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Abstract

The synaptic ribbon is an electron-dense structure found in hair cells and photoreceptors. The
ribbon is surrounded by neurotransmitter-filled vesicles and considered to play a role in vesicle
release. We generated an objective, quantitative analysis of the protein composition of the ribbon
complex using a mass spectrometry-based proteomics analysis. Our use of affinity-purified
ribbons and control IgG immunoprecipitations ensure that the identified proteins are indeed
associated with the ribbon complex. The use of mouse tissue, where the proteome is complete,
generated a comprehensive analysis of the candidates. We identified 30 proteins (comprising 56
isoforms and subunits) associated with the ribbon complex. The ribbon complex primarily
comprises proteins found in conventional synapses, which we categorized into 6 functional
groups: vesicle handling (38.5%), scaffold (7.3%), cytoskeletal molecules (20.6%),
phosphorylation enzymes (10.6%), molecular chaperones (8.2%), and transmembrane proteins
from the presynaptic membrane firmly attached to the ribbon (11.3%). The 3 CtBP isoforms
represent the major protein in the ribbon whether calculated by molar amount (30%) or by mass
(20%). The relatively high quantity of phosphorylation enzymes suggests a very active and
regulated structure. The ribbon appears to comprise a concentrated cluster of proteins dealing with
vesicle creation, retention and distribution, and consequent exocytosis.
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Introduction

The synaptic ribbon is one of the great enigmas of sensory biology. It sits at the core of
some of the most remarkable synapses in the body, yet little is known of its molecular
structure or function. Surrounded by neurotransmitter-filled vesicles, it is thought to
generate a readily releasable pool of vesicles at the synapse 1-3. The ribbon is found in
photoreceptors and in hair cells — cell types specialized for graded synaptic transmission;
they are adapted to release measured amounts of neurotransmitter in response to small
changes in membrane potential. Most other synapses in the nervous system respond to
transient presynaptic voltages in the form of action potentials. This has led to speculation
that the synaptic ribbon may exist to provide a transient response capability to a synapse
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otherwise optimized for graded responses 4. This idea is supported by one of the few
functional analyses of the ribbon’s role in stimulus coding: Bassoon knockout mice have
fewer synaptic ribbons, and most are detached from the presynaptic membrane region. The
primary deficit in the auditory responses of these mice is a loss of rapid onset responses to
stimuli. A secondary deficit is a reduction in both spontaneous and evoked discharge rate,
suggesting an additional role enabling sustained high rates of exocytosis .

Despite an abundance of immunohistochemical and other candidate analyses, there is no
quantitative or objective data on the protein composition of the ribbon complex. Uthaiah and
Hudspeth recently presented an extensive biochemical analysis of isolated synaptic ribbon
complexes that combined immunoblotting, immunohistochemistry, and LC-MS (liquid
chromatography-mass spectrometry) proteomics to generate a broad array of strong
candidates for function at the ribbon complex 7. We have taken a complementary approach
to identifying the proteins in the ribbon complex, which is to affinity-purify very large
quantities of ribbon complex from adult mouse retinas to generate an objective assessment
of the major proteins in the synaptic ribbon complex by LC-MS/MS. The affinity
purification likely yielded both the ribbon and portions of the presynaptic density, but few of
the associated vesicles. The project was by necessity completed on retina ribbons because
the number of ribbons required for a quantitative mass spectrometry analysis is not
achievable from hair cells, but it is reasonable to assume that the ribbon composition will
apply to the auditory system as well.

Experimental Procedures

Animals

Mice, of various strains, 3 — 52 weeks of age were used. Animal procedures were approved
by the Animal Care Committee of the Massachusetts Eye and Ear Infirmary.

Purification of synaptic ribbon complexes

Mice were anesthetized with pentobarbital (300 mg/Kg). Eyeballs were removed; the retinas
scraped off and kept at —80 °C. Frozen bovine retinas were obtained from PelFreeze
(Arkansas). A total of 30 bovine retinas or 1000 murine retinas were utilized for a set of
immunoprecipitations (IPs). We modified Schmitz et al’s 8 ribbon purification protocol,
avoiding the last steps, namely the 70-20% sucrose step gradient, and the consequent
treatment with 2 M NaCl and high pH. For the mouse retinas we also skipped the preceding
30%-50% sucrose gradient step and reduced the Triton buffer incubation to 5 min in order
to increase our protein yield. The final pellets of the murine and bovine ribbon isolation
were recovered in IP buffer (50mM Tris pH 7.5, 0.5% Triton X100,150 mM NaCl, 10%
Glycerol, 1 mM EGTA, 2 mM MgCl, and 1 mM of PMSF
(phenylmethanesulfonylflouride), and sonicated. The protein yield, amounting to 30 mg of
murine material and 22.5 mg of bovine material, was adjusted to 3 ug/ul. Most importantly,
we introduced an affinity-purification step with anti-CtBP2 monoclonal antibody (Ab),
which recognizes both Ribeye and CtBP2. As a control we used mouse immunoglobulin G

(19G).

Immunoprecipitation and gel separation of ribbon-associated proteins for sequencing

Dynabeads® M-450 Tosylactivated (Invitrogen) were coupled to antibodies according to
manufacturer’s protocol and cross-linked with dimethyl pimelimidate dihydrochloride
(Sigma) for 20 min. Partially purified ribbon fractions (described above) were incubated
with 500 pl beads coupled to Ribeye/CtBP2 Ab or normal IgG at 4°C for 4.5h followed by
washing in IP buffer. Beads were heated at 80°C in Novex® Tris-Glycin SDS sample buffer
(Invitrogen) and the released proteins loaded on NUPAGE 10% Bis-Tris Gel 1.0 mm
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(Invitrogen) and separated electrophoretically. Samples were stained with the Novex®
colloidal blue kit (Invitrogen). The gels were sliced across the horizontal axis of the lanes
into 6 pieces each, the sizes of which varied slightly in accordance of the observed amount
of protein bands in them.

Protein Identification

After destaining, gel sections were reduced, carboxyamidomethylated, and digested with
trypsin in gel. To identify proteins specifically present in the ribbon complex, peptides from
each sample section were subjected to microcapillary reverse-phase HPLC directly coupled
to the nano-electrospray ionization source of a LTQ-Orbitrap Velos hybrid mass
spectrometer (LC/MS/MS). The Orbitrap repetitively surveyed an m/z range from 395 to
1600, while data-dependent MS/MS spectra on the ten most abundant ions in each survey
scan were acquired in the linear ion trap. MS/MS spectra were acquired with relative
collision energy of 30%, 2.5-Da isolation width, and recurring ions dynamically excluded
for 60 s. Preliminary evaluation of peptide-spectrum matches (PSMs) was facilitated using
SEQUEST with a 30 ppm mass tolerance against the mouse or bovine subset of the Uniprot
Knowledgebase. Using a custom version of the Harvard Proteomics Browser Suite (Thermo
Scientific, San Jose CA), PSMs were accepted with mass error <3.0 ppm and score
thresholds to attain an estimated false discovery rate of ~1% using a reverse decoy database
strategy.

Stringent criteria were applied to all proteins in order for them to be considered ribbon
constituents: we required that the protein be present in the CtBP2 pull-down material in
quantities al least 4 times higher than in the 1gG control and be identified by a minimum of
four unique peptides in the CtBP2 immunoprecipitate alone. Protein assignments were
designed to be most parsimonious: 1) no peptide spectrum was assigned to more than one
protein and, 2) when a peptide sequence could be assigned to more than one protein, the
assignment was made to the protein that had accumulated the most peptide spectra. For that
reason we have grouped together proteins with highly related sequences such as CtBP1 and
CtBP2, ERC1 and ERC2 (also called ELKS and CAST), and Bassoon with Piccolo. When
performing the calculations we considered the number of potentially shared peptides to
estimate the average number of unique peptides per protein. Each peptide is given a value of
1if it is not potentially shared with other sequence-related protein isoforms and that value is
assigned to the only protein it could belong to. If a peptide is potentially shared by more
than one protein in a group, the value of 1 is divided by the number of proteins in the group
that could potentially give rise to that peptide upon trypsin digest (see Supplementary Table
1). For example if two isoforms in a group share a peptide each isoform is assigned 0.5
unique peptides, and if there are 3 isoforms sharing a common peptide each isoform is given
a value of 0.33. Upon establishing the potential commonality and respective values for each
peptide, we calculated the total number of unique peptides per protein isoform. As a simple
example if two proteins A and B have been assigned 8 and 2 unique peptides respectively by
the algorithm, and 4 of the peptides assigned to protein A are theoretically observable in
protein B, we recalculate the proteins A and B to have 6 and 4 unique peptides respectively.
Highly related proteins like actins and proteins forming functional protein oligomers such as
the subunits voltage-dependent calcium channel were left in the final list of top likely
specific co-precipitates (even if they had less than 4 unique peptides or low ratios).

Protein Abundance Determination

We have adapted a method described previously for estimation of relative protein
abundance 10, Our sequencing data has provided the number of unique peptides per protein
in both 1gG and CtBP fractions. To calculate the number of observable unique peptides per
protein, protein sequences were digested in silico using the Expasy Peptide Mass tool:
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(http://ca.expasy.org/tools/peptide-mass.html) taking into account the experimental
conditions used: allowing for two missed cleavages, oxidized methionines, treatment with
iodoacetamide, and selecting for molecular weight range of the peptides between 750-4000
Da (comparable with the scan range of the mass spectrometer 700-3500).

The PAI (protein abundance index) is defined as:

N() Y
PAJ=—2bsd
obsbl

where Ngpsg and Ngpspy are the number of unique observed peptides and the number of
unique observable peptides per protein, respectively.

The emPAI (exponentially modified protein abundance index) is defined as:

emPAI=10"A1 — 1

The protein contents in molar fraction percentages are calculated as:

emPAl

——— x 100
> (emPAI) %

Protein content (mol%)=

where and X (emPAl) is the sum of emPAl values for all the proteins selected by us to be
included in the analysis.

Calculation for the number of unique observable peptides selecting for masses ranging 500—
3000 or 500-4000 Da gained similar ratios for the proteins in the mix. Generally the same
holds true if all theoretical peptides were included.

Western blots: performed as described previously 1.

CtBP2 and KIF3A (BD Transduction Lab cat # 612044 and 611508, respectively), Bassoon
(Assays Designs, cat # SAP7F407), Piccolo (Abcam, cat# ab76186), mouse 1gG1lk (Sigma
Aldrich, cat # M9269), ATP Synthase 5A1 (ProteinTech Group, cat # 14676-1-AP),
secondary antibodies (#A11001, A10042 Invitrogen).

Immunolabeling of mouse retinas and purified/immunoprecipitated synaptic ribbons

Murine eyes or post- IP beads were fixed for 10-20 min in 3.7% paraformaldehyde. The
eyes were treated with 30% sucrose/PBS overnight and cryosectioned at 8 um. An overnight
incubation with primary antibodies (diluted 1:200) in 10% normal goat serum was followed
PBS wash and incubation with secondary antibodies (dilution1:500) for 1.5 h.

Results and Discussion

Affinity pull-down yielded large quantities of highly purified ribbons

We began by repeating the differential- and density-gradient centrifugation protocol
developed by Schmitz et al. 89 using cow retinas. Because we observed major losses (99%)
of the Ribeye protein (an alternative transcription product of Ctbp2 considered to be a
signature protein of the ribbon %) we developed an affinity pull-down procedure to reduce
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the loss of material and quantity of impurities (Figures 1 and 2). The efficiency of the IP
procedure suggested it should be possible to obtain purified ribbons at earlier steps in the
purification protocol- fractions 3 or even 2 which left us with about 30-fold more protein
compared with the original procedure using the last (sixth) fraction (Figure 1, right panel).

The purification and immunoprecipitation procedure was scaled up to purify a large quantity
of ribbons for proteomics analysis (1000 mouse retinas or 30 cow retinas, see Experimental
Procedures). Eluates from the control beads contained mostly antibodies; in the non-
reducing conditions used in this experiment they appear as bands of 150 kDa. Eluates from
the CtBP2/Ribeye immunoprecipitates had a number of bands that did not appear in the
control (Figure 3).

Mass spectrometry based proteomics analysis

LC tandem mass spectrometry proteomics analyses were performed on each slice shown in
figure 3 for both the mouse and the bovine retina preparations. Because the bovine proteome
is incomplete, and due to the unquantified time between the cow’s death and retina freezing,
the cow data was used only for corroboration. The description that follows is for the mouse
ribbon proteome.

We identified over 2,500 peptides attributed to over 206 different proteins. Quantification of
the individual protein amounts was accomplished by calculating the exponentially modified
protein abundance index 19, This method is based on a linear relationship between the
logarithm of protein abundance and the protein coverage, the latter calculated as the number
of observed vs. observable unique peptides. The algorithm is useful for estimating the
relative ratios of proteins in a complex sample (see calculation details in Experimental
Procedures section). The amount of material needed (1000 retinas) to generate the large
numbers of unique peptide fragments for quantification made repeated measurements
impractical, limiting our ability to assess the statistical significance of the stoichiometric
findings. We have chosen to focus only on the most robustly identified proteins, so our false
positive rate should be very low, but of course we may have missed many low stoichiometry
proteins.

Of the 206 proteins, 30 were also present in similar quantities in the control 1gG
immunoprecipitates and thus eliminated from further consideration. Another 6 proteins were
eliminated because they were less than four-fold higher in the CtBP2/Ribeye vs. control
immunoprecipitates. Finally, we excluded from our quantitative analysis 102 proteins that
were exclusively present in the CtBP2/Ribeye immunoprecipitates but were represented by
less than 4 unique peptide sequences. A few exceptions were made to this selection process
for quaternary proteins and highly homologous isoforms (see Experimental Procedures).
Because we have used such a conservative selection process, we may have excluded from
quantification some proteins present in small amounts in the ribbon (listed in Table 3), but
chose to emphasize instead the major components for quantification.

We quantified, with emPAl, the remaining 68 proteins, including isoforms, that were
represented by more than 4 unique peptides in CtBP2/Ribeye immunoprecipitates and were
either absent or represented by at least 4-fold fewer unique peptides in the control Of these
68 proteins, 12 are typically found in the nucleus. This is not surprising, for CtBP2 is a
transcriptional co-repressor and despite our efforts to eliminate the nuclear fraction early in
the purification, some contamination remained. We eliminated these 12 as likely candidates
to be in the ribbon, and have treated them separately (Table 2). Many of the remaining 56
proteins were either subunits of a quaternary structure or represented by closely related
isoforms, allowing the dataset to be compressed to describe 30 proteins that were present in
high enough amounts to warrant quantification (Table 1).
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Proteins in the ribbon complex

Of the 30 proteins quantified within the ribbon complex, 10 comprised nearly 4/5 (78.5%) of
the total molar quantity, and thus are considered major constituents. Each major protein
constitutes more than 2% of the total molar protein content. These proteins are: CtBP (30%),
Actin (5.9%), Tubulin (10.9%), heat shock proteins (HSPA1b, 5, 8 and 9) (8.2%), ERC
(ELKS/CAST) (6.2%), ATP Synthase (5.8%), CaM Kinase Il (3%), RAPGEF4 (3.2%),
PGAMS5 (2.8%), and the GABA-A Receptor (2.5%). The ribbon complex (the ribbon core, a
portion of the presynaptic membrane, and any other firmly attached proteins) is for the most
part comprised of protein groups found in conventional synapses (Figure 4).

Many of the ribbon proteins have well-established roles in vesicle handling: CtBP, ERC,
Piccolo, Bassoon, Liprin and RIMBP. They also have well-documented interactions with
one other 12-16_ CtBP isoforms dominate this category. Because the sequence homology of
the B domain of the CtBP isoforms is very high, and because the A domain of Ribeye was
not present in the Uniprot library with which we generated the proteomics analysis, we had
to infer the relative proportions of the CtBP isoforms. This was feasible because Ribeye has
a much higher molecular weight than the other CtBP isoforms, and thus ran in a different
position in the gel, which was consequently analyzed in a separate mass spec run. We
estimate that the Ribeye comprised between one third and one half of the total molar amount
of the CtBP isoforms. Bassoon is known to play a role in tethering the ribbon to the synaptic
complex 5. A number of other known synaptic proteins were identified exclusively in ribbon
immunoprecipitates, but with fewer than 4 unique peptides, so they did not meet the criteria
for quantification. These include Synapsin (1 and 2), Rabphilin 3a, Synaptogyrin3,
Synaptotagminl, Clathrin Heavy Chainl, SNAP25, B-2-Syntropihin, Syntaxin-Binding
Proteinl, and Synaptic Vesicle Glycoprotein 2a (see also Table 3). Our purification
procedure (specifically a tritonization step and subsequent sonication) probably stripped
attached vesicles from the ribbon complex so that vesicle-associated proteins were absent or
under-represented in the mix.

We identified several transmembrane proteins that are most likely associated with the
synaptic membrane contacting the ribbon core. They include Na/K ATPase, GABA A
Receptor, the L-TYPE Calcium Channel, and ATP Synthase. The L-Type Calcium Channel
can bind Piccolo and RIMBP17:18, GABA-A Receptor o and p subunits were present in
equimolar quantities with lesser quantities of the y subunit. The receptor is a pentamer, and
it likely comprises 2 a1 subunits, 2 p (B2 and B3) subunits and a y subunit 1°. ATP Synthase,
once thought of as a mitochondrial enzyme is now known to be present in a variety of other
locations in cells 20, It is unlikely that the ATP Synthase in our ribbon immunoprecipitates is
from mitochondria. First, we only identified the alpha and beta (soluble) subunits while the
mitochondrial ATP Synthase contains as many as 14 subunits both membrane bound and
soluble, located at the inner mitochondrial membrane 2122, Second, we co-precipitated very
few other mitochondrial proteins, further decreasing the possibility of mitochondrial origin
for the ATP synthase. We examined the distribution of ATP Synthase, and CaM Kinase 11
and observed them located proximal to, though not within, the ribbon, while CtBP1 is
located within the ribbon core (Figure 5). GABAA receptors have been localized in the
bipolar cells in the retina along with Gephryn, its binding partner 23-27, The bipolar cells
contain part of the CtBP2/Ribeye protein content in the retina 28, thus probably accounting
for this co-purification. The localization of PGAMDS protein has been found both in the
nucleus and mitochondria 2%-31, raising the possibility that it may have been pulled down as
a nuclear contaminate.

Synapse-specific molecules are held in place and prevented from diffusion by additional
protein interactions with scaffolding molecules, which eventually link them to the
cytoskeleton. Scaffolding molecules we observed include Gephyrin, Catenin, GRIP1,
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CASK, Spectrin, Band 4.1 Protein, and Band 4.1 Like Proteins. Among the functionally
related group of cytoskeletal proteins were Tubulin, Actin, Vimentin, EML5, NEFL, and
Myosin10. CASK is known to anchor transmembrane synaptic proteins like Neurexin and
Rabphilin. Gephyrin binds GABA receptors and links them to Tubulins 2324, Catenins can
bind GRIP1 and also link to the cytoskeleton via their interaction with Actin 32-34, Actin,
Band 4.1 Proteins, Spectrins and Vimentin are known to associate directly 3°-39 and
Vimentin anchors the position of a number of organelles in the cytosol 0. Perhaps along
with the Tubulins it plays a similar role for the ribbon. Vimentin has also been shown to
bind to a SNARE protein SNAP23 41,

The complex interactions, localizations and activities of the proteins are regulated in part by
kinases and phosphatases. Most synaptic constituents have putative phosphorylation sites,
and for many proteins these sites are characterized 4243, We found CaM Kinase I,
RAPGEF4 (EPAC2), PPP2R1A and PGAMS representing 10.6% of the protein, suggesting
tight regulation of the ribbon function. CaM Kinase 11 (Ca-dependent phosphorylation
enzyme) regulates Liprin 44 and appears to be located within the structure of the synaptic
ribbon 7. We observed 3 isoforms (a, B, and 8) of CaM Kinase 11, with equimolar amounts
of a and B and twice as much of the & isoform. EPAC2 is expressed in photoreceptors®?; it is
known to be involved in cAMP mediated vesicle release % and is a binding partner of
Piccolo 17 and Rim #7. Piccolo also binds L-TYPE Ca Channels!’ and an Actin-Binding
Protein 48 providing a possible link between members in the presynaptic complex.
Phosphoglyceraldehyde mutase (PGAMS5) has no mutase activity, but instead serves as a
serine-threonine phosphorylation enzyme 4. The proper folding and chaperoning of these
proteins require some of the many chaperones in the ribbon precipitates: a number of heat
shock proteins are listed in Table 1. In the category “other” we have put the S-Arrestin,
SCRIN1, Glutamine Synthase and TRIM21 proteins. S-Arrestin participates in agonist-
mediated desensitization of G-Protein-Coupled Receptors °0. Glutamine Synthase converts
glutamate to glutamine. It was identified in a previous ribbon proteomics analysis ’.
TRIM21 is a cytosolic 1gG receptor and part of the intracellular antibody-mediated
proteolysis pathway °1. We suspect it is a contamination/component in the anti-CtBP2 Ab
reagent.

Of the 102 proteins that were excluded from the quantitative analysis above, 24 were present
exclusively in the CtBP2/Ribeye immunoprecipitates and had at least 2 unique peptide
fragments. These are listed in Table 3, and include a number of proteins known to be
associated with synaptic vesicles, including Clathrin, NSF, Rabphilin, Synapsin,
Synaptogyrin, and Synaptotagmin.

The synaptic ribbon complex, which consists of the ribbon core and portions of the
presynaptic density is primarily composed of proteins associated with vesicle release at the
cytomatrix active zone of conventional synapses, suggesting that the molecular mechanisms
of vesicle handling and release here may be fundamentally conventional. We have
quantified the relative amounts of many proteins that were previously identified in the
ribbon through smaller scale proteomics analysis or through candidate analyses (i.e.
immunohistochemistry or immunoblotting) 6814 including CtBP isoforms, ERC 1 and 2
(i.e. CAST and ELKS), Bassoon, and Piccolo, CaM Kinase 1, Spectrin, Vimentin, Tubulin,
NA/K ATPase. Uthaiah and Hudspeth recently investigated the composition of presynaptic
proteins isolated by differential and density-gradient centrifugation and affinity-purified
CtBP2-containing complexes /. The set of proteins isolated with anti-CtBP2 antibodies is
partially overlapping with ours. In their work involving CtBP2/Ribeye pull-down they used
chicken cochlea material to precipitate with mouse CtBP2 (or Ribeye B-domain) antibody
and bovine retina to which they applied rabbit polyclonal Ab raised against the chicken
Ribeye’s A domain. We view the study as a complementary to ours in which we used
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murine or bovine retinal material to precipitate with mouse anti CtBP2 (or Ribeye B-
domain) monoclonal Ab. In addition our use of 1gG as a control/nonreactive antibody
allowed us to eliminate some proteins as not being necessarily associated with the ribbon.
Our protocols also varied from those of Uthaiah and Hudspeth in our use of a relatively
harsh sonication step, which we suspect may have broken filamentous structures linking the
vesicles to the ribbon. As a result of that or simply low interaction strength with the ribbon
many exocytosis proteins outlined in their paper were not identified in our analysis,
suggesting they may be present in minor quantities or are primarily associated with vesicles.

Our analysis provides a quantitative assessment of the molecular composition of the
synaptic ribbon complex based on an exponentially modified protein abundance index 0.
More precise measurements of the absolute amount of particular proteins in the mix are
possible, but require knowing the sample’s components of interest and the use of high-cost
corresponding isotope-labeled peptides as internal standards in methods such as AQUA or
QconCAT. We have specified amounts of proteins as molar ratios. Mass ratios for these
proteins will differ depending on the molecular weight, and this becomes very different for
proteins at the extremes of the spectrum. For this particular mix of proteins, a 71 kDa
molecule will have equal molar and mass ratios. Bassoon and Piccolo, at 500 kDa were
present collectively in a relatively small molar quantity (1.45%), but high mass ratio
(10.5%) while PGAMS, with a molecular weight of 32 kDa, had a high molar ratio (2.82%)
but a low mass ratio (1.2%).

The CtBP isoforms, CtBP2 (short), CtBP2 (Ribeye) and CtBP1 together constituted 30% of
the total protein content on a molar basis, though our quantities may be exaggerated by the
fact that these proteins are primary targets for the pull-down. Given that CtBP is primarily in
the ribbon itself and not concentrated in the presynaptic density 6852 it is likely that CtBP
isoforms comprise an even greater percentage of the protein in the ribbon itself,
corroborating Zenisek’s deduction that it could be as high as 2/3 of the protein in the ribbon
proper 3. Quantification of the amounts of the CtBP isoforms in the ribbon is made difficult
by their presence in the nucleus. While we know that Ribeye and CtBP1 are localized in the
ribbon (Figure 5 and 7) it hard to confirm/exclude the presence of CtBP2 with
immunohistochemistry, for CtBP2 is essentially the B-domain of Ribeye. However judged
from our sequencing results where CtBP2 and Ribeye are separated by size in two different
gel slices but give rise to shared B-domain peptides, we conclude that the amount of CtBP2
is as much as 1/3 of CtBP isoforms and about equal to Ribeye. Our purification procedure
begins with cell lysis followed by nuclear fraction separation by differential centrifugation.
Judged from the number of nuclear proteins co-purified with the ribbon, we think some of
CtBP2 is of nuclear origin, but the relatively large quantities of CtBP2 we collected implies
that CtBP2 in the ribbon as well.

The quantitative analysis of relative molar amounts of protein in the ribbon complex allows
us to begin to contemplate the contributions of the major proteins to function. The high
molar ratios of CtBP and ERC isoforms indicate prominent roles in ribbon function. CtBP
protein family members play a critical role in membrane fission at several intracellular
transport steps, including transfer from the Golgi to the epithelial basolateral membrane,
fluid-phase endocytosis, macropinocytosis, and retrograde transport of receptors to the
endoplasmic reticulum 54-56, Polymorphic tubular membrane enclosures operate between
Golgi complex and the basolateral plasma membrane in epithelial cells. They protrude out of
the Golgi complex along microtubules and then detach and migrate to the plasma
membrane /. When CtBP1 is inactivated (by dominant-negative mutants, blocking Abs or
siRNA), these protruding tubules are unable to pinch off the Golgi complex 4. When Golgi
transport is blocked by dominant-negative CtBP1 mutant, the necks of the buds accumulate
the mutant protein 58, Injection of active recombinant CtBP1 leads to rapid formation of
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Golgi vesicles almost bypassing the formation of tubular intermediates. The intimate
involvement of CtBP1 in vesicle fission in the Golgi suggests that CtBP1 may be acting
similarly in the ribbon (see below).

ERC proteins are key to vesicle fusion in other vesicle release systems such as the

pancreas 12, ERC1 binds Bassoon, Piccolo and Rim2 12 ERC1 is involved in intracellular
membrane trafficking %960 and is important for the insulin secretion in the pancreatic B
cells. It is located in the docking site of the insulin granules and the fusion events of the
granules occurs mostly on ERC1 enriched membrane clusters. Overexpression of ERC1
increases exocytosis while knockdown of ERC1 decreases it 61. Some of our knowledge of
ERC proteins also comes from analogous structures and proteins in invertebrates. The
neuromuscular junction in Drosophila possesses a structure called T-bar, which appears to
be an analog of the ribbon 62, It is known to contain an ERC2 homolog called Bruchpilot,
large deletions in which lead to the disintegration of the T-bar 8265, With smaller deletions
the T-bar has normal size but is devoid of filament-tethered vesicles 6. These analogies
become all the more significant considering that ERC proteins constitute over 6% of the
ribbon. A functional link between vesicular proteins and the cytoskeleton can be found in
the recently described filaments linking vesicles into discrete clusters at the presynaptic zone
of brain neurons. The molecular composition of these filaments is still being investigated.
ERC2 immunoreactivity, as well as that of Bassoon is associated with the filaments adjacent
to the membrane 6768, Bassoon, Piccolo, ERC and Bruchpilot proteins contain contiguous
coiled-coil sequences 83:6%-71 reminiscent of tethering factors in Golgi and endoplasmic
reticulum 72 The coils typically form rod-like structures, believed to establish contacts
between membranes at a distance, thereby increasing the specificity or efficiency of the
initial attachment/tethering of vesicles 72. The presence of high proportion of Tubulins and
Actins (together contributing close to 17%) suggests a role in vesicle movement, though we
do not know how closely they are associated with the ribbon itself.

Our finding of a significant quantity of enzymes (both phosphorylation and metabolic) and
chaperone (heat shock) proteins indicates dynamic control of the ribbon. CaM Kinase Il
performs calcium-dependent phosphorylation to alter protein function while PGAMS is a
serine/threonine phosphatase that dephosphorylates proteins. Phosphorylation enzymes
might regulate the availability of vesicles based on changes in intracellular calcium. Because
the ribbon is intimately associated with calcium channels that control vesicle release, it is
reasonable to suggest that CaM Kinase is activated under conditions that evoke vesicle
release or depletion, and then perhaps plays a role in refilling the vesicle docking sites on the
ribbon.

Conclusions

Based on our findings of the ribbon composition and known functions of ribbon complex
proteins in other systems, we suggest that the synaptic ribbon may function to create,
organize, release, and perhaps standardize the size of vesicles at the synaptic ribbon. CtBP
may initiate vesicle fission to create vesicles near the ribbon from tubulo-vesicular structures
endocytosed around the ribbon. In Bassoon knockout mice 8, the ribbon detaches from the
synapse, leaving endocytic membrane retrieval normal, but an accumulation of tubular and
cisternal membrane structures occurs at the presynaptic densities. Many membranous
structures are also accumulated around the floating ribbons and they have vesicle-like
appearance when located very close to the ribbon, and cisternal appearance when located
away from the ribbon. These membrane structures are similar to those observed at synapses
following strong stimulation 7374, So perhaps CtBP proteins, via fission, parse these
endocytic structures into new synaptic vesicles, which then remain associated with the
ribbon and repopulate the readily-releasable pool. Additional support for this hypothesis
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comes from electron tomography on frog hair cells to recreate the fine structure the ribbon
synapses ’4. Prolonged maximal excitation of the synapse depleted 70% of the vesicles in its
close vicinity, and led to the appearance of intracellular cisterns and membrane
invaginations accounting for the most part of vesicular membrane loss. The authors
conclude that formation of new synaptic vesicles from the observed cisterns and membrane
invaginations is the rate-limiting step in the vesicle recycling, suggesting that even when
functioning normally, the ribbon may not always be able to keep up with abnormally high
rates of transmitter release and endocytosis.

Once vesicles are created, vesicle-handling proteins such as the ERC1 and ERC2, Bassoon,
and Piccolo may organize them around the ribbon. Cytoskeletal proteins like Actin and
Tubulin may organize the structure or participate in moving the vesicles about the surface of
the ribbon. The presence of a large quantity of phosphorylation proteins may indicate a
relatively active process, changing it performance characteristics with varying demand. In
summary, proteomics analysis of the ribbon complex suggests this structure is a highly
organized and concentrated cluster of proteins dealing with vesicle creation, retention and
distribution and consequent exocytosis (this idea is illustrated in Figure 6). The relatively
high quantities of CTBP and ERC isoforms suggest a significant role for those proteins in
the ribbon function. Given observations in other systems that these proteins play roles in
vesicle fission and handling, we hypothesize a similar function for these proteins in the
synaptic ribbon.
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Figure 1.

Left panel: Loss of Ribeye during the purification scheme used for ribbon isolation
based on the protocol developed originally by Schmitz. Western blots were used to separate
Ribeye from CtBP2 (short) allowing calculation of the ramaining amount of Ribeye, based
on sample volume, intensity of Ribeye’s Western blot signal, and percent loaded material for
each sample. CtBP2 Ab detects both CtBP2 and Ribeye running at 50 and 120 kDa
respectively. With each additional purification step, the Ribeye signal became more
pronounced relative to the CtBP2 isoform.

Right panel: Immunoprecipitation with CtBP2/Ribeye or control IgG antibody on
fractions 3 (S3) and 2 (S2) from the ribbon purification. The control 1IgG Ab has little
background binding of CtBP2. The CtBP2 pull-down lanes have a very strong band around
50 kDa corresponding to the CtBP2 (short) isoform and a weakly stained, longer form
running at 120 kDa and corresponding to the Ribeye isoform. The high molecular weight
band above might represent multimers of the CtBP2 isoforms for it appears specifically in
the CtBP2/Ribeye IP lanes only.
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Figure 2. Affinity purified ribbons attached to magnetic beads

Antibodies for proteins known to be in the ribbon were coupled to magnetic beads. The
results were optimized by visualizing the precipitated ribbons with immunolabeling for
CtBP2/Ribeye. Ribbons could be pulled down with antibodies for CtBP2 (corresponding to
the B domain of Ribeye isoform), KIF3A, and Piccolo. The quantity of ribbons pulled down
with CtBP2/Ribeye was not increased by adding antibodies to other ribbon proteins such as
Piccolo and/or KIF3A (A, C, E). As a control for nonspecific binding, we used mouse 1gG
(B, D and F). The beads exhibit a degree of autofluorescence. The bright dots (indicated by
arrows) in A, C, and E are partially broken ribbons. Due to the spherical structure of the
beads, only the periphery is in focus at these pictures. In reality the entire bead is covered
with ribbons. Scale bar (in B) 10 pum.
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Figure 3. Coomassie Blue staining of the affinity purified ribbons using CtBP2 antibody and
control 1gG

The 150 kDa non-reduced Ab molecule is indicated with an asterisk. A small fraction is also
broken down to heavy and light chains —50 and 25 kDa respectively. The more abundant
additional bands are clearly visible in the CtPB2 IP lanes, although the scanned image does
not depict less abundant proteins segregating into faintly stained bands. The horizontal lines
indicate the cutting sites when slicing the gel into discrete portions for sequencing.
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Figure 4.
Schematic representation of protein groups’ molar quantities.
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Merged

Figure 5. IHC staining for ATP Synthase, CtBP1 and CaM Kinase 11 in relation to CtBP2 on
adult mouse retina

Panels A, Al and A2 show an overview of the retinal staining, while panels (B, B1, B2, C,
C1 and C2) show medium magnification of the inner and outer plexiform layers. Panels EG,
E1-G1 and E2-G2 display high magnification the spatial relation between CtBP2 in green
and ATP Synthase CtBP1 and CaM Kinase respectively in red at the outer plexiform layer.
Note that even when the two proteins are not colocalized they are juxtaposed. Scale bar in
A, Al and A2 is 50 um, scale in C, C1 and C2in 10 ym and in E, E1 and E2 is 5 pum.
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Tubulin
CtBP2/Ribeye Endocytosed

CtBP1 membrane

Piccolo

ATP
Synthase

Catenin

Figure 6. Synaptic ribbon composition and function. We have depicted the ribbon based in large
part on known interactions and localizations of its protein constituents.<

br>Binding of Liprin and ERC1 and Erc216, Liprin and Cam Klnase 1144, Ribeye and
Bassoon!3, CtBP1 and Bassoon!3, ERC1 and Piccolo!®, ERC1 and Bassoonl® have been
described. Piccolo binds Actin-Binding Proteinl, which in turn binds Actin, while actin also
binds Catenin33:48, We have placed ATP Synthase and PGAM5 speculatively in our
proposed model. The right hand portion of the figure illustrates the hypothesis that CtBP
isoforms create vesicles by fission of endocytosed membranous cisterns.
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Table 2
Nuclear proteins co-purified with CtBP2 Ab

The names of the nuclear proteins, which passed our threshold criteria, are listed in the 1t (Uniprot
abbreviation) and 2" columns. In the 3 and 4™ columns are shown the number of unique peptides in the
CtBP2 and IgG precipitates respectively. Column 5 shows overlap between mouse and cow data. The exact
matches for mouse proteins present in our bovine list of co-precipitates are indicated with two dots, while
those represented by close protein homologues are indicated with one dot. Only a few proteins were absent in
the bovine data set (no dots).

#uniq. pept. in # uniqg. pept. in

Uniprot name Protein CtPB2 IP 1gG IP Bovine Overlap
AOF2 Lysine-Specific Histone Demethylase 9 0

DDX5 RNA Helicase DDX5 8 0 oo
HIST1H1C Histone H1.2 4 0 oo
HIST1H2BF Histone H2B type 5 1 .
HNRNPM Heterogeneous Nuclear Ribonucleoprotein M 5 0 oe
LMNB1 Lamin-B1 16 1 oo
MYEF2 Myelin Expression Factor 2 0

PABPC1 Polyadenylate-Binding Protein 1 5 1 .
RBM14 RNA- Binding Protein 14 16 1 oe
RBM9 RNA- Binding Protein 9 4 0 .
SCAI Suppressor of Cancer cell Invasion Protein 10 0 oo
C200RF112 HOMOLOG  Similar to Nucleolar Protein 4 Isoform 1 9 0 o
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Table 3
Minor co-purified proteins (including nuclear)

Cytoplasmic and nuclear proteins, that did not pass our threshold criteria, are listed in the 15t (Uniprot
abbreviation) and 2" columns. In the 3 and 4t columns show the number of unique peptides in the CtBP2
and IgG precipitates respectively. Column 5 shows overlap between mouse and cow data. The exact matches
for mouse proteins present in our bovine list of co-precipitates are indicated with two dots, while those
represented by close protein homologues are indicated with one dot. Only a few proteins were absent in the
bovine data set (no dots).

# uniq. pept. in CtPB2
IP

Uniprot name  Protein # unig. pept. in IgG IP  Bovine Overlap

ACAD9 Acyl-CoA Dehydrogenase Family Member 9 2 0 .
CLTC Clathrin Heavy Chain 1 2 oo
DPYSL2 Dihydropyrimidinase-Related Protein 2 3 0 v
GNB1 Guanine Nucleotide-Binding Protein Subunit -1 2 0 oo
HTRAL Serine Protease HTRAL 3 0

IMMT Mitochondrial Inner Membrane Protein 2 0 o
INA Alpha-Internexin 2 0 oo
MYO6 Myosin-VI 2 0 oo
NLGN2 Neuroligin-2 2 0 oo
NSF Vesicle-Fusing ATPase 2 0 oo
RPH3A Rabphilin-3A 3 0 v
RPLPO 60S Acidic Ribosomal Protein PO 2 0 o
RPSA 40S Ribosomal Protein SA 2 0 .
SYN1 Synapsin-1 3 0 oo
SYN2 Synapsin-2 2 0 .
SYNGR3 Synaptogyrin-3 2 0 oo
SYT1 Synaptotagmin-1 2 0 .
TRAPPC9 Trafficking Protein Particle Complex subunit 9 2 0

— NUCLEAR PROTEINS —

DDX17 Probable ATP-dependent RNA Helicase DDX17 2 0 .
EIF4A3 Eukaryotic Initiation Factor 4A-111 3 0

FMR1 Fragile X Mental Retardation Protein 1 homolog 2 0 .
HDAC2 Histone Deacetylase 2 2 0

PURB Transcriptional Activator Protein Pur- 3 0 .
ZNF516 Zinc Finger Protein 516 2 0
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