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ABSTRACT Many of the molecules necessary for neuro-
transmission are homologous to proteins involved in the
Golgi-to-plasma membrane stage of the yeast secretory path-
way. Of 15 genes known to be essential for the later stages of
vesicle trafficking in yeast, 7 have no identified mammalian
homologs. These include the yeast SEC6, SEC8, and SECIS
genes, whose products are constituents of a 19.5S particle that
interacts with the GTP-binding protein Sec4p. Here we report
the sequences of rSec6 and rSec8, rat homologs of Sec6p and
Sec8p. The rSec6 cDNA is predicted to encode an 87-kDa
protein with 22% amino acid identity to Sec6p, and the rSec8
cDNA is predicted to encode a 110-kDa protein which is 20%o
identical to Sec8p. Northern blot analysis indicates that rSec6
and rSec8 are expressed in similar tissues. Immunodetection
reveals that rSec8 is part of a soluble 17S particle in brain.
COS cell cotransfection studies demonstrate that rSec8 colo-
calizes with the GTP-binding protein Rab3a and syntaxin la,
two proteins involved in synaptic vesicle docking and fusion at
the presynaptic terminal. These data suggest that rSec8 is a
component of a high molecular weight complex which may
participate in the regulation of vesicle docking and fusion in
brain.

Chemical neurotransmission, a process by which neurons
communicate with target cells, is mediated by quantal release
of neurotransmitter from the nerve terminal. The cellular
organelle containing a quantum of neurotransmitter substance
is the synaptic vesicle. Because of its primary importance in the
function of neurons, the life cycle of the synaptic vesicle has
been intensely studied (for reviews, see refs. 1 and 2). Synaptic
vesicles are located in the nerve terminal, where they associate
with the cytoskeleton and soluble factors. After synaptic
vesicles are loaded with neurotransmitter, they are targeted to
the plasma membrane, where they dock at active zones. Upon
entry of Ca2 , synaptic vesicles fuse with the plasma mem-
brane, rapidly culminating in the release of neurotransmitter.
Though much research has elaborated the life cycle of the
synaptic vesicle, progress in understanding the molecular
mechanisms underlying these events has only just begun.

Proteins important in regulation of various synaptic vesicle
functions have been purified and characterized (3, 4). This
approach has led to insights into molecular mechanisms of
secretion of neurotransmitter and detailed hypotheses regard-
ing the function of individual proteins (5). For example,
vesicles are proposed to recognize target membranes via the
association of proteins specific to each membrane. The assem-
bly and disassembly of protein complexes consisting of proteins
located on the synaptic vesicle (VAMP and synaptotagmin),
on the plasma membrane (syntaxin la and SNAP-25), and in
cytosol (NSF and aSNAP) are thought to mediate docking and

fusion steps in the synaptic vesicle life cycle (6, 7). Targeting
of synaptic vesicles to their correct acceptor membranes, a step
preceding docking and fusion, may involve another synaptic
vesicle protein, the low molecular weight GTPase Rab3a (8, 9).
However, insight into the role of Rab3a in the synaptic vesicle
life cycle remains elusive.
The number of identified proteins that play important roles

in the regulated docking and fusion of synaptic vesicles in the
presynaptic terminal is increasing. Biochemical studies dem-
onstrate that many of these proteins interact with one another
(10), as shown in Fig. 1 Right. Interestingly, these proteins are
homologous to yeast proteins which have been shown by
genetic studies to be essential for the later stages of yeast
constitutive secretion (5, 13, 14). For example, Sec4p, a low
molecular weight GTPase crucial for late stages of vesicle
secretion in yeast, is homologous to Rab3a. This homology
suggests that characterization of Sec4p interactions with other
proteins will provide insight into the function of Rab3a in the
nerve terminal. However, comparison of proteins involved in
the later stages of yeast secretory pathway with those required
for mammalian synaptic vesicle docking and fusion reveals a
number of yeast secretory proteins which have no known
mammalian homologs. These proteins include Sec6p (15) and
Sec8p (12), which are components of a 19.5S particle that
interacts with Sec4p (12). The absence of mammalian ho-
mologs to these proteins suggests that (i) only a portion of the
yeast secretory mechanism is conserved in mammals or (ii)
mammalian homologs of these yeast genes have yet to be
identified and shown to function in secretion. To further
characterize the vesicular trafficking pathway in mammalian
cells, we isolated the cDNAs encoding proteins homologous to
Sec6p and Sec8p from rat brain libraries and have begun their
characterization.§

MATERIALS AND METHODS
Cloning and Sequence Analysis of rSec6 and rSec8 cDNAs.

Two oligonucleotides corresponding to nt 1-25 (5'-GAAAT-
TATAAGGAAGTACGTCCTGG-3') and 293-314 (5'-ATG-
TACGTGTCAAGCAGCTCAG-3') of a human infant brain
expressed sequence tag (EST) cDNA (Genbank accession no.
Z46204) were synthesized for rSec6 screening. Two oligonu-
cleotides corresponding to nt 1-20 (5'-TGCCATTGTGGCT-
AATGTGG-3') and 301-320 (5'-CTGTGTTGTAAAGCAT-
CTCG-3') of the human fetal brain EST 56101 cDNA were
generated for rSec8 screening. By using a human brain cDNA
library (Clontech) and the EST 56101 cDNA as templates,

Abbreviation: EST, expressed sequence tag.
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FIG. 1. Comparison of proteins required for yeast constitutive
secretion and mammalian regulated neural secretion. Genes essential
for the later stages of the yeast secretory pathway (Left) and their
corresponding mammalian homologs (Right) are depicted. The lines
between yeast genes indicate genetic interactions identified in sup-

pression studies (11). The lines between mammalian proteins indicate
interactions identified in biochemical studies (10). Genes (SEC6,
SEC8, and SEC15) encoding components of a soluble 19.5S particle
isolated in yeast are circled (12).

these two sets of primers were used to produce either a 314-bp
or a 320-bp DNA fragment by PCR as described (16) and used
as probes to screen several rat brain cDNA libraries (Clontech
and Stratagene) for rSec6 and rSec8, respectively. The con-
sensus sequence for rSec6 has an open reading frame of 2265
nt that predicts a 755-aa hydrophilic protein of 87 kDa and a

pl of 6.1. The rSec8 cDNA has an open reading frame of 2925
nt that predicts a 975-aa hydrophilic protein of 110 kDa and a

pI of 6.5
Northern Blot Analysis of rSec6 and rSec8 mRNA Expres-

sion. A 1221-bp rSec6 cDNA fragment (nt 1049-2269) and an

844-bp rSec8 cDNA fragment (nt 17-860) were radiolabeled
by random hexamer priming and were used to probe RNA
blots containing 2 ,ug of poly(A)+ RNA from various rat tissues
(Clontech).
Antiserum Production and Western Blot Analysis. A 3'

Myc-tagged rSec8 was constructed by replacing the 3' end of
the full-length rSec8 cDNA in a pBluescript II SK vector
(Stratagene) with a 390-bp DNA Nco I-Cla I fragment en-

coding the Myc epitope QKLISEEDL. The 390-bp fragment
was generated by PCR using oligonucleotides that correspond
to nt 2219-2236 and 2907-2925 of rSec8 (5'-CTGCTCAAG-
AGAGCCACG-3' and 5'-GGATCGATCAGGTCCTCTTC-
GCTGATCAGTTTCTGCTCCACAGTGGTTATTTTCTT-
GTCC-3') and was digested with Nco I and Cla I. The
Myc-tagged rSec8 construct was then subcloned into the
histidine-tag expression vector pQE9 (Pharmacia) at HindIII
(blunt-ended) and BamHI sites to generate a 5' histidine-
tagged and 3' Myc-tagged rSec8 construct. The histidine-
tagged rSec8 fusion protein was expressed in the M15 strain of
Escherichia coli (Pharmacia). Polyacrylamide gel slices con-

taining rSec8 fusion protein were injected into rabbits to
generate polyclonal antisera. Antibodies against rSec8 were

affinity purified by incubating the crude sera with histidine-
tagged rSec8 fusion protein electrophoresed onto nitrocellu-
lose paper and eluting the bound antibodies with 0.1 M glycine
(pH 2.5). For regional Western blot analysis, a rat was decap-
itated and the tissues were homogenized in 3 volumes (vol/wt)
of 20 mM Hepes, pH 7.4/0.32 M sucrose/i mM EDTA
containing pepstatin, leupeptin, aprotinin, and phenylmeth-
anesulfonyl fluoride each at 1 ,tg/ml. The homogenates were

centrifuged at 1000 X g to obtain postnuclear supernatants.

Glycerol Gradient Centrifugation Analysis of Brain rSec8
Complex. Rat brain supernatant was prepared by homogeni-
zation in 6 ml of 40 mM Hepes, pH 7.4/150 mM NaCl/10%
(vol/vol) glycerol/i mM EDTA/1 mM dithiothreitol contain-
ing leupeptin, aprotinin, pepstatin, and phenylmethanesulfo-
nyl fluoride each at 1 jig/ml. The homogenate was centrifuged
at 1000 x g for 5 min and the supernatant was centrifuged at
100,000 x g for 20 min. Eighty microliters (40 jig of protein)
of the resulting supernatant was layered onto a 1.2-ml ten-step
22.5-36% (vol/vol) glycerol gradient in 40 mM Hepes, pH
7.4/150 mM NaCl/1 mM dithiothreitol. The gradient was
centrifuged at 91,000 x g for 16 hr at 4°C. Fractions (95 ,lI)
were collected and analyzed by SDS/PAGE and Western
blotting. Migration of brain rSec8 and n-Secl was monitored
by Western blotting using affinity-purified antibodies against
rSec8 and n-Secl (16). Na+,K+-ATPase, a plasma membrane
marker, and SV2, a synaptic vesicle membrane protein, were
detected in the 5S region and the pellet fractions of the glycerol
gradients, respectively. These data suggest that rSec8 present
in the 17S region was not associated with these membranes.

Microscopic Localization of rSec8. A BamHI-Cla I frag-
ment of Myc-rSec8 DNA was subcloned into the expression
vector pCMV and used to study the localization of rSec8 in
COS cells (17). A Rab3a pCMV construct was generated by
subcloning a HindIII-Sma I (blunt-ended) restriction frag-
ment from a Rab3a pBluescript II KS construct into pCMV.

RESULTS

Cloning and Sequence Analysis ofMammalian Homologs of
SEC6 and SEC8. The yeast Sec6p and Sec8p sequences were

compared with GenBank and a data base of human EST
cDNAs generated by the Institute for Genomic Research (18,
19). One human infant brain EST cDNA was found to have
24% identity over 104 aa to Sec6p and a second human fetal
brain EST cDNA was discovered that had 24% identity over
129 aa to the C terminus of Sec8p. Based on the sequence of
these clones, DNA probes were generated to screen rat brain
cDNA libraries. The cDNAs identified as rat brain homologs
of Sec6p (rSec6) and Sec8p (rSec8) encode hydrophilic pro-
teins of 87 and 110 kDa, respectively (Fig. 2). Comparisons of
the predicted amino acid sequences of full-length rSec6 and
rSec8 to their respective yeast homologs revealed 22% and
20% identity and probability values of 5.3 x 10-12 and 1.8 x
10-17, respectively, as determined by BLASTP analysis of Gen-
Bank. These identities occurred over the entire length of both
proteins (Fig. 2). When randomized sequences of the rSec6
and rSec8 proteins were compared with the yeast proteins of
Sec6p and Sec8p by BESTFIT analysis, the quality scores of the
nonrandomized rSec6 and rSec8 protein sequences were 8.9
and 13.7 standard deviations above the average quality score
of randomized sequences. Thus, the identities between rat and
yeast sequences are significant and indicate an ancestral
relationship between these proteins. Further, the homology
between the mammalian and yeast forms of these proteins is
consistent with previously identified mammalian homologs to
Sec proteins. For example, n-Secl is 26% identical to yeast
Seclp over its entire length (16). This identity is attained with
the incorporation of gaps similar in number to the amount of
gaps present in rSec6 and rSec8 comparisons to their respective
yeast homologs. The rSec6 protein also has 24% identity to a
protein encoded by the mouse primary response gene B94,
which has been proposed to be involved in fusion of sperm
acrosomal and plasma membranes (22, 23).
The rSec6 and rSec8 protein sequences contain regions with

a high probability of forming coiled-coiled domains (Fig. 2).
This structural motif is frequently observed in vesicle traffick-
ing proteins and is required for their interactions with other
proteins (24). Since the coiled-coil motif has been shown to
participate in many heterotypic and homotypic interactions

19.5S complex

SEC2 /X\

SEC10 - SEC4 SEC8

SEC3 SSI0 SEC9
S02 SC\I

SECIS SEC17 SNC2

yeast
Golgi to plasma membrane

9614 Neurobiology: Ting et al.



Proc. Nati. Acad. Sci. USA 92 (1995) 9615

rxec6 - NCKDIACFS8

-c6 - .........

TmK3TDLZAVATaVQI
11 2 :

tVAG3LQRPDQL.DKVZQYRPJ.
I I I . I I 31 3 I3

.NKLXNWXXDLQLXVMXYLVKA?KLY3?V!8ISXYDRXYNFALUZXRLLVAZLAZDALYSGCPU

ILIQLNELLNDVKDXQQILADV 92
I s11 1I1 3
ILLZXNFLLYJ8RDFQZQVVVK 90

regc6 - IKDIQIXETIZ8LKDVKDAVVQE8QLAAaVZELKN..XIIV'PZXVRUYQDLXZQGALLQANNZLKDLZC8ADOLUCZQYMDIGKOUNDMYLXNGYWGDT 190

Is I I Is 33sI 3 Is 11 Is III I I:::
Sec6 - AE .....YZDLQRYVKLFLGXX DKLLDGLYYDXVZNAA.....ZQXBLAXRLVFKYDLZ. F3UDL]trZaLXR.NXXKEX.......... 168

rsoc6 - QGLJDsQLVLQ^tLVDPILLVBVVaXXr XDRLXLDrQ PPORPoAvLDRsVLDFoXQADTrJDDnfLVLZ 290

1: I : I I I ::I I 2 i s I St : :t s I: :t ::

eca6 -..Z.... ZIXZEsXKKLPUJNAR....LQDZ!PKVX..rYPT1KGLYQZX38G!XSTRTAPROYKN1LXUGXIUN8ShXFZKYryZKYVGDQKFDVLDEID 257

rxecC - SXsuYVLDDLVXDLLVQCFtPPEYDXFDLL8mQALSXRMQDLA8rDLrNVBLLTWVLXTYT8AMMONVZLAPZVDVNALFPLL8PNWB8LL 390
: :1:1 : 81 III 11 : I s 11 * I It l I it

sec6 - ....WXFws;SXXVIAXCCttsWNXrwVrFDQYY=LNsLXTDLVSPrsXXXLDXLAr......WIINZLZILD. K?QDMLQDrrQDGF!KZVKVXDKZDZDLF 347

D?YSYSTLY8ISAVLREALN?DKKD. ..WJETZP&aDQDGYYQT?LPAVVFQ3V3Q3LQVAAQX8BDI
Iat ' t 1 11 ' : I 11 1111 it: III

LXTKVLVLCLQQKNSFLB ............... 473
1:11 * ai1m

..AEXLVGVVNRFIDLLYZRQNWIXVXXBIZZX 443

rs*c6 - ... RYKZAQLYKNNNLREXQNICYVQYMAI ZCQSF8KNBXXLKNXYLKPZ!ZBLCQIQPIKDGXLDAXK. ZOCIN. . LLZZVILDLZQNLL 567
I * I I I IsII * II III''I II :1 II 1 1 I I : 1

*ec6- 54Q3nYDXDSXIZDFCPGGLYLXaVBNDQALDYAVSXXYGKLSrVTQXTLFQTLDOAZAQCBBLGLXTLNFDDLPYQFX 543

rsea6 - 3KZKmLG8UaVDXXCV?VZDY7NDVAEKXKY_rQtNAZAN3RVVVZYLRAVKQKRX8?XSAZZRKZ@A. .ZKnVRUA3QLRWLRELaso&GFZDDO 665
I :11 1I I II I8 I1 1 : : m :I I Is II I I :

sea6 - FS?IXTIIYKQAN. XADTLDZYLLD....KXQMN8VLIVEWXDNVXGZXXKVL .TALISFZBIFKNKNNKLZANZDFZXFYQLFVKVLDO8NIDTLX 638

3t 3 3 1: 31 I:: 3 I I I 3 :1 I I I 3 13 I I I I
TQXWTVN?Fr DLBCZPXDXXSLDXWQKTLVYVDURXDLLVGXLECRKDV8 XZXVQQATNKLNZYD.

s I s I
.R.NPTLN FVLZ]rZQ

MaAZAAGGKYKUTV88KDPBGLLXS8VXRTLSTSDDVZDNREZKGRLZUAYZXCDRDLDZLIVQNY
33|I I : : 112 1 I : : I

NDYLKPAQKGRNZGLBX8BLIZTQQUAMNILDHLQNDLNRXXLQWIMXLSDNWNPLZLALALDMDVGLGNRYZZFXQLKS.. . QXS08LQDVVNZZB

SZLTTAXJISYQBXTZRXSTNXJs=XQVMLCKLJcCL"LRXDFLWXZGXZZrLMLLDF XZMXXQVQKLQCMaJnnYLJATDMLVBAJ;sLO
313 :IsI I 8 3 1 1 *I I :31 II. 1 1 1 1II 3 3

QVFEr?NVASYGKAVUXMQAQZQILELKELKZANNXZT?DKQLQZLEDMNLYTZXDVLVNXZZLLQXPZKXZZNNXREMNE QVQXLLZRGFXLr

PLLQ .VZ@L8DLXLZLNSKK3LNLVLSX=ZZL LYXKBS8RZVVQRNXK@ ..... KSI0GKDAEPGPLXDVXXX...... 8STPLDATQYIAAG8U
II 3 I I 1 1 sI I I I I I I 1 3 1 1 1 1 1

IELX!VZXLKPIXQQLZLQZNLLINLIXXZZDXNYSKXINSF!RVSNWDX7KXXBXS 80F?ILNrLTNXVNXDIXEZNK XNKNLN. . QF1XDQ L

755

734

66

97

166

197

254

295

ruecS - ...s.LrQ..... XAZDLDCDPZZNJAQrL.MGXLXQGLALLKKXIZTVXAZXZKIZQZLKQXVXRK.8Q.. 3ADBAYQRONBL VNQPXLLLZ. 341
3 I I t1:1:I s 11 I II I. 313I 11 3 11 11 1 .

seCS - vXXLQrsQATQrFrXGrLLssssLPV rwSSXXssrA XXP8LL DassLDvQDXLBX 395

......LLrLLrDKrKaVAsANSXVLOYLQDSVGTQPTQQZZXKLYDUADVWXKQDVLQNLLYZYLDUKEN
s s: I : : : Ia I I I III

- ILRZCFWZXFLKLLYAXQCRNaX.....FZNXLQPTI
t m1 1: 3 I11 1I

thS8ZPBAQLBYASTO3ZFAAITrArPQ 436
2 I I I : 1:1
8831N01XKEPXIaTUM..AP?LPKRKNP 488

rcS 8 - RPKN5LFKFZr=s.... ZAX 8SAYLrZQDNZLYSRIGZLQGGI... DDNLXZGQG!FVCKEPGANRIXVXFNPLLR?XQZXIZaLOLOPAKQCLLR.3F 528
* '1 13 I its : I :1 : I 1: II: 1:1 I I

secS - KXFBLZYEXZDNJsSVDQA?ZLEALLKDXIPG .IPsVINDLDsXYVKDZB?rQDZP..LvVPPSVFNMEVXLDPFLL?TQITITXVPSVJLTQN?sXLTV 585

rscc8 - LTXYXENXILNQVLTNXNKUXZGVVKESDPLKXILANAoMKVLGVQRPLLQEIXXVZETVQDLKNLMNDLSAYIDQFLNNVCVXLQZ .YKDCSTAYnGZ 627
3 I: I I 3I 3 3 I *: 3 333333 s 1II s 3: : I: I

se - rDDYr3KSFLPKXQsKYDYLFTVVXZWIY........ALZL5D3EXvsKYALDFQRLVrLLNV?NY&N!DZKXsYCXLDLLErrYNYTLGLFN5LX 678

VOIZZEL... VIIABWAXDDDIIRLLKIBLUW?NK&QpEQLXIKRUZZZDIINAAPGKNBZVLZGWLGDKLIPOQD...ILZDV8DLELAOZ L

1: :1:1 3 3 I I I I I I I sII I I II I
OTSDRELYZEXXTAWLQNGXLKDQZQKXLNGDZrLYLFZXZLFrK.FXPE?YQaGXGLs8BDLINWLYLDYXLQFSASVLVXLNWLPGLKKAXXXDZVUQ

, 718

1 777

r*c 8 - WL. .AGRTKsAWSLJsABQKL......sPAQZXNVI5DLPPVXZQXXQsLsZLAEJrQDKADaCLLVLNLZVRVNCFKYLXPLArZoNYAXVANVZSIDY 811

: :I : I l I aIs t a : : I t I I : I I I I I 3t

seaS - ZIKLDADRLR5UW. YFEZ8NDLnYBNXPB8tP8LGNLKX . LLDDKKEDZYXDGVKYL SSLXTXL3.VXIALCX .YDXGSUVQNKXWNKDVESXZL 874

DPLVVKLNKDX8ANs AS8asLQQNKFQYXFZVLGNLXSCXLIXXaQYWrItX8XZSGXKECRNXFVLQQNLEXI. IIRZADLDrARQYYNLYITIADZL
I us * s II II : II II : : a I I. 11111 III III I s :1:3I 3 I I

, 910

. 974

rscaS - LNLVVDQOKT!ZLZTXEALTLLNflEQ!...GVGDQYQR ............

I a 1 : :1 : II Il I:
scaS - FUYXKDENLPNCSVZDLXTXLXLQIr5ZZNNQLERQUY8SIY8GXEPBINKYY

I 31 I 11 11 I: :
aLZrKL8XLZYK.QBIKZQRIXGKLKSKLEAVN!ANZK

FIG. 2. Comparison of rSec6 and rSec8 protein sequences with their yeast homologs. Solid lines indicate identical amino acids and dashed lines
indicate conservative amino acid substitutions (L, I, V, M, F, and W; S and T; K and R; Q and N; D and E). Analysis of the rSec6 and rSec8 protein
sequences with the program NEWCOILS (21) reveals that both proteins have a possible coiled-coil region at the N terminus aa 97-171 for rSec6 and
aa 34-99 (with a break in the middle due to a tyrosine residue at aa 66) for rSec8. For the yeast protein Sec8p, there is also a predicted coiled-coil
region at the N terminus; aa 117-159.

(25, 26), conservation of this motif between rSec6 and rSec8
and their yeast homologs further suggests that these regions
are essential for important protein-protein interactions. In
addition, yeast Sec8p has a 202-aa leucine-rich region near its
N terminus that is 25% identical to the leucine-rich RAS-
responsive domain of yeast adenylate cyclase (12). This region
has been postulated to interact with the GTP-binding protein
Sec4p. Correspondingly, rSec8 also contains a leucine-rich

region near its N terminus, aa 23-200. This region may interact
with a vesicle-associated GTP-binding protein such as Rab3a.

Regional Distribution ofrSec6 and rSec8 mRNAs and rSec8
Protein. The proteins involved in synaptic vesicle trafficking
vary in their tissue distribution. Several are brain-specific,
whereas others are expressed in all tissues (1). Northern blot
analyses showed rSec6 and rSec8 message sizes of 2.9 and 5.4
kb, respectively (Fig. 3). Both messages were present in all the
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tissues examined, with higher amounts found in brain, lung,
muscle, kidney, and testis. This similarity in tissue distribution
suggests that rSec6 and rSec8 function in a variety of secretory
pathways and may also be in association with one another.
An affinity-purified polyclonal antibody generated against

rSec8 recognized an immunoreactive band of '110 kDa in
brain tissue, the molecular size of rSec8 predicted from its
cDNA sequence (Fig. 4A4). Analysis of several rat tissues
revealed rSec8 protein in all the tissues examined, with higher
amounts observed in brain, kidney, testis, and pancreas (Fig.
4B). This broad tissue distribution of rSec8 was consistent with
the results of the mRNA analysis.

rSec8 Is a Component ofa High Molecular Weight Complex.
As a first step to determining the function of rSec8, we
investigated the intracellular distribution of rSec8 and its
interactions with cellular proteins and membranes. The intra-
cellular distribution of rSec8 was analyzed both by cell frac-
tionation studies and by microscopic examination of COS cells
transfected with Myc-tagged rSec8. The transfected rSec8 was
present both in a membrane-associated fraction containing the
plasma membrane marker Na+,K+-ATPase and in the super-
natant after centrifugation at 10,000 x g. To determine
whether rSec8 was present as a high molecular weight complex
in brain, soluble brain extracts were separated on a linear
glycerol gradient and rSec8 was detected by immunoreactivity.
rSec8 peaked around 17 S, indicating that endogenous rSec8
is part of a high molecular weight complex in brain. In contrast,
the neural-specific protein n-Secl did not migrate as a high
molecular weight complex under similar gradient conditions
(Fig. 4C).
Immunolocalization of rSec8 in COS Cells. In agreement

with the cell fractionation studies, immunofluorescence stud-
ies of the rSec8-transfected COS cells revealed rSec8 both in
the cytoplasm and associated with cellular membranes, includ-
ing the plasma membrane (Fig. 5A and C). Cotransfection of
COS cells with rSec8 and Rab3a or syntaxin la revealed that
rSec8 colocalized with Rab3a or syntaxin la in many regions
of the cell (Fig. 5). In particular, the colocalization was notably
visible at patches along the plasma membrane (Fig. 5, arrow-
heads). These patches may represent plasma membrane ruf-
fles, regions of increased membrane activity. In contrast, the
lectin concanavalin A stained the plasma membrane evenly
and did not accumulate at plasma membrane ruffles. This
implies that the similar staining patterns between rSec8 and
Rab3a or syntaxin la may represent specific associations, thus
further suggesting a role for rSec8 in the synaptic vesicle
trafficking pathway.
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FIG. 3. Northern blot analysis of rSec6 and rSec8 mRNA expres-
sion. Lanes contained 2 jig of poly(A)+ RNA from the indicated
tissues. Molecular size markers are indicated in kilobases.
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FIG. 4. Western blot and glycerol gradient analysis of brain rSec8.
(A) Western blot detection of rSec8 in brain postnuclear supernatant.
(B) Regional Western blot analysis of rSec8. Samples (20 ,ug) of
postnuclear supernatant proteins from the indicated tissues were
loaded per lane. (C) Glycerol gradient analysis of brain rSec8 complex.
Fraction 1 (left) corresponds to the top of the gradient. Migration of
rSec8 and n-Secl was monitored by Western blot analysis. Size markers
(shown by arrows) from left to right were bovine serum albumin (4.3S),
B-amylase (11.2S), and thyroglobulin (19.2S).

DISCUSSION
Here we identify mammalian homologs of the yeast proteins
Sec6p and Sec8p may be involved in the docking and fusion of
vesicles with the plasma membrane. Sequence analysis of these
mammalian homologs, rSec6 and rSec8, revealed that both
proteins have significant identities to their yeast counterparts
and that rSec6 may have additional mammalian homologs that
may be involved in secretion. Several pieces of evidence
suggest that rSec6 and rSec8 are homologs of the yeast proteins
Sec6p and Sec8p, respectively. (i) The sequence homologies
extend over the entire length of both proteins and are highly
significant by BESTFIT analysis. (ii) Both proteins are similar in
size to their yeast homologs. (iii) Structural motifs are con-
served between rat and yeast for both proteins, including the
coiled-coil domains present in both rSec6 and rSec8 and a
leucine-rich region that occurs in rSec8.
The similar tissue distribution of rSec6 and rSec8 mRNAs

suggests that the two proteins may interact with one another,
as observed with their yeast counterparts. The presence of
rSec6 and rSec8 in brain also implies that they may be involved
in secretion at the nerve terminal. Additionally, the broad
tissue distribution of rSec6 and rSec8 suggests that, like NSF
and aSNAP, they may also be involved in a number of different
trafficking pathways and possibly in different steps of the
secretory pathway.

In yeast, Sec6p and Sec8p are part of a 19.5S complex that
includes SeclSp and that also associates with the GTP-binding
protein Sec4p (12). Thus, a first priority is to determine
whether the mammalian homologs form an analogous com-
plex. Indeed, analysis of brain protein extracts demonstrated
that rSec8 was present in a 17S complex. While the composi-
tion of this complex other than rSec8 is unknown, one candi-
date protein is the yet unidentified mammalian homolog of
SeclSp. Furthermore, Western blot analysis of both trans-
fected COS cells and brain homogenates revealed rSec8 in
both cytoplasmic and plasma membrane fractions. These
results are in agreement with yeast biochemical data (12) and
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FIG. 5. rSec8 colocalizes with
Rab3a and syntaxin la in trans-
fected COS cells. COS cells were
cotransfected with Rab3a and
Myc-tagged rSec8 (A and B) or
syntaxin la (17) and Myc-tagged
rSec8 (C and D). For immunoflu-
orescence detection, cells were in-
cubated with primary antibodies
against Myc epitope (A and C),
Rab3a (B), or syntaxin la (D) and
then with rhodamine (A and C) or
fluorescein (B and D)-conjugated
secondary antibodies.

provide further evidence that rSec8 is a homolog of Sec8p.
Finally, these data suggest that the rSec8-containing complex
can associate with the plasma membrane, possibly through a
specific receptor.

Recently two protein complexes, the 7S (containing VAMP,
synaptotagmin, syntaxin, and SNAP-25) and the 20S (contain-
ing VAMP, syntaxin, SNAP-25, a-SNAP, and NSF) particles
(6, 7), have been identified as putative synaptic vesicle dock-
ing/fusion particles in the presynaptic terminal. Genetic stud-
ies indicate that the yeast homologs of protein components in
these complexes such as syntaxin, VAMP, and SNAP-25
function downstream of Sec8p, Secl5p, and Sec4p (11, 20, 27,
28), suggesting that the formation of these complexes may be
regulated by homologs of Sec8p, Secl5p, and Sec4p. Hence, it
is possible that the interaction of soluble proteins such as Sec8p
and Sec6p with Rab3a located on the synaptic vesicle mediates
the delivery and docking of synaptic vesicles to the plasma
membrane. Upon docking, two vesicle proteins, VAMP and
synaptotagmin, interact with two plasma membrane proteins,
syntaxin and SNAP-25, to form the 7S complex. Subsequent
formation and dissociation of the 20S complex then precedes
Ca2+-stimulated vesicle fusion. We speculate that the isolation
and characterization of rSec6- and rSec8-containing com-
plexes will lead to an increased understanding of the processes
that occur prior to and during vesicle docking and fusion.
Elucidation of the functions of rSec6 and rSec8 is likely to
provide insight into the molecular and cellular mechanisms of
synaptic transmission.

We thank Dr. Jonathan Pevsner for helpful advice and Karen
Peterson for excellent technical assistance. This work is supported by
a Conte Center grant from the National Institute for Mental Health.
C.D.H. is supported by a National Science Foundation predoctoral
fellowship.

1. Calakos, N. & Scheller, R. H. (1996) Physiol. Rev., in press.
2. Schweizer, F. E., Betz, H. & Augustine, G. J. (1995) Neuron 14,

689-696.
3. Bennett, M. K. & Scheller, R. H. (1994) Annu. Rev. Biochem. 63,

63-100.
4. Jahn, R. & Sudhof, T. C. (1994) Annu. Rev. Neurosci. 17, 219-246.
5. Rothman, J. E. (1994) Nature (London) 372, 55-63.
6. Sollner, T., Whiteheart, S. W., Brunner, M., Erdjument-Bro-

mage, H., Geromanos, S., Tempst, P. & Rothman, J. E. (1993)
Nature (London) 362, 318-324.

7. S6llner, T., Bennett, M. K., Whiteheart, S. W., Scheller, R. H. &
Rothman, J. E. (1993) Cell 75, 409-418.

8. Ferro-Novick, S. & Novick, P. (1993) Annu. Rev. Cell Biol. 9,
575-599.

9. Zerial, M. & Stenmark, H. (1993) Curr. Opin. Cell Biol. 5,
613-620.

10. Bajjalieh, S. M. & Scheller, R. H. (1995) J. Biol. Chem. 270,
1971-1974.

11. Aalto, M. K., Ronne, H. & Keranen, S. (1993) EMBO J. 12,
4095-4104.

12. Bowser, R., Muller, H., Govindan, B. & Novick, P. (1992) J. Cell
Biol. 118, 1041-1056.

13. Bennett, M. K. & Scheller, R. H. (1993) Proc. Natl. Acad. Sci.
USA 90, 2559-2563.

14. Ferro-Novick, S. & Jahn, R. (1994) Nature (London) 370, 191-
193.

15. Potenza, M., Bowser, R., Muller, H. & Novick, P. (1992) Yeast 8,
549-558.

16. Pevsner, J., Hsu, S.-C. & Scheller, R. H. (1994) Proc. Natl. Acad.
Sci. USA 91, 1445-1449.

17. Bennett, M. K., Garcia-Arraras, J. E., Elferink, L. A., Peterson,
K., Fleming, A. M., Hazuka, C. D. & Scheller, R. H. (1993) Cell
74, 863-873.

18. Adams, M. D., Kelley, J. M., Gocayne, J. D., Dubnick, M., Poly-
meropoulos, M. H., Xiao, H., Merril, C. R., Wu, A., Olde, B.,
Moreno, R. F., Kerlavage, A. R., McCombie, W. R. & Venter,
J. C. (1991) Science 252, 1651-1656.

19. Adams, M., Dubnick, M., Kerlavage, A., Moreno, R., Kelley, J.,
Utterback, T., Nagle, J., Fields, C. & Venter, J. (1992) Nature
(London) 355, 632-634.

20. Brennwald, P. & Novick, P. (1993) Nature (London) 362, 560-
563.

21. Lupas, A., Van Dyke, M. & Stock, J. (1991) Science 252,
1162-1164.

22. Sarma, V., Wolf, F. W., Marks, R. M., Shows, T. B. & Dixit,
V. M. (1992) J. Immunol. 148, 3302-3312.

23. Wolf, F. W., Sarma, V., Seldin, M., Drake, S., Suchard, S. J.,
Shao, H., O'Shea, K. S. & Dixit, V. M. (1994) J. Biol. Chem. 269,
3633-3640.

24. Kee, Y., Lin, R. C., Hsu, S.-C. & Scheller, R. H. (1995) Neuron
14, 991-998.

25. McLachlan, A. D. & Stewart, M. (1975)J. Mol. Biol. 98, 293-304.
26. Hu, J. C., O'Shea, E. K., Kim, P. S. & Sauer, R. T. (1990) Science

250, 1440-1443.
27. Rine, J. (1991) Methods Enzymol. 194, 239-250.
28. Dascher, C., Ossig, R., Gallwitz, D. & Schmitt, H. D. (1991) Mol.

Cell. Biol. 11, 872-885.

Neurobiology: Ting et al.


