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Coated regions of membranes and 
coated vesicles have been implicated as 
intermediates in the vesicle traffic that 
mediates transport of proteins between 
membrane-enclosed subcellular com- 
partments in eukaryotic cells (1, 2). 
These membranes were first character- 
ized by electron microscopy (3) and de- 
rive their appearance (and name) from a 
proteinaceous structure displayed on the 
cytoplasmic surface of the lipid bilayer. 
The participation of coated membranes 
in the early stages of vesicular transport 
has been demonstrated by studies of 
receptor-mediated endocytosis in mam- 
malian cells. During endocytosis, mole- 
cules bound to cell surface receptors 
cluster at indentations, termed coated 
pits, that invaginate and then bud to form 
vesicles enriched in receptor-bound lig- 
ands (1, 4). In accord with these obser- 
vations, structural and biochemical in- 
vestigations suggest that the proteins 
that comprise the coat are suited to func- 
tion in transport vesicle biogenesis. De- 
tailed inspection of coated membranes 
with the use of electron microscopic 
techniques reveals that the coat consists 
of a polyhedral protein lattice (3, the 
principal constituent of which is clathrin 
(6). Coats on purified vesicles can be 
disassembled and the clathrin can be 
extracted as a distinctive three-legged 
"triskelion" composed of three mole- 
cules of heavy chain (180 kD) and three 
noncovalently associated light chains 
(usually two species ranging in size from 
30 to 40 kD) (7). Purified triskelions can 
reassemble to generate empty cages (7) 
or rebind to coated vesicles previously 
stripped of clathrin (8). These properties 
form the basis for a model in which the 
assembly of triskelions into a lattice cage 
in vivo drives the formation of a coated 
vesicle from a coated region of mem- 
brane (2, 9) .  This assembly process also 
represents a paradigm for the biogenesis 
of vesicles during other stages of intra- 
cellular transport. Indeed, coated vesi- 
cles have been implicated in transport 
between the endoplasmic reticulum and 
the Golgi body (lo), through the Golgi 

body (II), and between the Golgi body 
and the lysosome (12). 

Although these observations provide 
circumstantial evidence, there has been 
no direct demonstration that clathrin is 
required for membrane vesiculation and 
the formation of transport vesicles. 
Alternatively, clathrin may serve a more 

fractions enriched in coated vesicles dis- 
play a prominent 190-kD protein pro- 
posed to be clathrin heavy chain (13). 
Clathrin triskelions can be specifically 
extracted from mammalian coated vesi- 
cles by either 2M urea or 0.5M tris 
(7).The 190-kD yeast protein behaved 
similarly. Sephacryl S-1000 column frac- 
tions containing coated vesicles were 
pooled, concentrated by centrifugation, 
then exposed to 2M urea. Membrane 
vesicles were sedimented, and proteins 
found in the supernatant and vesicle pel- 
let were examined by sodium dodecyl 
sulfate-polyacrylamide gel electrophore- 
sis (SDS-PAGE) (16) and staining with 
Coomassie blue (Fig. 1A). Most of the 
vesicle proteins were insensitive to urea 
treatment and remained with the vesicle 
pellet (compare the total vesicle proteins 
in lane 1 with the vesicle proteins after 
urea extraction in lane 2). Urea extrac- 

Abstract. Clathrin-coated membranes are intimately associated with a variety of 
protein transport processes in eukaryotic cells, yet no direct test of clathrin function 
has been possible. The data presented demonstrate that Saccharomyces cerevisiae 
does not require clathrin for either cell growth or protein secretion. Antiserum to the 
yeast clathrin heavy chain has been used to isolate a molecular clone of the heavy 
chain gene (CHCI) from a library of yeast DNA in A g t l l .  Clathrin-deficient mutant 
yeast have been obtained by replacing the single chromosomal CHCI gene with a 
disrupted version of the cloned DNA. Cells harboring a nonfunctional chcl allele 
produce no immunoreactive heavy chain polypeptide, and vesicles prepared from 
mutant cells are devoid of clathrin heavy and light chains. Although clathrin- 
deficient cells grow two to three times more slowly than normal, secretion of 
invertase occurs at a nearly normal rate. Therefore protein transport through the 
secretory pathway is not obligately coupled to the formation of clathrin-coated 
vesicles. 

static role as a molecular filter that col- 
lects or excludes membrane-bound mol- 
ecules with no active participation in 
vesicle morphogenesis (4). 

In order to address directly the role of 
clathrin in protein transport, we have 
sought mutant cells unable to form coat- 
ed vesicles. This became feasible when 
Mueller and Branton identified coated 
vesicles in the yeast Saccharomyces 
cerevisiae (13). In yeast, facile manipula- 
tion of gene structure in vivo is possible 
once a molecular clone of the gene has 
been obtained (14, 15). For this reason, 
we have cloned the yeast gene encoding 
clathrin heavy chain. Using the molecu- 
lar clone, we have disrupted the chromo- 
somal clathrin heavy chain gene in vivo 
to assess the phenotypic consequences 
of a clathrin deficiency. 

Purification and characterization of 
yeast clathrin. Chromatography of yeast 
membranes through a Sephacryl S-1000 
gel filtration column yields fractions en- 
riched for coated vesicles (13). The Coo- 
massie blue-stained protein profiles of 

tion specifically released 190-kD, 55-kD, 
and 36-kD proteins into the supernatant 
(lane 3). A similar spectrum of proteins 
with several additional minor species 
was extracted by 0.5M tris-HC1, pH 7.5 
(17). 

Sepharose CL-4B gel filtration of the 
urea-extracted proteins resolved an ap- 
parent complex containing the 190-kD 
and 36-kD proteins from the 55-kD pro- 
tein (Fig. 1B). The elution volume of the 
complex was beyond the range of the 
standard curve established with marker 
proteins (Fig. IC), suggesting a large 
Stokes radius or an oligomeric arrange- 
ment (or both) of the subunits. In addi- 
tion, assuming that the two proteins bind 
Coomassie blue stain in proportion to 
their size, we can estimate by densitome- 
try that the complex contains equimolar 
quantities of the two proteins. Mammali- 
an clathrin displays the same chromato- 
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graphic behavior and subunit stoichiom- 
etry (7, 18). When the yeast protein 
complex was visualized in the electron 
microscope with rotary shadowing, the 
fields showed a homogeneous population 
of triskelions that were essentially identi- 
cal to mammalian triskelions (Fig. ID). 
Lemmon et al. have succeeded in assem- 

bling polyhedral cages from yeast triskel- 
ions obtained by Sepharose CL4B chro- 
matography (19). Reassembled cages 
contain the same 190-kD and 36-kD poly- 
peptides found in triskelions (19). These 
results suggest that the 190-kD protein is 
yeast clathrin heavy chain and that the 
36-kD protein is clathrin light chain. 

Table 1. Genetic characterization of meiotic products from the sporulation of diploid strains 
transformed with disrupted CHCl DNA. Linear fragments of DNA from pCHCld2a and 
pCHCl-A2b (31) were introduced into GPDY 1004 (46) by lithium acetatemediated transforma- 
tion (32). In an analogous fashion, linear DNA from pCHC1-A8 (31) was introduced into 
GPDY1007 (46). Leu+ transformants were isolated, sporulated, and the asci dissected into 
tetrads. Not all asci consisted of four viable spores. The first two columns indicate the 
distribution of "tetrads" arising from four, three, or two viable spores. 

Tet- Ratio of Leu' to Leu- 
Ratio of rads Ratio of Tet- 
viable to of large to for 

not viable each small rads leucine 
(No.) proto- Larg-e Small spores type colonies trophy* colomes colonies 

(No.) (No.) 

4:O 25 2:2 25 2 1 0:42 42:O 
3:l 11 2: 1 10 6 0: 12 6:O 

1:2 1 1 0: 1 2:o 
2:2 3 2:o 2 2 0:2 - 

1:l 1 1 0: 1 l:o 

*Some colonies were too small to assess their growth in the absence of leucine. Tetrads containing such 
colonies were not included in this analysis. 
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Antibodies specific for clathrin heavy 
chain. Yeast heavy chain was used to 
immunize rabbits (20). The elicited im- 
mune response yielded an antiserum that 
specifically recognized the heavy chain 
polypeptide (Fig. 2). Yeast clathrin was 
subjected to electrophoresis adjacent to 
proteins from a yeast homogenate in an 
SDS-polyacrylamide gel and stained ei- 
ther by Coomassie blue (Fig. 2, lanes 1 
and 2) or transferred to nitrocellulose 
and then incubated with immune (lanes 3 
and 4) or preimmune serum (lanes 5 and 
6) (21). Bound antibodies were visual- 
ized with '25~-labeled Staphylococcus 
aureus protein A (21). The 190-kD pro- 
tein specifically recognized amid the to- 
tal homogenate proteins (Fig. 2, lane 3) 
comigrated with clathrin heavy chain de- 
tected in the adjacent lane 4 (lane 4 
contains one-tenth the amount of clath- 
rin displayed in lane 2). Serum from 
nonimmunized animals (preimmune se- 
rum) did not react with any yeast pro- 
teins (lanes 5 and 6). Serum from immu- 
nized animals (antiserum or immune se- 
rum) also specifically precipitated the 
heavy chain present in total yeast pro- 
teins labeled with 3 5 ~ 0 4 2 -  (lane 7). 

A 
- - 

c 20 22 24 28 28 30 32 34 
m - 
m - , E  s = " g  - ---me- -190 kD 

g p " z  

- 55 kD 

-36 kD 

A:.; ' 4 , ' ' 
2 

.I - :r 0 0 > 

m I 
Fig. I .  Characterization of yeast clathrin. (A) 
Extraction with 2M urea of coated vesicle- 
enriched fractions from a Sephacryl S-1000 
column. Coomassie blue-stained protein pro- 
files of the following: (total, lane 1)  pooled 
vesicles from Sephacryl S-1000 column frac- 
tions enriched for coated vesicles; (pellet, 
lane 2) membrane pellet after 2M urea extractic ~ t ,  lane 3) p racted from the vesicles by 2M urea. Coated 
vesicles from S. cerevisiae strain X2180-1A were prepared as descr xcept that, atter sed~menting, cells were resuspended in 100 mM 
MES . KOH, pH 6.5,0.5 mM MgCI,, I mM EGTA, 0.2 mMdithioth,,.,,, ,,. r), 0.02 percent NaN,, and 0.6 mM PMSF (buffer A) and lysed by 
agitation with glass beads in a "bead-beater" (Biospec Products, Bartlesville, Oklahoma). Sephacryl S-1000 column fractions containing coated 
vesicles were pooled, and the membrane vesicles were sedimented at 100,000g for 1 hour and resuspended in 0.4 ml of buffer A (total). Buffer A 
(0.1 ml) containing 10M urea was added, and the solution was incubated for 1 hour at room temperature. Membranes were sedimented as 
described above and iesuspended in buffer A (pellet). The urea supernatant was dialyzed overnight against a solution containing 20 mM tris-HCI, 
pH 7.5, 1 rnM EDTA, 50 mM NaCI, 0.02 percent NaN,, 0.2 mM DTT, and 0.2 mM PMSF (buffer C) (supernatant). An equal percentage of each 
sample was subjected to electrophoresis through an 8 percent SDS-polyacrylamide gel (SDS-PAGE) (16). (9) Gel filtration of urea-extracted 
proteins on Sepharose CL-4B. Urea-extracted proteins in buffer C were chromatographed at 4'C on a Sephrarose CL-4B column (0.9 by 57 cm) 
equilibrated with buffer C. Fractions (0.8 ml) were collected at a rate of 2.4 mlhour. Proteins in each fraction were analyzed by SDS-PAGE. (C) 
Sepharose CL-49 elution profile of urea-extracted clathrin. The Coomassie blue-stained proteins displayed in (B) were quantified by 
densitometry (25). Blue-dextran 2000 (V,), thyroglobulin, fenitin, catalase, aldolase, and cytochrome c (V,) were used for column calibration. V,, 
V,, and the elution positions of thyroglobulin and aldolase are shown by the arrows. (D) Electron micrograph of rotary-shadowed clathrin 
triskelions in Sepharose CL-49 column fractions 24 to 27 (see Fig. IB). Fractions were pooled, and the proteins were concentrated tenfold by 
ultrafiltration (39). Rotary shadowing and electron microscopy were performed as described in (40). 

roteins ext~ 
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Again, preimmune serum was unreactive 
(lane 8). Identical one-dimensional pep- 
tide patterns were generated by partial 
proteolysis of the immune-precipitated 
protein and urea-extracted, gel-purified 
clathrin heavy chain (17). From the re- 
sults of immunoblotting experiments 
with the immune serum, we estimate that 
clathrin heavy chain constitutes 0.1 per- 
cent of the total mass of yeast proteins. 
This quantity is similar to the amount of 
clathrin heavy chain measured in a varie- 
ty of mammalian cells (22). Attempts to 
detect bovine brain clathrin heavy chain 
with the immune serum have been un- 
successful (23). 

Isolation of a molecular clone of the 
clathrin heavy chain gene. We used the 
immune serum to screen a library of 
yeast DNA inserted into the expression 
vector Agtll (24). From 300,000 phage, 
16 were isolated which produced immu- 
noreactive plaques. Restriction endonu- 
clease and molecular hybridization anal- 
yses separated the isolates into nine non- 
overlapping sets. DNA from only two 
insert classes annealed to a species of 
yeast polyadenylated RNA large enough 
(5.4 kilobases) to encode a 190-kD poly- 
peptide (17). Lysates from cells infected 
with phage carrying these two insert 
types were affixed to nitrocellulose and 
tested for their ability to deplete antibod- 
ies to heavy chain from the immune 
serum. Only one class of phage (desig- 
nated h7) satisfied this criterion, imply- 
ing that the protein produced from this 
yeast DNA insert displayed most, if not 
all, of the heavy chain antigenic determi- 
nants recognized by the immune serum 
antibodies. Finally, RNA homologous to 
the DNA insert was purified from a 
preparation of total yeast RNA by hybrid 
selection (25). Translation of the purified 
RNA (25) generated primarily a 190-kD 
polypeptide (Fig. 3, lane 1). This species 
comigrated with authentic clathrin heavy 
chain (Fig. 3, lane 2) obtained by im- 
mune-precipitation from translation 
products programmed by total yeast 
RNA. RNA encoding the 190-kD protein 
was selected by a plasmid vector carry- 
ing the yeast DNA but not by vector 
alone (Fig. 3, lanes 3 and 4). Antiserum 
specific to the clathrin heavy chain pre- 
cipitated the 190-kD protein, whereas 
preimmune serum did not (Fig. 3, lanes 5 
to 7). These observations offer convinc- 
ing evidence that A7 contains at least a 
fragment of the clathrin heavy chain 
gene (designated CHCl for clathrin 
heavy chain). We have not further char- 
acterized the other eight insert classes. 

A map of restriction endonuclease rec- 
ognition sites in CHCl was prepared 
both by analyzing A7 DNA and by using 
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fragments of cloned DNA to probe re- 
striction enzyme digests of genomic 
DNA (Fig. 4). Even under low stringen- 
cy conditions of hybridization [30 per- 
cent formamide, 5x SSC (saline sodium 
citrate), 37°C; see legend to Fig. 41, only 
one copy of the CHCl sequence was 
detected in the yeast genome. The CHCl 
DNA carried by A7 spanned the four 
boxed Eco RI sites shown in Fig. 4, 
commencing 300 base pairs (bp) up- 
stream from the leftmost boxed Eco RI 
site and ending at, or just to the right of, 
the rightmost boxed Eco RI site. Hy- 

bridization of strand-specific probes (26) 
to polyadenylated RNA was used to 
demonstrate the direction of CHCl tran- 
scription shown in Fig. 4. Contrary to 
expectation, this result indicated that the 
CHCl sequence in A7 was not oriented in 
the same transcriptional direction as 
lacZ (27). Hence, the immunoreactive 
polypeptide produced by the recombi- 
nant phage was not a lacZ fusion protein. 
A similar observation has been reported 
by Goto and Wang (28) who cloned the 
yeast topoisomerase I gene from this 
library. Boundaries for the CHCl tran- 

Imn 
Cooma Fig. 2. Characterization of 

antiserum specific for clathrin 
heavy chain. (Coomassie blue 
panel) Urea-extracted coated 
vesicle proteins (UE, lane I) 
or total yeast proteins (T, lane 

- 2) prepared by glass bead lysis 
(41) of X2180-1A cells in 1 - percent SDS were separated - by SDS-PAGE and stained 

h with Coomassie blue. The UE 

% 
sample contained approxi- - mately 0.5 pg of clathrin * heavy chain. The T lane repre- 
sents proteins from 0.5 ODm 

4 units of cells. (Immunoblot 
panels) UE sample (lanes 3 
and 5), 0.05 pg of clathrin 

II heavy chain, and T sample 
(lanes 4 and 6), same amount - 3 4 as Coomassie blue panel, were - -- analyzed by immunoblotting 
(21). Filters were incubated 

1 with a 11100 dilution of either 
immune (I, lanes 3 and 4) or preimmune (PI, lanes 5 and 6) serum. Bound antibody was 
decorated with 'Z5~-labeled Staphylococcus aureus protein A and visualized by autoradiography 
(19). (Immunoprecipitate panel) The 35S042--labeled X2180-IA cell lysates (1 ODm unit of 
cells) were incubated with 5 p1 of immune (I, lane 7) or preimmune serum (PI, lane 8) (41). 
Immune complexes were harvested by addition of fixed Staphylococcus aureus cells (42) and 
precipitated proteins were analyzed by SDS-PAGE and autoradiography. 

Fig. 3. Hybrid selection and in vitro transla- serum - I - 1  CI 

tion of clathrin heavy chain. DNA from the .-B 
Agt 1 l recombinant bacteriophage carrying the *' ' Q Q  Q 

490 ,O 
putative heavy chain gene (see text) was - 
digested with Eco RI, and a 3.5-kbp fragment 
from the yeast DNA insert (see Fig. 4) was ,oo 
subcloned into pUC9 (43) to generate pCHC. k~ - - 
A probe derived from the 3.5-kbp fragment c 

anneals to a single 5.4-kb species of yeast .,- 
*rl 

polyadenylated RNA. pCHC and pUC18 [es- 
sentially identical to pUC9 except for a slight- 
ly longer "multiple cloning sites" sequence 
(43)] were separately adsorbed onto nitrocel- 
lulose and used to "hybrid-select" homolo- 

0 

B 
gous RNA from total yeast RNA (25). (Panel -- .I 
1, lane 1) 35S-labeled proteins produced in a 1 2  3 4 5 6  7 

-- L. 
reticulocyte lysate translation system (25) 
programmed with RNA hybrid-selected by pCHC. (Lane 2) Clathrin heavy chain immune- 
precipitated (with 5 pl of immune serum) from products synthesized by in vitro translation of 10 
pg of total yeast RNA. Proteins were analyzed by SDS-PAGE and detected by autoradiogra- 
phy. (Panel 2) RNA purified from total yeast RNA by hybridization to either pCHC (lane 3) or 
pUC18 (lane 4) was translated in vitro, and the products were separated by SDS-PAGE. (Panel 
3) pCHC-selected RNA was translated in vitro then (lane 5) one-tenth of the products were 
analyzed directly by SDS-PAGE. The remainder was divided into two equal parts, and the 
proteins were precipitated by 5 pl of immune serum (I, lane 6) or by 5 pl of preimmune serum 
(PI, lane 7). Hybrid selection, in vitro translation, immune precipitation, and SDS-PAGE were 
performed as described (25) except that translation reactions were incubated for 2 hours at 
30°C. 
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--- ---- + Transcript Fig. 4. Map of restric- 
BE c BHP H B ~  ~ K P B ~ X H C X H  H HBaHE@ R Sa 
t : : : :  1 :  : I: $ I : : : :  : : : :  : : :  CHCI  tion endonuclease 

sites in CHCl DNA, 
position of the limits 

pcnc ' - A 2  of CHCl transcrip- 
tion and perturbations 
of the cloned CHCl 

PCHC 1  - A  8 
DNA used to disrupt 
CHCl in vivo. Abbre- 
viations: B, Bam HI: 
~ g ,  B ~ ~ I I ; .  C, Cia I; 

LEU2 
P C H C I - A  s H, Hind 111; K, 

Kpn I; P, Pst I; R, 
1 kb 
H Eco RI; Sa, Sal1; Ss, 

Sst I; X, Xba I. Re- 
striction endonuclease sites in CHCl DNA were positioned by analyzing cloned DNA and by 
Southern analysis (44) with the use of probes derived from cloned DNA. Three disruptions of 
CHCl have been constructed in vitro by standard manipulations (44). The solid lines represent 
regions of CHCl present in each plasmid. The gap in the solid lines is placed beneath segments 
of CHCl DNA removed from each construction. In each case, DNA encoding LEU2 isolated 
from vector YEpl3 (45) was inserted in place of the deleted CHCl sequences. The vector in 
each case was pUC9. Two versions of pCHC1-A2 were built: pCHC1-A2a canies LEU2 in the 
same transcriptional direction as CHC1. pCHC1-A2b harbors LEU2 in the opposite orientation. 
LEU2 is transcribed in the same direction as CHCl in pCHCld8 and pCHC1-A9. 
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immunoreactive 
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structure of CHCl 
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LEU2 into CHCI us- 
'-" -CHCl-A2 DNA 

d increase the 
of a 6.6-kbp 

HI digestion 
~ c t  of CHCl 

o 2 3 4  to 9.0 kbp. This 
tion can be de- 

16D recrea uslng a I A probe de a 1-kbp Eco RI 
fragment (Fig. 4) sltuated as shown in the dlagram. (B) Southern 
blot analysis of CHCI DNA in CHCI and chcl-LL? strains. As 
outlined in (A), the 1-kbp Eco RI fragment labeled by nick 
translation (44) was used to probe Bam HI digests of DNA from 
(lane 1) wild-type strain X2180-1A; (lane 2) a diploid transfor- 

B.UKD - mant, GPDY 1005 (46), heterozygous at CHCI; (lanes 3 to 6) four 
0 -- sibling colonies, GPY 1006-6A to -6D (46), obtained by sporulat- 

ing and dissecting GPDY 1005. The yeast DNA was prepared as 
described in (47). Hybridization was canied out at 42°C in 50 
nprrent forrnamide, 10 mM hepes-KOH (pH 7.4), 2x Denhardt's 

tion (48), 3x SSC, and denatured salmon sperm DNA (100 
11). The ability of each strain to grow in the absence of 
ine is indicated. (C) Immunoblot analysis (21) of proteins 

1 2 3 4 5  
I CHCl and chcl-A2 strains. Proteins in lysates of GPY 1006- 

6A through -6D were separated, transferred to nitrocellulose, and probed with antiserum to the 
clathrin heavy chain as described in the legend to Fig. 2. 
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Fig. 6. Protein profiles of 
22 23 24 25 26 27 28 vesicles from CHCl and Fraction 21 - - - 

chcl-A,? strains. Vesicles '"' - +  - +  - +  - +  - +  - +  - +  - +  WerepreparedbySepha- 
cry1 S-1000 column chro- 

191 matography of mem- 
branes from CHCl strain 
GPY1006-6D and chcl- 

-- - ,,,,- A2 strain GPY1006-6B 
+- .*~~~)YI*~&Y-Ls~* , (Legend to Fig. 1). Vesicle 

proteins from column 
fractions (chcl and 

3~ Ln CHCl )  were displayed in 
alternating lanes on an 8 
percent SDS-polyacryl- 
amide gel and stained 
with Coomassie blue. 

script were roughly established by test- 
ing segments of cloned DNA for the 
ability to anneal to the 5.4 kilobase 
CHCl messenger RNA. Northern blot 
analysis revealed that a fragment extend- 
ing 300-bp upstream from the leftmost 
Eco RI site boxed in Fig. 4 did not 
anneal to polyadenylated RNA. A 3.5- 
kilobase pair (kbp) and two 1-kbp DNA 
fragments produced by cleavage at the 
boxed Eco RI sites in Fig. 4 hybridized 
to a single species of 5.4-kb polyadeny- 
lated RNA. Coding sequences were 
identified by inserting these three DNA 
segments into a series of expression vec- 
tors designed to append peptides to the 
carboxyl terminus of the Escherichia coli 
trpE protein (29). Vectors carrying the 
central and downstream fragments en- 
coded fusion proteins that were recog- 
nized by antiserum to heavy chain. The 
molecular weights of the two fusion pro- 
teins suggested that CHCl coding infor- 
mation proceeds uninterrupted through 
sequences defined by the three down- 
stream, boxed Eco RI sites in Fig. 4. A 
fusion protein was not generated by in- 
sertion of the upstream 1-kbp Eco RI 
fragment into the expression vectors. 
Thus, the leftmost Eco RI site in Fig. 4 
does not lie within CHCl coding se- 
quences. Together, these experiments 
position the start of CHCl within the 1- 
kbp of DNA demarcated by the leftmost 
two Eco RI recognition sites (Fig. 4, 
above the CHCl map). 
CHCl gene disruptions. Our approach 

to disrupting the CHCl gene in vivo was 
influenced by studies of temperature- 
sensitive conditionally lethal sec muta- 
tions which block secretion in yeast (30). 
Analyses of sec mutant strains demon- 
strate that the secretory process is re- 
quired for cell growth. The expectation 
that clathrin would prove necessary for 
intracellular transport implied that a 
chcl mutation would be lethal. Conse- 
quently, we arranged to disrupt only one 
of the two homologous CHCl alleles in a 
diploid cell. In order to mutate CHCl by 
a single-step gene transplacement, a 600- 
bp Bgl 11-Xba I fragment located no 
more than 1.5-kb from the start of CHCl 
was replaced by DNA encoding LEU2 
(labeled chcl-A2 in Fig. 4). Linear DNA 
spanning the chcl-A2 disruption (31) was 
introduced into diploid leu2 cells (32). 
Leu+ transformants were isolated and 
sporulated, and the resulting asci were 
dissected into individual spores. Surpris- 
ingly, most diploid cells gave rise to four 
viable spores (Table 1). Each complete 
tetrad, however, consisted of two wild- 
typesized colonies and two small colo- 
nies. Characterization of complete tet- 
rads indicated that large colonies were 
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composed of Leu- cells and that small 
colonies were formed by ~ e u '  cells (Ta- 
ble I), providing genetic evidence that 
the slow-growing cells had suffered the 
chcl-A2 disruption. Analysis of the 
physical structure of the heavy chain 
gene in sibling spores from two tetrads 
confirmed this interpretation. The strate- 
gy for this analysis and an example of the 
results obtained from one tetrad are in 
Fig. 5, A and B. A 6.6-kbp Bam HI 
fragment in CHCl DNA is expanded to 
9.0-kbp in chcl-A2 DNA (Fig. 5A). To 
expose this difference, the Eco RI DNA 
fragment indicated in Fig. 5A was used 
to probe Bam HI cleaved DNA from a 
wild-type strain (Fig. 5B, lane I), a dip- 
loid transformant heterozygous at the 
CHCl locus (Fig. 5B, lane 2), and four 
members of a tetrad derived from that 
transformant (Fig. 5B, lanes 3 to 6). The 
observed size (or sizes) of the Bam HI 
digestion products conformed in every 
case to the structure predicted from ge- 
netic characterizations. 

chcl cells fail to express clathrin heavy 
chain. Deletion of a portion of CHCl and 
replacement with LEU2 was expected to 
eliminate expression of clathrin heavy 
chain. To test this prediction, we 
searched cell extracts of the sibling 
strains (described in Fig. 5B) for proteins 
capable of reacting with antiserum to 
heavy chain. In contrast to CHCl strains 
(Fig. 5C, lanes 1 and 4), chcl-A2 strains 
showed no immunoreactive clathrin 
heavy chain or heavy chain peptide frag- 
ments (Fig. 5C, lanes 2 and 3). 

Two additional experiments support 
the argument that the chcl-A2 mutation 
abolished production of clathrin heavy 
chain. First, protein profiles of wild-type 
and chcl-A2 vesicles fractionated by 
Sephacryl S-1000 column chromatogra- 
phy were compared. Whereas clathrin 
subunits were clearly enriched in CHCl 
vesicle fractions 22 to 27, chcl-A2 vesi- 
cles were devoid of both the heavy and 
light chains (Fig. 6). Immunoblotting 
analysis of the chcl vesicle fractions 
confirmed the absence of heavy chain 
(17). The lack of clathrin light chains in 
chcl-A2 vesicle fractions was expected 
since light chains probably associate 
with vesicles by binding to heavy chain 
(33). At least four other proteins (205 kD, 
135 kD, 50 kD, and 48 kD) are present 
only in CHCl vesicles. These species 
could represent constituents of coated 
vesicles. Second, two other gene disrup- 
tions have been constructed (Fig. 4). The 
more extensive alteration, chcl-A9, sub- 
stituted 4.5 kb of CHCl DNA with LEU2 
DNA. We estimate that this deletion 
removed at least 70 percent of the CHCl 
gene. Cells carrying either of the two 

1 2 3 4 

Time (hour) 

Fig. 7. Invertase secretion by CHCl and 
chcl-A8 strains. GPY 1100 (CHC1) and 
GPYllOl (chcl-AS) are isogenic except at 
CHC1. Cells from each strain were grown 
overnight at 30°C to early log phase 
(OD, = 1 to 2) in YP medium (1 percent 
yeast extract, 2 percent peptone) plus 2 per- 
cent glucose. Cells were then shifted to YP 
medium plus 0.1 percent glucose. At the indi- 
cated times samples were harvested and inter- 
nal (open circles) and external (closed circles) 
invertase activity was assayed (42). The solid 
lines represent invertase activity in GPY 1100, 
and the dotted lines represent activity in 
GPY1101. 

more extensive deletions exhibited the 
same growth properties as chcl-A2 mu- 
tant cells. 

chcl cells secrete invertase. Since cell 
surface growth and secretion are coupled 
(30), the growth of chcl cells implies that 
newly synthesized cell surface compo- 
nents are exported. Secretion was exam- 
ined directly by monitoring the transport 
of newly synthesized invertase. A single 
gene, SUC2, encodes two forms of in- 
vertase; the cytoplasmic form is ex- 
pressed constitutively while synthesis of 
the external form is derepressed by low 
concentrations of glucose (34). Passage 
of newly synthesized external invertase 
through the secretory pathway to the cell 
surface has been well documented (30). 
Secretion of invertase from wild-type 
and chcl cells was assessed by measur- 
ing the internal and external invertase 
enzyme activity after derepression. 
Newly synthesized invertase reached the 
cell surface at similar rates in CHCl and 
chcl strains (Fig. 7). Therefore, a clath- 
rin heavy chain deficiency does not dra- 
matically deter passage of invertase 
through the secretory pathway. Mutant 
cells did, however, accumulate some in- 
ternal invertase (Fig. 7). A slight delay 
during secretion could cause this reten- 
tion without noticeably affecting the ex- 
ternal appearance of invertase. Possibly, 
this delay accounts for the slow growth 
of chcl cells, which have a generation 
time two- to threefold longer than the 
CHCl parent. On the other hand, mis- 

routing of a fraction of the invertase to a 
stable intracellular compartment could 
also produce the internal pool of en- 
zy me. 

Reexamining the function of clathrin. 
The construction and characterization of 
yeast strains deficient in clathrin heavy 
chain has revealed that this protein plays 
an important but not essential role in cell 
growth. Our results challenge the model 
that postulates coupling between the for- 
mation of clathrin-coated vesicles and 
protein secretion. A protein capable of 
functionally substituting for clathrin 
heavy chain would reconcile our data 
with this model. However, sequences 
related to CHCl were not detected under 
reduced stringency DNA hybridization 
conditions, and polyclonal antiserum to 
the heavy chain failed to detect another 
protein in chcl extracts. Hence a puta- 
tive substitute could display only limited 
primary sequence homology. 

Evidence has emerged which suggests 
that other proteins may comprise vesicle 
coats. When cultured e~ithelial cells are 
incubated at 20°C, the 'ecretory process 
is blocked within the Golgi apparatus. 
Golgi-like organelles with cytoplasmic 
coats are observed under these condi- 
tions, but the coat proteins fail to react 
with anticlathrin antibody (35). This and 
other work has shown that authentic 
clathrin-coating areas on the trans gene 
of the Golgi body are devoid of glycopro- 
teins that are in transit to the plasma 
membrane (36). At present, there is no 
evidence in yeast for an alternative vesi- 
cle coat protein. 

As mentioned above, studies of endo- 
cytosis present the most compelling sup- 
port for the involvement of clathrin in 
membrane vesiculation. It is conceivable 
that exocytosis occurs in the absence of 
clathrin heavy chain, but endocytosis is 
eliminated. Endocytosis in yeast has 
been described by Riezman (37) who 
measured fluid-phase uptake using a flu- 
orescent, membrane-impermeant dye 
which collects in the vacuole. By apply- 
ing this assay to chcl cells, it should be 
possible to determine the requirement 
for clathrin during endocytosis. 

Our results are equally compatible 
with the possibility that clathrin does not 
actively promote membrane vesicula- 
tion. The clathrin coat has been pro- 
posed to act as a molecular sorting agent 
which collects and concentrates mole- 
cules destined for transport while ex- 
cluding others ( 2 , 4 ) .  If this view is valid, 
proteins that normally reside in coated 
membranes will, in clathrin-deficient 
cells, be scrambled among the mem- 
branes that communicate by intracellular 
transport. On the other hand, clathrin 
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may function during events temporally 
and spatially distinct from transport vesi- 
cle biogenesis. For instance, the clathrin 
coat prevents calcium-mediated fusion 
of coated vesicles to lysosomes in vitro 
(38). In this capacity clathrin may act to 
shield vesicles from nonspecific fusion 
with other intracellular membranes en- 
countered during transit to targeted des- 
tinations. Clathrin coats could also pre- 
vent fusion of distinct, stable organelles, 
such as the Golgi body, to other mem- 
brane compartments. The ability to as- 
sess the rate and fidelity of secreted, 
plasma membrane, and vacuolar protein 
transport (30) should provide tests of 
these hypotheses. 

In conclusion, our experiments offer a 
foundation for further genetic and bio- 
chemical characterizations of clathrin- 
deficient mutants. Such studies may elu- 
cidate the precise role of clathrin coats 
during intracellular protein transport. 

multiple intradermal injections (49). Each rabbit 
received about 100 pg of heavy chain. After 5 to 
6 weeks, rabbits were boosted at 10- to 14-day 
intervals. Each boost consisted of 50 pg of 
antigen eluted from gel slices, as described 
below, and emulsified in Freund's incomplete 
adjuvant. Heavy chain was eluted from gel 
slices after homogenization of the gel by three 
passages through a 19-gauge needle. The ho- 
mogenized gel was incubated with continuous 
agitation overnight in PBS plus 0.1 percent SDS 
at room temperature. After 12 to 24 hours the gel 
was sedimented at 12,000g for 30 seconds, the 
supernatant was withdrawn, and the pellet was 
resuspended in PBS plus 0.1 percent SDS. After 
further incubation for 2 hours, the gel was 
sedimented and the supernatant fractions were 
pooled; SDS was added to 1 percent and KC1 to 
O.2M. The solution was incubated at O"C for 30 
minutes; the precipitate was centnfuged 
(12,00Og, 10 minutes, 4°C). The supernatant was 
discarded and the pellet washed twice at O"C 
with 0.1N HC1 in acetone and twice in pure 
acetone; it was then air-dried and resuspended 
as a slurry in PBS. Prior to use, immune serum 
was incubated three consecutive times with in- 
tact X2180-1A cells (30 OD6@, unit! of cells per 
milliliter of serum) for 1 hour each time at 4°C to 
remove antibodies that recognize carbohydrate 

H. Riezman, cell 40, 1001 (1985). 
L. Altsteil and D. Branton, ibid., 32, 921 (1983). 
Ultrafiltration was carried out with a Centricon- 
10 microconcentrator (Amicon) as described by 
the manufacturer. 
T. Kirchhausen and S. C. Harrison, J .  Cell Biol. 
99, 1725 (1984). 
S. Ferro-Novick. P. Novick. C. Field. R. Schek- 
man, ibid. 98, 35 (1984). 
I. E. Schauer, S. D. Emr, C. Gross, R. Schek- 
man. ibid. 100. 1664 (1985). 
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ular Cloning: A Laboratory Manual (Cold 
Spring Harbor Laboratory, Cold Spring Harbor, 
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Strains used in this study: 
X2180-1A: MATa, gal2 (Yeast Genetic Stock 

Center). 
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22. B. Goud. C. Huet. D. Louvard. J .  CellBiol. 100. 

521 (i98j). 
23. A broadly cross-reactive polyclonal rabbi! anti- 

serum to oorcine bran tnskelions (50) did not 

CANI. 
GPDY1008: Same as GPDY1007 plus 

chcl-A8::LEU2. 
GPY1006-6A: MATa led-3 leu2-112 ura3-52 
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his4 chcl-Mb::LEU2 (MNN4 not scored). 

GPY1006-6D: MATa leu2-3 led-112 ura3-52 
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bind to y e k t  heavy chain (13) (G. ~ a y n e  unpub- 
lished data). However, structural homology be- 
tween yeast and mammalian heavy chains is 
suggested by the ability of monoclonal antibod- 
ies to bovine brain heavy chain to react with 
yeast heavy chain (S. K. Lemmon and G. Fish- 

References and Notes 

1. J. L. Goldstein, R. G. W. Anderson, M. S. 
Brown, Nature (London) 279, 679 (1979). 

2. B. M. F. Pearse and M. S. Bretscher, Annu. 
Rev. Biochem. 50, 85 (1981). 

3. T. F. Roth and K. R. Porter, J .  Cell Biol. 20,313 

er, persond communication). 
24. R. A. Young and R. W. Davis, Proc. Narl. 

Acad. Sci. U.S.A. 80, 1194 (1983); Science 222, 
778 (1983). scored). 

GPY1100: MATa leu2-3 leu2-112 ura3-52 
his4-519 trpl-289 canl (alias JRY19 from J. 

25. M; ~e&te in ,  W. Hoffman, G. Ammerer, R. (1964). 
4. I. Pastan and M. Willingham, Trends Biochem. 

Sri. 8. 250 (1983). 
Schekman, J .  Cell Biol., in press. 

26. J. Messing. Methods Ennmol. 101. 20 (1983). Rine). 
GPY 1101: GPY 1100 plus chcl-A8::LEUZ. 

Cells were rown to OD6@, 2 to 8 in yeast- 
peptone mefium plus 2 percent glucose. Cells 
(20 OD6, units) were converted to spheroplasts 
(42). Spheroplasts were sedimented and then 
lysed in 0.5 ml of 50 rnM EDTA, pH 8.1, 

-, -- - \ - -  --, 
5. ~ ; ~ a n a s e k i  and K. Kadota, J .  Cell Biol. 42,202 

(1969); R. A. Crowther, J. T. Finch, B. M. F. 
Pearse, J .  Mol. Biol. 103,785 (1976); J. Heuser, 
J .  Cell Biol. 84, 560 (1980). 

6. B. M. F. Pearse, J .  Mol. Biol. 97, 93 (1975); 
Proc. Natl. Acad. Sci. U.S.A. 73. 1255 (1976). 

27. The recoibinant hgtll ( f l )  had incurred a dele- 
tion which began near or at the Eco RI cloning 
site and extended about 5 kb toward the nght 
end of hgtll DNA. This deletion removed most, 
if not all, of lac2 and proceeded through the h 
attachment site. Conseauentlv, A7 could not 

7. E. Ungewickell and D. Branton, Nature (Lon- 
don) 289, 420 (1981); T. Kirchhausen and S. C. 
Harrison, Cell 23, 755 (1981). 

8. E. R. Unanue, E. Ungewickell, D. Branton, Cell 
26, 439 (1981); M. Hanspal, E. Luna, D. Bran- 
ton, J .  Biol. Chem. 259, 11075 (1984). 

9. S. C. Harrison and T. Kirchhausen, Cell 33,650 

lysogenize. Western bldt anaiysis of cell ex- containing 0.2 percent SDS. Lysares were heat- 
ed ar 70°C for 15 minutes. and ootassium acetare tiacts prepared ar various rimes after infection 

of E. coli revealed several ororein soecies recoa- (5M stock solution) was added10 O.5M. Samples 
were placed on ice for 30 minutes. The precipi- 
tates were centrifuged (12,00Og, 15 minutes, 
4"C), the su ernatants were removed to fresh 
tubes. and t i e  DNA was orecioitated bv addi- 

nized by antiserum to ciathrin heavy chain. 
These proteins were constitutively expressed 
and did not react with antiserum to P-galacto- 
sidase, a result consistent with the deletion of 
lacZ and the transcriptional orientation of CHCl 
DNA. The transcriptional signals responsible 
for CHCl expression in h7 have not been identi- 
fied. 

28. T. Goto and J. C. Wang, Cell 36, 1073 (1984). 
29. T. J. Koerner, J. Hill, A. Tzagoloff, personal 

communication. 
30. R. Schekman and P. Novick, in Molecular Biol- 

ogy of the Yeast Saccharomyces; Metabolism 
and Gene Expression, J. N. Strathern, E. W. 
Jones, J. R. Broach, Eds. (Cold Spring Harbor 
Laboratory, Cold Spnng Harbor, N.Y., 1982), 
p. 361. 

31. Prior to transformation, pCHC1-A2 was cleaved 
by Pvu 11. This restriction enzyme releases a 
fragment which includes the entire chcl::LEU2 
insert and extends 90 bp and 232 bp into pUC9 
sequences at either end. pCHC1-A8 was cut by 
Hind I11 and Pst I before transformation. This 
produces a chc1::LEUZ DNA fragment with 
CHCl DNA at the ends. Hind 111 and Pvu I1 
digestion of pCHC1-A9 enerates a chc1::LEUZ 
DNA fragment with 90 t p  of pUC9 at one end 
and CHCl DNA at the other end. 

32. H. Ito, K. Fukuda, K. Murata, A. Kimura, J .  
Bacteriol. 153, 163 (1983). 

33. F. K. Winkler and K. K. Stanley, EMBO J .  2, 
1393 (1983); T. Kirchhausen, S. C. Harrison, P. 
Parham, F. M. Brodsky, Proc. Natl. Acad. Sci. 
U.S.A. 80, 2481 (1983). 

34. M. Carlson and D. Botstein, Cell 28, 145 (1982). 
35. G. Griffiths, S. Pfieffer, K. Simons, K. Matlin, 

J .  Cell Biol. 101, 949 (1985). 
36. J. Wehland, M. C. Willingham, M. G. Gallo, I. 

Pastan, Cell 28, 831 (1982). 

tion of two volumes of etha~iol. precipitates (1983). 
10. J. E. Rothman and R. E. Fine, Proc. Natl. 

Acad. Sci. U.S.A. 77, 780 (1980); J. E. Roth- 
man. H. B. Pettierew. R. E. Fine. J .  Cell Biol. 

were collected by centrifugation for 15 seconds 
at 12.000~. The oellets were resusoended in 200 
pl of R N ~ S ~  A (10 pglml) and incubated for 15 
minutes at 37'C. The samples were then extract- 
ed three times with phenol and chloroform,(l : 1). 
DNA was precipitated with ethanol, sediment- 
ed. and then dissolved in TE. A~~roximatelv 
one-fourth of each sample was hied for thk 
analysis. 
D. T. Denhardt. Biochem. Biophvs. Res. Com- 

Farquhar, P;OC. ~ a t l .  Acad. Sci. U.S.A. 81, 
5135 (1984). 
S. C. Mueller and D. Branton. J .  Cell Biol. 98, 

. . 
mun. 23, 641 (1966). 
B. A. L. Hurn and S. M. Chantler, Methods 
Enzymol. 70, 104 (1980). 
D. Louvard er al., EMBO J .  2, 1655 (1983). 
We thank Tomas Kirchhausen for performing 
the electron microscopic examination of rotary 

341 (1984). 
14. R. J. Rothstein, Methods Enzymol. 101, 202 

(1983). 
15. F. Winston, F. Chummley, G. R. Fink, ibid., p. 

211. 
16. U. K. Laemmli, Nature (London) 177, 680 

(1970). 
17. G. Payne, unpublished data. 
18. J. H. Keen, M. C. Willingham, I. H. Pastan, 

Cell 16, 303 (1979). 
19. S. K. Lemmon, V. T. Lemmon, E. W. Jones, J .  

Cell Biol. 101, 47a (1985). 
20. Clathrin heavy chain (190 kD) was purified by 

electrophoresis of urea-extracted vesicle pro- 
teins through a 5 percent SDS-polyacrylamide 
gel. The region of the gel containing heavy 
chain, visualized by staining with Coomassie 
blue, was excised, and the gel slice was homoge- 
nized by multiple passes through syringe nee- 
dles of decreasing pore size. The homogenized 
gel slice was resuspended in phosphate-buffered 
saline (PBS) (20 sodium phosphate, H 7.4, 
O.15M NaC1) and introduced Into rabgits by 

shadowed yeast rriskelions, Mitchell Be,mstein 
for carrvinn out the hvbr~d select~on and In vltro 
translationexperiment, Daniel Louvard for rab- 
bit antiserum-to orcine brain triskelions, and 
Suzanne Pfeffer For bovine brain-coated vesi- 
cles. We thank Sandra Lemmon for communi- 
cating unpublished data. We also thank mem- 
bers of J. Rine's laboratory and our laboratory 
for comments on the manuscript, and Peggy 
McCutchan for help in pre arlng the manu- 
script. Supported by grants Prom, the National 
Institute of General Medical Sciences of the 
National Institutes of Health and the National 
Science Foundation. G.P. is a fellow of fhe Jane 
Coffin Childs Memorial Fund for Medical Re- 
search. 

August 1985; accepted 3 October 1985 

SCIENCE, VOL. 230 




