. The group labels used in the classification came from LOPIT to
provide distinction between resident ER and Golgi proteins (and to exclude TGN ones), given that profiles overlap,
to a degree, in the FFE data, but not in the LOPIT data. The consensus FFE sub-clusters (as in ¢) were then used to
classify the three sub-Golgi groups from among the larger Golgi proteome. Consensus sub-clusters and final
proteomes are detailed in Table S3.

e. Re-presentation of a section of the LOPIT PCA map shown in Fig. 2a, now colored according to ER and sub-Golgi
classes presented in d.

f. Re-presentation of a section of the 2D t-SNE map shown in Fig. 2b, now colored according to ER and sub-Golgi
classes presented in d.
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Figure 5. Validation of sub-Golgi protein localization

a. Example images of structured illumination microscopy (SIM) of validatory protein pairs, representative of cis
(C), medial (M) and trans (T) Golgi sub-localizations. Sub-Golgi locations of PUBQ10 driven, C-terminally tagged
GFP and RFP fusion proteins (88) were assayed to provide pairwise comparisons by using transient expression in
N. bethamiana. For each protein pair, localization data were collected from nine regions (Dataset S5),
incorporating three image stacks from at least two leaves per plant. Localizations were visualized in a single Golgi
body from each of the three image stacks. The gene identifiers for the proteins were: AT2G20810.1 (C1),
AT5G47780.1 (C2), AT2G43080.1 (C3), AT1G26850.1 (M1), AT3G62720.1 (M2), AT5G18480.1 (M3), AT1G19360.1
(M4), AT1G74380.1 (T1), AT1G08660.1 (T2), AT4G36890.1 (T4), AT2G35100.1 (T3), AT5G11730.1 (T5). Scale bars
=400 nm.

b. Three example histograms showing the distribution of distance transform values for image regions containing
multiple Golgi stacks with spatially overlapping (top), partly overlapping (middle) and somewhat separate
(bottom) labelled protein pairs, i.e. from red/green fluorescence microscopy illustrated in a. Channel signal overlap
was quantified by thresholding intensities to generate regions of interest (ROIs), then summing the distance
transform values for one channel’s ROIs within the ROl bounds of the other. Here, negative values indicate greater
separation and positive values indicate overlap.

c. The distribution of red/green channel overlap scores, over multiple image regions (n=9), for the validatory
protein pairs shown in a, arranged in modal order. Overlap scores were calculated for each image region as the
log2 ratio of mean absolute values either side of zero distance (see blue and orange regions in b), with positive
values indicating more overlap. Image regions are given in Dataset S1.

d. Occurrence of proteins families and functional annotation in the secretory and sub-Golgi proteomes. Using ER,
TGN and PM localizations derived from LOPIT data and sub-Golgi localizations from FFE (see Table S4), proteins
were grouped variously according to family, MapMan (99) functional categorization and possession of the K/H/
RDEL ER-retrieval motif. Groups with at least 5 members are presented here.



Figure 6

sub-Golgi cytoplasmic hydrophobic TM exoplasmic UniProt  Ag)
location ID
1 78
medial MALKRGLSGVNRIRGSGGGSRSVLVLLIFFCVFAPLCFFVGRGV--YID-5-SNDY-5-IVSVKQONLDWRERLAMOSY  Q9LE59 AT3G61130.1
cis M-M V-KLR-N: LVL--FF-ML--LTV-VAH-ILLYTDPAAS - ~FKTPF-5-KR--DF---L--EDV Q93ZX7 AT5G47780.1
79 156
medial RSL-F-SKEI--LDVIAT-STAD-L-GP-L--SL--D--SFKK-NNLSASWR--G-TGVDPSFRHSENPATPDVKSNN Q9LE59 AT3G61130.1
cis TALTFNSDE-NRLNLLPRESPA-VLRG-GLVGAVYSDKNS-RRLDQLSA--RVLSATD-DDT--HS-H--T-DI-S-- Q93ZX7 AT5G47780.1
1 78
trans MGET-QK--ILOGPRHHTSLKKPLWVV-LTVS-VTSMLLICT-HMYPKHCGKSS-SCHGLY--TRGCEDAL-SKWL--P Q9SVZ8 AT4G25870.1
medial MSESRQRPPF-KGPR===m=m===- WIITLVV-LVT-VVVI-TAFIYPP--RNSVACY-MFSGP-GCP--LYQQFLFVP Q8GS18 AT4G31350.1
79 156

trans VHVRKFTDEEIAARA-VV-RDILRTPPFI--T-NNSKIAFLFLTPGTLPFEKLWDE-FFKGHEGKFSIYIHPSKER-P Q9SVZ8 AT4G25870.1
medial T--RELTDSE-AA-AQVVMNEIMNLPQ--SKTAN-PKLAFMFLTPGTLPFEPLW-EMFFRGHENKFSVYVHASK-KSP Q8GS18 AT4G31350.1

1 78
trans MMRGRSDGGLKKR-LIASV--CV--VAL-FVCFLFMYYGSSSOGASALEYGRSLRKLGSSYLSGDDDNGD-TKQODD-S Q940J9 AT1G04430.1
medial M-RGRSEGG-KKKPVI--VLLCVASVVLVFV-YLF-F-GSSNH-~KAIEYGR--~KLG---~LGGDDD--DSTKKDDTS Q8H118 AT3G23300.1
79 156
trans VAN--AEDSLVVA----- KSFPVCDDRHSEITIPCLDRNFIYQMRLKLDLSLMEHYERHCPPPERRFNCLIPPPSGYKV Q940J9 AT1G04430.1
medial -SSFYVED--VVGNGFTPRSFPVCDDRHSELIPCLDRNLIYQOMRLKLDLSLMEHYERHCPPPERRFNCLIPPPPGYKI Q8H118 AT3G23300.1

1 78
trans MMRG--RSDGG-LK---KRLIAS-VCV--VALF-V-CFLFMYYGSS-SQGA-~SAL-EY-G-~~-RSLRK-LGSSYLSG Q940J9 AT1G04430.1
cis M-K-HFRTE--RVRATPK-LF-TYVLVGFIALLGLTC-L--YYGSSFAPGSRKS--DEFDGSNNR-VRTGIGS--LR- Q8VZV7 AT5G14430.1

79 156
trans DDDNGDTKQDDS-V-A-NA-EDSLVVAKSFPVCDDRHSEIIPCLDRNFI-YQMRLKLDLSLMEHYERHCPPPERRFNC Q940J9 AT1G04430.1
cis ---N---R-D--IVLAVSRFE---V-PKSVPICDSRHSELIPCLDRN-LHYQLKLKLNLSLMEHYEHHCPPSERRFNC Q8VZV7 AT5G14430.1

1 78

medial MK-SG-K-0SSQPEKGTSRIL-SLTVLFIAFCGFSFYLGGIFCSERDK-I-~VAKDVTRTTTKAV-ASPK-EPT--AT Q9C6S7 AT1G31850.1

trans MKYKDEKYEKA--EKG-SRILPK-TVLLILLCGLSFYLGGLYCG-—--KNIIEVS-DVA----KA-ESS-SLD-VDDS- Q94II3 AT4G19120.1
79 156

medial PIQIKSVSFPECGSEFQDYTPCTDPKRWKKYGVHRLSFLERHCPPVYE-KNECLIPPPDGYKPPIRWPKSREQCWYRN Q9C6S7 AT1G31850.1

trans -LQVKSVSFSECSSDYQDYTPCTDPRKWKKYGTHRLTFMERHCPPVFDRK-QCLVPPPDGYKPPIRWPKSKDECWYRN Q94II3 AT4G19120.1

1 78
medial MRGRSEGG-KKKPVIVLLCVASVVLVFVYLFFGSSNHKA--IEYGRKLGLGGDDDDSTKKDDTSSSFY-VEDVVGNGEF Q8H118 AT3G23300.1
trans MKGRSDGGOKKR-VIALVCVAAVVLVFVYLFYGSSDHRASATIEYGRKLGLGGDDDD-TKODDTSSSF-GVDD--G--F Q93YV7 AT4G14360.1
79 156
medial TPRSFPVCDDRHSELIPCLDRNLIYQMRLKLDLSLMEHYERHCPPPERRFNCLIPPPP-GYKIPIKWPKSRDEVWKVN Q8H118 AT3G23300.1
trans TPRSFPVCDDRHSELIPCLDRNLIYQMRLKLDLSLMEHYERHCPPPERRFNCLIPPP-NGYKVPIKWPKSRDEVWKVN Q93YV7 AT4G14360.1

1 78
medial MR--GRSEGGK-KK-P-VI--VLL--CVASVV-LV-FVYLFFGSSNHKAIEYG-RKLGLGGDD-DDST-K-KDDTS-S Q8H118 AT3G23300.1
cis MKHF-RTE--RVRATPKLFTYVLVGF-IA-LLGLTC-LY-Y-GSS-F-A-P-GSRK-5-—--DEFDGSNNRVR--TGIG Q8VZV7 AT5G14430.1

79 156

medial SFYVE--DVV-G-N-GF-TPRSFPVCDDRHSELIPCLDRNL-IYQMRLKLDLSLMEHYERHCPPPERRFNCLIPPP-P Q8H118 AT3G23300.1
cis S--LRNRDIVLAVSR-FEVPKSVPICDSRHSELIPCLDRNLH-YQLKLKLNLSLMEHYEHHCPPSERRFNCLVPPPV- Q8VZV7 AT5G14430.1

1 78
trans MK--GRSDGGOKKRV-IA---L---VCVA--AVV-LV-FVYLFYGSS--—--DHRAS-ATEY-G---R-KLGLGGDDDD Q93YV7 AT4G14360.1
cis MKHF-RTE----- RVR-ATPKLFTYVLVGFIALLGLTC-LY--YGS SFAPGS-RKSD-~EFDGSNNRVRTGIG—- =~~~ Q8VZV7 AT5G14430.1
79 156
trans T-K-QD-DT-S-SSF-GVDDGFTPRSFPVCDDRHSELIPCLDRNL-IYQMRLKLDLSLMEHYERHCPPPERRFNCLIP Q93YV7 AT4G14360.1
cis SLRNRDI-VLAVSRFE-V----- PKSVPICDSRHSELIPCLDRNLH-YQLKLKLNLSLMEHYEHHCPPSERRFNCLVP Q8VZV7 AT5G14430.1

Figure 6: Comparison of Type Il TM protein paralogues with different sub-Golgi
classification.

Alignments are shown for pairs of similar, homologous proteins from Arabidopsis which
have different sub-Golgi localisations. TM-span regions are idicated in bold. The blue Arg/
Lys at the cytoplasmic edge highlight the start of the TM span. Phe residues are coloured
either pink or cyan to indicate relative position in the TM span. Within 15 residues of the
exoplasmic TM edge Ser residues are coloured yellow and three consecutive Ser are red.
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Figure 7. Transmembrane amino acid composition in sub-Golgi and secretory compartments.

Alignment position
RHKDE

colouring

Residue
acids are color coded according to their physiochemical properties, as indicated in the color key (bottom). Logo plots were

generated after randomly sampling 1000 sequences for each dataset, from position-specific residue abundance
probabilities calculated from dissimilarity weighted sequences. This was done to reduce the bias caused by the different

hydrophobic TM spans. (See Methods for details of gathering homologues and aligning TM sequences). The different amino
sizes of protein families, i.e. which are informatically somewhat redundant.

Logo plots of single-span TM proteins from secretory and sub-Golgi proteomes indicating the relative abundance of amino

acids at and around aligned TM spans.
Data is shown for the Arabidopsis proteins localized by LOPIT and FFE and their very close homologues. Different

seguences were aligned at either the cytoplasmic (left column) or exoplasmic/luminal (right column) edge of the
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Figure 8. Comparison of protein sequence features in organelle and sub-organelle proteomes.

a. Abundance of sequence features at and around the TM spans of single-span proteins in the secretory and sub-Golgi proteomes. Data is shown for 63 ER,
23 cis-, 37 medial and 54 trans-Golgi proteins, and 108 PM transmembrane proteins. i. The relative abundance of lysine or arginine at the cytoplasmic TM
edge and serine at the exoplasmic/luminal edge. Values were normalized relative to the maximum observation. ii. Overall TM phenylalanine content, as a

Residue position (anchor=0)

proportion of TM span length, and the cytoplasmic-exoplasmic asymmetry of TM phenylaniline; asymmetry was calculated as the difference in the

abundance between the two halves of each TM span. iii. The relative abundance of Serine and presence of three or more consecutive Serines in the 15-
residue exoplasmic region immediately flanking the TM spans. Values were normalized relative to the maximum observation. iv. An overview of the results
presented in i-iii, but shown as a proportion of each sub-cellular proteome. Here phenylalanine asymmetry corresponded to positive values presented in ii
and high serine content corresponded to a count of at least 5 in the 15 flanking exoplasmic residues. For panels i-iii bar heights are mean values and errors

represent the standard error in the mean.

b. Distributions TM span properties for different sub-proteome groups. Datasets for localized single-span TM proteins from Arabidopsis were expanded
through close homology searches (as used in Figure 6), where sequence contributions were weighted by dissimilarity and TM-span were edges defined, as
detailed in the Methods. TM-span length (top), pl of the entire cytoplasmic region (middle) and pl of the entire exoplasmic region (bottom) are shown as

violin plots for different secretory and sub-Golgi compartments (defined by LOPIT and FFE respectively).

c. Line plots of per-position TM hydrophobicity (top) and mean residue charge (bottom) for localized Arabidopsis and homologue over TM hydrophobic core
and flanking regions (as in Figure 6). TM spans were anchored at their exoplasmic boundary. Plotted values represent the means at each TM aligned

position, over different, dissimilarity-weighted proteins. Error bars represent the standard error in the mean.
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