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Non-stoichiometric Relationship between
Clathrin Heavy and Light Chains Revealed by
Quantitative Comparative Proteomics of
Clathrin-coated Vesicles from Brain and Liver*□
S

Martine Girard‡, Patrick D. Allaire, Peter S. McPherson§, and Francois Blondeau¶

Vesicle budding and trafficking via clathrin-coated pits
(CCPs)1 and vesicles (CCVs) provides a major route by which
proteins are transported out of the trans-Golgi network (TGN)
and by which receptors, transporters, and nutrients are endocytosed at the plasma membrane (1–3). Many clathrin-dependent trafficking events mediate cargo transport that is
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needed in all cell types. These “housekeeping” forms of clathrin trafficking include the turnover of plasma membrane proteins and lipids, endocytic uptake of nutrients such as ironsaturated transferrin and low density lipoproteins, and
endocytosis of a diverse range of activated growth factor
receptors (1–3). Moreover all cells have housekeeping trafficking at the TGN. An important example is the delivery of
mannose 6-phosphate-tagged lysosomal hydrolases from the
TGN to endosomes/lysosomes via the mannose 6-phosphate
receptor (MPR) (4).
In addition to these housekeeping activities of CCVs, some
tissues have specialized trafficking needs. For example, in
secretory cells, clathrin coats are involved in the formation of
secretory granules at the TGN (5), and polarized cells utilize
CCVs for the trafficking of certain receptors from the TGN to
the basolateral membrane necessary for the maintenance of
polarity (2). At the plasma membrane, intestinal epithelial cells
in rat or placental cells in humans use CCVs for the uptake of
maternal immunoglobulins, a necessary aspect of maternal
derived immunity (6). A striking example of specialized CCV
function is seen in neurons, which communicate by releasing
neurotransmitters through fusion of synaptic vesicles with the
plasma membrane following transient increases in Ca2⫹ concentration (7). These vesicles are then retrieved through CCVs
(8 –10). Thus, neurons need CCVs not only for housekeeping
forms of clathrin-mediated endocytosis but also to retrieve
synaptic vesicle membranes. It has been unclear whether or
not the mechanisms mediating these two related but distinct
events taking place at the plasma membrane could be distinguished. Moreover the relative amount of brain CCVs specialized for synaptic function has never been assessed.
The presence of clathrin adaptor proteins (APs) can provide
one level of discrimination of vesicle type as CCVs arising
from the TGN contain AP-1 and CCVs derived from the
plasma membrane contain AP-2. AP-1 and AP-2 are heterotetramers composed of four subunits each, namely ␥-, ␤1-,
1-, and 1-adaptin for AP-1 and ␣-, ␤2-, 2-, and 2-adaptin
for AP-2 (11). Two genes code for ␣-adaptin giving rise to ␣A
and ␣C variants with an alternative brain-specific splice form
for ␣〈 (12). AP-1 and AP-2 provide a link between membranes and clathrin, the major component of CCVs (13). In
addition, AP-2 stimulates clathrin assembly, whereas this as-
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We used tandem mass spectrometry with peptide counts
to identify and to determine the relative levels of expression of abundant protein components of highly enriched
clathrin-coated vesicles (CCVs) from rat liver. The stoichiometry of stable protein complexes including clathrin
heavy chain and clathrin light chain dimers and adaptor
protein (AP) heterotetramers was assessed. We detected
a deficit of clathrin light chain compared with clathrin
heavy chain in non-brain tissues, suggesting a level of
regulation of clathrin cage formation specific to brain. The
high ratio of AP-1 to AP-2 in liver CCVs is reversed compared with brain where there is more AP-2 than AP-1.
Despite this, general endocytic cargo proteins were
readily detected in liver but not in brain CCVs, consistent
with the previous demonstration that a major function for
brain CCVs is recycling synaptic vesicles. Finally we identified 21 CCV-associated proteins in liver not yet characterized in mammals. Our results further validate the peptide accounting approach, reveal new information on the
properties of CCVs, and allow for the use of quantitative
proteomics to compare abundant components of organelles under different experimental and pathological
conditions. Molecular & Cellular Proteomics 4:
1145–1154, 2005.

Proteomics of Clathrin-coated Vesicles

EXPERIMENTAL PROCEDURES

Antibodies—Monoclonal antibodies for CHC, AP-1 (␥-adaptin), and
AP-2 (␣-adaptin) were from BD Biosciences. Monoclonal antibody
CON.1, which recognizes CLCa and CLCb, was from Santa Cruz
Biotechnology. Monoclonal antibody X16 against CLCa (20) was a
generous gift of Dr. Frances Brodsky.
Preparation and Analysis of Liver CCVs—Liver CCVs were isolated
using procedures described previously (21, 22) from adult rats that
had been starved overnight. Suspensions of liver CCVs were deposited on 0.22-m nitrocellulose filters to ensure random sampling (23)
and were then processed for electron microscopy (EM) using an
osmium tetroxide and tannic acid double fixation procedure (24). The
purity of liver CCVs was assessed by counting the number of coated
vesicles and contaminants in pictures taken from randomly selected
fields from six independent preparations.
Liver CCV proteins were separated by SDS-PAGE, and each lane
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was cut into 66 slices (Supplemental Fig. 1). Each slice was individually processed for tandem MS as described previously (18). Spectra
were analyzed by MASCOT software to identify tryptic peptide sequences matched to the National Center for Biotechnology Information (NCBI) non-redundant protein database with a confidence level of
95% or greater (25). Specific and shared peptides with an equal or
greater score than the identity score were kept and recorded for each
band. Peptides from the entire lane were then grouped based on their
GI number and thus defined as specific peptides for their cognate
protein. To add another level of confidence, only proteins found in two
of three preparations and with five or more peptides were retained (26).
Other Subcellular Fractionation Procedures—CCVs were isolated
from adult rat brains as described previously (15, 22). For specific
experiments, CCVs were isolated from the livers of starved adult rats
using the same protocol. For analysis on velocity gradients, ⬃1 mg of
liver or brain CCVs isolated using this protocol was layered on linear
20 –50% sucrose gradients prepared in buffer A (100 mM MES, pH
6.5, 1 mM EGTA, 0.5 mM MgCl2) and centrifuged in a Sorvall AH629
rotor at 145,000 ⫻ g for 1.5 h. The gradients were fractionated from
the bottom, and proteins from equal volume aliquots of each fraction
were analyzed by SDS-PAGE and Western blot. To prepare P2 microsomes, various tissues and cell lines were homogenized in buffer
A as described previously (22). The samples were centrifuged at
17,000 ⫻ g for 20 min, and the supernatant was further centrifuged at
56,000 ⫻ g for 1 h. Variable amounts of protein from the resulting
microsomal (P2) fractions from each tissue were analyzed by SDSPAGE and Western blot to generate an equivalent signal for the CHC.
The supernatant (cytosolic fraction, S2) was also analyzed by Western
blot. In other cases, microsomal fractions were prepared from 1 g
each of two different tissues mixed together prior to homogenization or
from 2 g of a single tissue. For these samples, gels were loaded with 100
g of microsomes prepared from a single tissue and 200 g of mixed
tissues to account for the dilution of the tissues when mixed together.
RESULTS

Isolation of CCVs—CCVs were isolated from the livers of
starved, adult rats using a well establish protocol (21, 22).
Enrichment for protein bands corresponding to the molecular
masses of CHC, CLCs, and the ␣-, ␤-, ␥- and -adaptin
subunits of the AP-1 and AP-2 complexes was observed in
the consecutive fractions of the CCV preparation (Fig. 1A).
The enrichment of CHC, CLCs, and ␥-adaptin was demonstrated by Western blot (Fig. 1B). Transmission EM on the
most highly enriched CCV preparation (P5, Fig. 1A) using
filtration methods to ensure a random sampling of the material
(22, 23) revealed the presence of CCVs recognizable based
on their basket-like shape (Fig. 1C). Uncoated and partially
coated vesicles heterogeneous in shape and size were also
seen. Quantitation of the number of CCVs compared with
various contaminants in 95 randomly selected fields from six
independent preparations demonstrated that the CCVs were
89.3% pure (see Fig. 1C for a typical view of a randomly
sampled EM field).
Protein Identification by Tandem MS—The proteins from
three independent CCV preparations were separated on
5–16% gradient SDS-PAGE gels and cut into 66 even, horizontal slices (Supplemental Fig. 1). Each slice was processed
for trypsin in-gel digest followed by LC Q-TOF MS/MS. To
minimize the number of false positives, only proteins in which
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sembly activity is significantly reduced for AP-1 (14). The
reduced clathrin assembly activity of AP-1 at the TGN may be
taken up by other proteins such as enthoprotin (15). Clathrin
itself is composed of heterodimers of clathrin heavy chain
(CHC) and one of two clathrin light chains (CLCs), CLCa and
CLCb. CHC/CLC dimers form a structure referred to as a
triskelia that has been shown in CCVs derived from brain to be
composed of three CHCs and three CLCs (16, 17). The 1:1
stoichiometry of CHC to CLC in brain CCVs has been confirmed by quantitative proteomics (18). This notion regarding
the structure of clathrin triskelia has been extended to all
tissues without further testing and has gradually become
dogmatic.
To better understand the structure and function of CCVs,
we have taken advantage of an approach that we recently
developed to determine the relative levels of proteins within
complex mixtures using tandem MS (18). The approach works
on the principle that the more abundant a protein is, the more
peptides it will generate upon trypsin digest. These peptides
will be sampled more often in the mass spectrometer, thus
giving more spectra. Of course this will depend on the length
of the protein as longer proteins will generate more peptides
and also on the amino acid composition of the protein as
certain peptides will be more readily resolved and detected
than others. Regardless, differences in peptide numbers between proteins within a sample should provide a reflection of
their relative ratios. Indeed we have been able to demonstrate
the molar ratios of abundant components of CCVs from rat
brain (18). The approach was independently demonstrated by
Liu et al. (19) who spiked complex protein mixtures with
known concentrations of test proteins. They determined that
changes in the number of MS/MS spectra identified for a
given protein correlated directly to changes in its concentration over several orders of magnitude (19). In this study, we
performed a proteomic analysis of highly purified CCVs from
rat liver. Application of the peptide accounting approach,
when compared with a similar analysis on brain CCVs, allowed us to reveal new information regarding the machinery
for CCV formation.

Proteomics of Clathrin-coated Vesicles

MS/MS spectra (identified with a 95% or greater confidence,
see “Experimental Procedures”) were found in at least two of
the three replicates with at least five peptides in total were
retained. All identified proteins were searched against each
other by BLAST to ensure that all redundant identifications
were collapsed into a single entry. Because of the high degree
of homology between different tubulin isoforms, all tubulins
were placed into one of two groups, tubulin ␣ and ␤. With
these criteria, we reproducibly identified 346 proteins in the
liver CCV preparations including 21 novel proteins (Table I and
supplemental table). As expected, all known CCV coat proteins were identified with multiple peptides (supplemental table). Interestingly the total number of peptides for CHC and
CLCs and the sum of the total number of peptides for the
subunits of AP-1 and AP-2 from liver (Fig. 1D, right) showed a
distinct pattern from that seen in brain (Fig. 1D, left). Specifically for a comparable portion of CHC, the level of CLCs was
reduced in liver compared with brain (Fig. 1D). Also the ratio of
AP-1 to AP-2 was distinct in the two tissues with a high AP-1
to AP-2 ratio in liver and a much lower ratio in brain (Fig. 1D).
Ratio of CHC to CLC—When adjusted for protein size,
peptide counts provide a very good measure of the relative
abundance of proteins in complex mixtures (18). When applied to CHC and the total amount of both CLCa and CLCb,
the peptide:mass ratio revealed that there are fewer CLCs
than CHC in liver CCVs (3.13 peptides/kDa for CHC and 0.65
peptides/kDa for CLCs; Fig. 2A). This is surprising because it

is generally thought that CHC and CLCs form as stable heterodimers leading to a 1:1 ratio in all tissues, and peptide
accounting on brain CCVs did indeed reveal a 1:1 molar ratio
for the proteins (Fig. 2A) (18). Consistent with peptide counts,
Western blot analysis with a pan-CLC antibody showed that
for a comparable CHC signal there is less signal for CLCs in
CCVs from liver than CCVs from brain (Fig. 2B). CLCs from
brain possess additional exons making them migrate more
slowly on SDS-PAGE gels (27, 28). However, the CLC antibody recognizes an epitope that is conserved between the
different splice forms of both CLCa and CLCb that are found
in different tissues. Moreover because we apportioned the
number of peptides to the size of the protein, differences in
size would not affect the comparison between CHC and CLCs
by peptide counts.
The protocol used to isolate liver CCVs for MS analysis,
based on that of Pilch et al. (21), was different from that used
for isolation of CCVs from brain, which was based on the
protocol of Maycox et al. (29). This was due to the fact that the
later protocol yielded CCVs that were ⬃50% pure when applied to liver tissue (data not shown). However, the deficit in
the ratio of CLCs to CHC determined by Western blot in liver
CCVs compared with brain CCVs was comparable when the
CCVs were prepared in parallel using the Maycox et al. (29)
protocol for each tissue (Fig. 3 and data not shown). Thus, the
change in the ratio of CHC to CLCs was not due to different
isolation procedures.
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FIG. 1. Isolation and characterization of liver CCVs. A, Coomassie blue staining of proteins separated by SDS-PAGE from each step of
the enrichment protocol for CCVs. Aliquots of 40 g of protein were loaded on each lane. H, homogenate; P, pellet; S, supernatant. The
predicted migratory positions of CHC, CLCs, and ␣-, ␤-, ␥- and -adaptins are indicated. B, protein fractions from each step of the enrichment
protocol for CCVs were processed for Western blot with CHC, CLC, and ␥-adaptin (AP-1) antibodies. C, CCV fractions were evaluated by
random sampling EM. A representative field is shown and reveals examples of coated, uncoated, and partially coated CCVs. Bar, 200 nm. D,
pie chart representation of the proteomic results showing total number of peptides for all three preparations of liver CCVs and previously
analyzed brain CCVs (18) for CHC, CLCs, and all of the subunits of the AP-1 and AP-2 complexes.

Proteomics of Clathrin-coated Vesicles

TABLE I
Novel proteins found in liver CCVs
NECAP 1, enthoprotin, and FENS-1 are in bold to indicate their previous identification as novel proteins in the proteome of brain CCVs (15).
ARF, ADP-ribosylation factor.
Protein name

Mass

Total
peptides

NCBI GI nos.

Da

1
2
3
4
5

15
16
17
18
19
20
21

37,228
68,273
112,066
60,993

8
319
7
12

37945074
7661968
31542027
16877810

27229051
13278582
13449265
26326645

46,194

5

27679620

27532965

306,705
73,235
116,963
226,839
316,133
47,904
24,209
55,631
112,455

59
6
8
16
6
5
17
15
6

27721389
7662028
1136426
27478091
27666086
18482373
3005742
21703842
27673609

60,888
126,096

16
28

65,888
42,946
39,229
74,478
89,095

We next examined the relative ratio of CHC to CLCs in
microsomal preparations. This allowed us to compare multiple tissues and to minimize sample handling times to reduce
any potential influence of tissue-specific proteolysis of CLCs.
For a comparable signal of CHC, normalized to that found in
the brain, each tissue examined exhibited a deficit of CLCs
compared with brain (Fig. 2C). Moreover for a comparable
signal of CHC, CLCs were variably less abundant in five
separate cell lines with the ratio in COS-7 cells closest to that
seen in the brain (Fig. 2D). A deficit in CLCs relative to CHC
was also seen in crude lysates prepared from the cell lines
compared with crude brain homogenate (Supplemental Fig.
2). To further rule out a potential influence of proteolysis, we
performed Western blots with monoclonal antibody X16,
which is specific to CLCa but is strong on Western blot and is
thus capable of detecting CLCa fragments. Even on long
exposures, no lower molecular weight fragments were seen in
microsomes prepared from multiple tissues with the exception of those from kidney, which demonstrated extensive proteolysis (Supplemental Fig. 3). Interestingly proteolysis of
CLCa was also seen in liver and brain when those tissues
were mixed with kidney tissue prior to preparation of microsomes but was not observed upon mixing liver and brain with
any other tissues (Supplemental Fig. 3). Thus, the seeming
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27713302
20345123
24980923
31559920

15079260
21751443

26006105

10435296

13477255

26006199
26352305
3005744
26348058

28546047
31542095
8922114

26328693
26339180
16307515

26350527
28524994

7243268
12857585
6841456
20072091

19484187
12857927
7657015
27722283

30795186
18490304
7688673
28477301

20531765
21703842
28916673

10181214
28479540

7212811

7657056

10181214

20302075

18

27690422

34875258

21
7
5
5

21703762
27717621
12018298
29293817

23397429

27702767

3152660

12751096

2137564
26327751

18676680
26338430

20482397
31542488

lack of CLCs in kidney microsomes (Fig. 2C) appears to result
from proteolysis, although proteolysis appears unlikely to account for the reduction of CLCs seen in other non-brain
tissues. Our results support the notion that CLCs and CHC
are not obligate heterodimers in liver and other non-brain
tissues.
It is possible that the deficit in CLCs relative to CHC in liver
CCVs occurs specifically on a single population of CCVs, that
is, AP-1-positive CCVs from TGN/endosomes or AP-2-positive CCVs from the plasma membrane. Alternatively the deficit
may be seen on both CCV populations. To examine this issue,
we isolated liver and brain CCVs and subjected them to
sedimentation on linear sucrose velocity gradients. In liver,
AP-2 (␣-adaptin)-containing CCVs peak one fraction closer to
the bottom of the gradient than AP-1 (␥-adaptin)-containing
CCVs, suggesting that, in this tissue, AP-2-positive CCVs are
slightly larger (Fig. 3). CHC and CLCs appear to co-distribute
throughout the gradient, suggesting that the ratio of the two
proteins is equivalent at both the AP-1 and AP-2 vesicle peaks
(Fig. 3). Thus, there does not appear to be a selective enrichment of CHC relative to CLCs on a specific population of
CCVs. Notably the clathrin proteins peak with the AP-1-positive CCVs, which represent the major population of CCVs in
liver (see below). In brain, AP-1-positive CCVs migrate deeper
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6
7
8
9
10
11
12
13
14

NECAP 1
Enthoprotin; epsin 4
RIKEN cDNA 6030446I19 gene
RIKEN cDNA 5730596K20, homology to ARF-like
6-interacting protein 2
Similar to hypothetical protein MGC12103 (Homo
sapiens)
Similar to hypothetical protein KIAA0678 (RME-8)
KIAA0255 gene product
KIAA0183
Similar to KIAA1414 protein
Similar to mKIAA0219 protein
FENS-1
Unknown (H. sapiens)
Hypothetical protein D10Wsu52e
Similar to protein transport protein Sec24C
(SEC24-related protein C)
EH domain-containing 4
Similar to Vault poly(ADP-ribose) polymerase
(VPARP)
Similar to ATP-binding cassette, subfamily A
(ABC1), member 6
Dendritic cell protein GA17
Similar to deleted in polyposis 1-like 1
Macrophage expressed gene 1
Vacuole 14 protein; Vac14 protein; hydin

Proteomics of Clathrin-coated Vesicles

into the gradients than AP-2-positive CCVs (Fig. 3, note that
the AP-2 blot was deliberately underexposed to emphasize
the distribution of the protein on the gradient). CHC and CLCs
co-migrate on the gradient as expected given that the ratio of
the proteins is 1:1 in brain (Fig. 3).
Ratio of AP-1 to AP-2—AP-2 is a marker of plasma membrane-derived CCVs and in brain was found in a 5:1 molar
excess to the TGN/endosome adaptor AP-1 (18). In contrast,
by averaging the subunit counts for each adaptor complex as
was done for brain (18), we demonstrated an overall 2:1
excess of AP-1 to AP-2 in liver CCVs (Fig. 4A). This inversion
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FIG. 2. Ratio of CHC to CLCs. A, the total number of peptides
found in each preparation of liver and brain CCVs for CHC, CLCa, and
CLCb was divided by the calculated mass of each protein (in kilodaltons) giving a peptide:mass ratio. The bars and error bars represent
the mean and S.E. between the three preparations for each tissue. B,
aliquots of liver and brain CCVs (20 g for each) were processed for
Western blot with antibodies against CHC and CLCs. C, crude microsomal fractions were prepared from different tissues and processed for Western blot with antibodies against CHC and CLCs.
Variable amounts of protein were loaded to obtain an equal signal for
the CHC. D, crude microsomal fractions were prepared from different
cell lines and processed for Western blot with antibodies against CHC
and CLCs. Variable amounts of protein from each cell line were
loaded to obtain an equal signal for the CHC. Different concentrations
of brain microsomes were loaded as indicated. HEK, human embryonic kidney.

of the AP-1 to AP-2 ratio was due to both an increase in the
relative amount of AP-1 and a decrease in the relative amount
of AP-2 in liver compared with brain (Fig. 4A). Interestingly the
decrease in AP-2 in liver appears to be accounted for primarily
by a decrease in the ␣A isoform, whereas the ␣C isoform is
present in liver and brain at comparable levels (Fig. 4B). The
ratio of total AP complexes to total CHC from liver is the same
as in brain; namely CCVs from both tissues exhibit the same
deficit of APs to CHC (Fig. 4A).
The observations on the ratios of the AP complexes between CCVs from brain and liver determined by peptide
counts were supported by Western blot. Indeed the ␥-adaptin
signal was stronger for CCVs from liver than for CCVs from
brain, whereas an ␣-adaptin antibody specific for the ␣A
isoform revealed the opposite pattern (Fig. 4A, inset). ␣A from
brain and muscle contains an additional 21-amino acid insert
that is responsible for the apparent size change of ␣A between brain and liver (12), although the epitope for the antibody is conserved between the splice variants. A stronger
signal for AP-1 ␥-adaptin in liver than brain relative to a
comparable amount of CHC was also seen when CCVs were
generated from the two tissues using the same protocol (Fig.
3). The seeming decrease in AP-2 ␣-adaptin in brain relative to
liver CCVs in Fig. 3 was due to the low exposure of the blot,
and in fact when the ␣-adaptin blots from the two tissue
samples were exposed for the same time, the AP-2 signal was
stronger in the brain than in the liver samples (data not
shown). The bias toward AP-1-positive CCVs in liver is also in
agreement with the detection of a larger amount of TGN cargo
such as the cation-independent and cation-dependent MPRs
in liver than in brain CCVs (Fig. 4C).
Determination of the Percentage of CCVs in Brain Specialized for Synaptic Vesicle Recycling—The relative ratio of
CCVs between the TGN/endosome and the plasma membrane that is used for generalized housekeeping forms of
membrane trafficking should be similar in most tissues. We
thus calculated the number of AP-2-positive CCVs in brain
that would come from non-specialized forms of CCV traffic
based on the ratio between AP-1 and AP-2 found in liver. In
liver, AP-1- and AP-2-positive CCVs represented 65.4 and
34.6%, respectively, of the total number of CCVs (Fig. 5). This
is equivalent to an AP-1:AP-2 ratio of 1.9:1. In brain, AP-1positive CCVs represented 16.9% of the total leaving 83.1%
accounted for by AP-2-positive CCVs. If the 1.9:1 ratio of
AP-1:AP-2 is applied to brain, one would expect that 8.9%
(16.9 divided by 1.9) of AP-2-positive CCVs in brain are involved in general endocytic housekeeping functions common
to all tissues. The remaining 74.2% (83.1 minus 8.9) is thus
anticipated to have a specialized function (Fig. 5). Comparing
the CCVs that are derived from the plasma membrane (8.9%
housekeeping and 74.2% specialized), we can calculate that
89% of the AP-2-positive CCVs are specialized for neuronspecific functions, most likely synaptic vesicle recycling.
Proteins Found and Novel Proteins—In total, 346 proteins

Proteomics of Clathrin-coated Vesicles

FIG. 3. Differential migration profiles of CCV components. CCVs from liver and brain were processed by velocity sedimentation analysis
on linear sucrose gradients. Equal volume aliquots of the gradient, fractionated from the bottom, were processed for Western blot with AP-1
(␥-adaptin), AP-2 (␣-adaptin), CHC, and CLC antibodies. The bands in which each antibody shows the strongest signal are indicated by the
black bar underneath.

DISCUSSION

The sequencing of animal genomes and the large scale
sequencing of expressed genes coupled with advances in
protein and peptide separation technologies and innovations
in MS have led to an explosion in the use of proteomic
approaches in biology. However, due to the complexity and
dynamic range of protein expression, it is currently difficult to
perform a satisfactory proteomic analysis of whole cells or
tissues (33). Isolated organelles present an attractive target
for proteomics as their protein complexity is reduced, and
lower abundance proteins that are specific to the compartment are enriched relative to whole cell lysates (34 –36). Numerous organelles and suborganellar compartments have
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now been analyzed by subcellular proteomics, and in almost
all cases, novel proteins have been identified, and the global
analysis of the organelle has provided insights into organelle
function that may not have been possible from the analysis of
a smaller subset of the proteins (34 –36).
An important next step in subcellular proteomics is the
development of approaches that allow for the quantitative
comparison of organelle proteomes under different experimental paradigms. Several approaches have been tested so
far for their relative quantitative nature. Among them are stable isotope labeling by amino acid in cell culture (SILAC) (37),
DIGE (38), ICAT (39), absolute quantification (AQUA) (40),
protein correlation profiling (41), protein abundance index
(42), and peptide/spectral counts (18, 19). Although no extended comparative studies of all of these approaches have
been performed, one can predict that each will have advantages and disadvantages and that their applicability will be
influenced by the sample processing and MS apparatus available. The peptide accounting approach described here is
extremely versatile and is applicable to the analysis of data
generated from a wide variety of MS/MS configurations.
Moreover the peptide accounting approach first analyzes the
relative amounts of proteins within a sample and then compares the ratios between samples. This helps to alleviate
changes due to differences in quantity and contamination of
samples prepared at different time points and under different
experimental conditions. In this study we applied the peptide
counting approach in comparing the relative ratios of CHC
and CLCs as well as APs from liver and brain CCVs and have
further verified the results by Western blot.
One of the conclusions of our study is that the APs are
expressed at lower levels than clathrin in different tissues and
at both the TGN and the plasma membrane. Thus, it is likely
that at all sites of clathrin-mediated membrane budding there
is sufficient CHC to interact simultaneously with AP-1, AP-2,
and a variety of other clathrin-binding partners even when
each of these proteins utilize the same binding sites on the
terminal domain of the CHC (43– 45). As such, there is no need
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were reproducibly identified in the liver CCV preparations that
were placed into 18 groups (supplemental table). Abundant
Golgi proteins such as GM130, GRASP (Golgi peripheral
membrane protein p65), or giantin, which are all found with
high abundance in the Golgi proteome (26), were not detected
in the CCV preparations. We did not detect abundant endoplasmic reticulum proteins such as calreticulin or ERp99 that
Wu et al. (26) found in their Golgi proteome. Potential contaminants of the CCV preparations include abundant liver
soluble enzymes and ribosomal proteins (supplemental table).
Among the proteins identified, 21 are novel (Table I and supplemental table). We kept enthoprotin, NECAP 1, and FENS-1
(bold in Table I) in this group as they were referred to as novel
when they were originally identified in the brain CCV proteome
(18). Interestingly two of the novel proteins, RME-8 and
Vac14, have been shown to be involved in endocytosis and
vesicle trafficking in non-mammalian species (30 –32). Two
additional proteins can be associated with membrane trafficking by homology (70% identity to ADP-ribosylation factor
(ARF)-like 6-interacting protein and EH domain-containing
protein). None of the novel proteins were detected in brain
CCVs with the exception of NECAP 1, enthoprotin, and
FENS-1. This may reflect their involvement in more general,
housekeeping clathrin-mediated trafficking at the plasma
membrane or TGN.
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FIG. 4. Ratios of AP complexes in liver and brain CCVs. A,
comparison of the total amount of normalized APs (mean of all four
subunits) and CHC in brain and liver CCVs. For the inset, aliquots of
liver and brain CCVs (20 g for each) were processed for Western blot
with antibodies against ␥-adaptin and the ␣A isoform of ␣-adaptin. B,
the total number of peptides for the ␣A and ␣C isoforms of ␣-adaptin
from all three preparations of liver or brain CCVs, divided by the
calculated mass of each protein, were apportioned to the total number of CHC peptides normalized for the molecular mass of the protein
to yield a peptide/clathrin peptide index. C, the total number of
peptides for the cation-independent (CI-MPR) and cation-dependent
MPRs (CD-MPR) from all three preparations of liver or brain CCVs
was used to calculate an MPR peptide to clathrin peptide index as
described for the ␣-adaptin isoforms.

for the sequential interaction of these proteins even when they
interact with the CHC using the same motif. Thus, alternative
cargo adaptors that bind to clathrin (43) could be found simultaneously in complexes with clathrin in a CCP that also
utilizes classical APs. Another important finding of our study

relates to the ratio of AP-1 and AP-2 in CCVs from brain and
liver. The high ratio of AP-1 to AP-2 in liver CCVs is opposite
to that found in brain, further emphasizing that the brain is
specialized for endocytosis, likely due to the demand for
synaptic vesicle recycling. We suggest that in brain, nine of 10
CCVs budding from the plasma membrane participate in the
recycling of synaptic vesicles. Moreover from our calculations, we hypothesize that for a given number of CCVs the
percentage that is involved in general housekeeping endocytosis in brain will be ⬃4-fold less than in liver (34.6% of total
in liver, 8.9% of total in brain). Consistent with this idea, we
were readily able to identify several endocytic cargo proteins
in liver CCVs (supplemental table) that despite the fact they
are known to be present in brain were not detected in brain
CCVs. Examples include transferrin and transferrin receptor
(46), mannose receptor C type 1 (47), low density lipoprotein
related-protein (48), asialoglycoprotein and asialoglycoprotein
receptor (49), hyaluronan receptor (50), and ferritin (51). In
contrast, in brain we identified many of the known components of synaptic vesicles (18) in agreement with 74% of brain
CCVs functioning in synaptic vesicles recycling. Thus, our
quantitative organelle proteomic approach allowed us to determine the relative abundance of functionally specialized
classes of CCVs within tissues.
It is generally thought that CHC and CLCs are obligate
heterodimers with a 1:1 stoichiometry, and this has been
demonstrated in brain (16 –18). However, one study that may
contradict this notion is from Liu et al. (52) who determined
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FIG. 5. Percentage of AP-2-positive CCVs involved in synaptic
vesicle recycling. The black section of the bars represents the percentage of AP-1 relative to total APs found in liver and brain CCVs.
The gray section in the liver bar represents the percentage of AP-2
relative to total APs in liver CCVs. The gray section in the brain bar
represents the amount of AP-2 in brain that would be expected
according to the ratio of AP-2 to AP-1 from liver. In white is the
remaining AP-2, which is specialized for recycling synaptic vesicles.
The percentages are based on the mean number of all four subunits
for each adaptor from each tissue as for Fig. 4B.
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bursts are local and transient, and Ca2⫹ concentrations decrease quickly around the active zone. Because the Kd for
Ca2⫹ binding on CLCs is low, it would favor cage formation
close to the active zone as proposed previously (67). The
CCVs that begin to assemble close to the active zone will
continue to mature as they move away from the active zone to
finally pinch off at much lower Ca2⫹ concentrations (68). In
this model, synaptic vesicle endocytosis requires assembly
proteins working in conjunction with high Ca2⫹ concentrations. Consistent with this model, Sankaranarayanan and
Ryan (69) have demonstrated that increases in intracellular
Ca2⫹ concentration cause an acceleration of endocytosis of
synaptic vesicles. In non-brain tissue where the Ca2⫹ concentration is low and yet the ratio of APs to CHC is similar, a
decrease in the total amount of CLCs on triskelia could reduce
the threshold for clathrin assembly.
Thus, through quantitative comparative proteomics, we are
able to provide a model of the specialized role for CLCs in the
regulation of synaptic vesicle endocytosis. Overall our study
revealed new insights into the composition of coats and specializations of CCVs for trafficking.
Acknowledgments—We are particularly grateful to Frances M.
Brodsky for discussions and for the generous gift of the X16 antibody.
We thank Dr. Amanda Parmar, Pascal Lejeune, and Pierre-Emmanuel
Foulon for help with ERACP, a multiple sequence comparison tool.
We also thank all of the members of the laboratory, especially Valérie
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