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GS28, a 28-KiIodaIton Golgi SNARE That A c i s - ~ o l g i  integral membrane protein, 
p28, has recently been identified by a 

Participates in ER-G0lgi Transport  non no clonal antibody ( m ~ b ) ,  H F D ~  (6). 
The protein was immunoaffinity-purified 

V. Nathan Subramaniam, Frank Peter, Robin Philp, from a detergent extract of rat liver Golgi- 
Siew Heng Wong, Wanjin Hong* enrlched me;nbranes, and the amino aEid 

sequences of its proteolytic peptides were 
Little is known about the integral membrane proteins that participate in the early secretory used to isolate the full-length co~nple~nen- 
pathway of mammalian cells. The complementary DNA encoding a 28-kilodalton protein tary DNA (cDNA) (7) (Fig. 1).  The de- 
(p28) of the cis-Golgi was cloned and sequenced. The protein was predicted to contain duced amino acid sequence shows that p28 
a central coiled-coil domain with a carboxyl-terminal membrane anchor. An in vitro assay is a 250-amino acid protein. The major 
for endoplasmic reticulum-Golgi transport was used to show that p28 participates in the portion of the polypeptide (residues 1 to 
docking and fusion stage of this transport event. Biochemical studies established that p28 230) is predicted to be anchored to the 
is a core component of the Golgi SNAP receptor (SNARE) complex. membrane by its 20-residue COOH-termi- 

nal hydrophob~c tail (residues 231 to 250). 
Preceding the hydrophobic tail are several 
regions (residues 67 to 94, 101 to 128, 129 

T h e  N-ethylmaleim~de-sensltlve factor SNARE complex have not been identifled. to 152, and 163 to 226) that could poten- 
(NSF) and the soluble NSF attachment Syntaxin 2, 3, 4, and 5, Sed5p, Ssolp, tlally form coiled-coil domains. The struc- 
proteins (SNAPs) are required for   no st ves- Sso2p, PeplZp, cellubrevin, Sec22p (SlyZp), ture of p28 1s similar to that of known 
icle fusion events along the exocytotic a ~ l d  Betlp (Sly12p), Boslp, Snclp, Snc2p, and SNAREs, although the primary sequence of 
endocytotlc pathway (1 ). The cytosollc Sftlp are other possible SNAREs that func- p28 does not show s~gnificant similarity to 
NSF and SNAPs are recruited to the fus~on tion 111 d~fferent ves~cular transport steps (1,  any of them (1,  4) .  
sites through binding to membrane 4). Among these, only syntax111 5 is impli- The structure of p28 and its cis-Golgi 
SNAREs. The specificity of vesicular trans- cated 111 endorlasmic ret~culum (ER)-Golg~ localization (6) prompted us to examine 
port 1s thought to be determined by correct transport in lna~nnlaliall cells (5). whether p28 functions in ER to cis-Golgi 
pairing of vesicle-associated SNAREs (v- 
SNAREs) with those on the target mem- 

brane (t-SNAREs) ( I ) '  'ynaptic veslcle- Fig. 1. The cDNA and de- G G C A C G A G G ~ , ~ G G C G G C G G G A A C C A G C A A T T A C T G G G A A G A T C T T A G G A A A C A A G C T C G A C A G C T G G A A A A T G A A C T T G A  80 

associated synaptobrevins (v-SNARES) and duced amino acid se- r A A G T S U Y W E D L R < O A R O L E V E ~ D 2 Q  
P 1 presynaptic ~ne~nbra~~e-associated syntaxin quence of p28. Peptide se- C c T G A A A c T A G T T T c c T T c A G T A A A C T G T G T A C G A G T T j c A G T C A C A G C A G C G C C C G G G A T G G A G G C C G C G A T A G G T A T A  Is0 

1 A  and 1B ( c o ~ n ~ l e x e d  with SNAP-25) quences obta~ned by mi- < L v s ; s K - c T s y s H s s A R 0 G G R c R y so 
P z- 

([-SNARES) have been shon.ll to i1Iteract crosequen~ing of proteo- G T T c T G A c A c A A c A c c c c T A T T A A A T G G A T C A A G C c A A G A c A G G A T G T T c G A G A C A A T G G c c A T T A A A T T G A c A G c T T  240 

wltll each other to deternllne specific I ~ I C  fragments of purlfled s T T P L - u G s s 0 D R a F E T 9 A I E I E I L 77 
P 3- docking of vesicles on the presyn- p28 are underlined. The T T : G C G A G G C T T A C A G G A G T A A A C G A C A A A A T G G C A G A G T A T A C T C A C A G T G C A G G G G T G C C C T C C C T G A A C G C A G C C C T  320 

aptic membrane as well as to recruit SNAPs COOH-termnalmembrane L A R . T G V ~ D < M A E Y T F S A G V P S L V A A L I O ~  

anchor is boxed. This se- G A T G c A c A c G c T A c A G c G A C A C A G A G A C A T i C T G C A G G A T T A i A C A C A T G A A T T C C A T A A A A C C A A A G C A A A C T T T A T G G  400 
and subsequently NSF, resulting in the for- quence has been deposit- M H T - O R H R D I - O D Y T H E F H < T < A h F Y  130 

~nation of a 20s fusion (or SNARE) com- P 4 P 5 ed with GenBank (acces- C A A T A C G G G A A A G G G A G A A T C T C A T G G G A T C A G T A C G A A A A G A T A T T G A G T C A T A T A A A A G T G G G T C T G G A G T A A A C A A C  480 

plex (1 ,  2 ) .  Although the 205 SNARE sion no. Uc9099). Abbrevl- A : , E R E v . n G s v R K a I E s Y K s G s G $1 E, N 157 
P 6 colnplex was orlginall~ formed lvith Golgi at~ons for the amino acid A G G A G A A c T C A A C T G T T T C T ~ ~ ~ ~ ~ ~ ~ ~ ~ i ~ ~ c c ~ c c T T c G ~ ~ ~ c T c T ~ ~ T c ~ T c T c ~ T ~ G ~ ~ ~ ~ ~ ~ c ~ ~ T ~ ~ ~ c ~ c  560 

membrane extracts in the presence of NSF residues are as follows A , , . , a , a , I I s I A I,, 

P 8 and a-SNAP (31, the Golgi proteills of this Ala; c '  CYS; D' Asp; E, Gu; T A T ~ P , ~ A ~ c , , ~ A ~ ~ ~ ~ ~ A T ~ T G ~ c T T c G c A G A G ~ G G A ~ T c c c c c c c c c c c c c c  840 

F, Phe; G, GIY; H, HIS; 1, Ile; , A , , ., , , , , , , , , , , , , , A , 
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transport. X'e used A ~ ~ - e l l - e s t a l ~ l ~ s l e  In yltrc 
svstem (8) that reconstitutes r-eslcular trans- 
port of the envelope glycoproteln i)t  vesicular 
stoi-iiatitls virus (VS\.-G) ts945 t r ~ ~ m  the ER 
to the c ~ s / m e ~ i ~ l - G o l g ~  in NRK cells or trom 
the ER to the cls-Golgi in CHOlSB cells. In 
KRK cells, this assay monitors the conversion 
id \'S\'-G from eniioelycosdase H (endo H)- 
sensit1r.e to endo H-res~sta~lt forms. In 
C H O l j R  cells, conversion ot \.SL'-G froin 
entlo D-resistant to elldo D-sen;~tlve forina is 

i-iieasureil. p2S-specific mAb HFD9, its F A  
tr~gment, and recoml3inant c\-toplasm~c 
lnaln i r t i ~ ~ ~ l ~ e ~  1 to ?3J) otp?S (p?Scyt~)  (9 )  
each inhibited the transport (Fig. :A). Nei- 
ther the reii)mhinant cytnplasm~c ilo~iiain ot 
cellul,rev~n (9 1 C'), n-hlch tunct~i~ns 111 the 
cnilocytot1c (lG), nor a 1nAb aFalnst 
the c \ - t ~ ~ l a s r n ~ c  tall of the cis-Golgi-enrlcl-ieii 
KDEL receptor [al-it1-p73) (1 1) (or its Fa17 
fragment) affected the transport (Fie. ?A).  
Pre~~~cuhation ot p!S mA1~ n.1t11 .;tolchitnnct- 
rlc amounts c>f ~,?dc\-tc resulteil in a m u t ~ ~ a l  
alx>lition of the 111l-iil,1tor~ effect ot the other 
(Fig. 7.4). s11ggest111e t l ~ t  111~413 hlntling to tlle 
endogen~~us p78 1s resFo'ills~l~lc for the 1nhil~1- 
tion of the 1u,41. anii that the eyitiope recog- 
nizeil by the mXi. must he expnseil t i~r  
p28cyt(> to carry out ita inhlhlti?r\- ettcct. TI- 

tratioll stuilles sl~o\\~eil a half-~nasimal ~nhlbi- 
tlon conientratii)n at about 9.5 ~ i :  for 
p1Scyto anil less than 1 ~g for the 1nAb (Fig. 
7B). To determine rvhether ~ntra-Galg~ trans- 
purt is dt'fecteil b\- p?Scyto or the mAb, n-e 
used an assay that measures transport ot 
\'SL'-Ci protern from the ER to the trans- 
Golgl networl; (TGK),  \\-here ~t is slalylated 
(8). Kinetlc stuiiies, In n l ~ i c b  p18cyto \{as 
added atter incuhatlon ut the assay fin varlous 

Fig. 2. p28 paticpates In ER to CIS-Gog transport, iAj 
Pertiieab~l~zed N R K  cells iback bars) or CH015B cells 
(open bafs), cytosol. and ATP \were pfeticubated I ;  the 
absence (a and bj or presetice of ti-e ndcaied addtonal 
reasenis .c  to k) for 45 Inn on Ice befot-e ncubaion at 
32°C for 90 n i n  ib to k) (c) niAb HFC9 8.3 11.g); (d) recom- 
bnant p28cyto 8.1 ~p.g), :e) HFCS Fab fragments /2 5 p-g). 
(fl p28chio (1 p.c) arid HFCS (3 l ~ g )  iprelticubaied on Ice 
for 60 In?) 1s) recorronant cytopaslnic donizn of ce -  
I~~brevn ,2 kg). : h )  rrAb asanst the KDEL receptor [ K R I  0) 
( 7  7 )  (3 (k)  GTDyS 10 1 1p.M fl?a concentrzionr Tratis- 
por! '(!as measured by deier17i~~il-;c itie fracilon of LISL1-G 
proten processed 13 tlie endo H-resstztit fortn In N R K  
cells or endo D-sensltlve forn; In CHOl5B cells iB) As- 
says cotitanng pertiiezbzed N R K  cells c!iosoI, and 
ATP livere s~~ppletiiented 1~1th IpicreasI;g arnoanis of 
HFD9 I H ~  ot- p28cyto /73 iC) Pertiieabzed N R K  cells 
\were nc~lbzted at 32°C ti a trap;spoti ~n~xt~lre conia~inc 
cytosol and ATP suppletliented !t5!ltii 100 I.IM urldltie 
5'-dphosphate (UDF;-N-acei)/lgl~,cosatii~tie, 250 p.bi 
U9P-galactose, at;d 100 klvl cytdtie 5'-phosphate-sal- 
ic zed to measure transport to the TGN. ,7) Standard 
tme coclrse of the ncubaton. At each ime poni, a saln- 
pe  of trie tratispo~? reac;oti \was tet-tnnaied [stage 1 
transpol-). and anothet- sample !;,!as supplemented v:~iti 1 
kg of p28c!io arid tic~~bated on ice for 45 mn. S ~ ~ b s e -  
quenil)/, the supplemented sample was shfted back to 
32'C, an3 trie tianspori ieacilon contnuea for a total of 
150 Inn ,stage 1 and 2 transport) Because p28c)/to \was 
added at ticfeastic ttiie ponts afer the ntia stage 1 
11;cubation at 32-C t \/,!o~lld not inhibit transpori of ilie 
fracton of VSV-G prote~i tliat had reaclied trie c1s.t-ieaal 
Gog for s ~ ~ b s e o ~ ~ e n i  d e v e ~ j  13 the TGN f p28 'ivere 
nvoved only ti ER to CIS-Gog ifanspo~?. ti ths ~istalice, 
the percentage 3f VSV-G pfoien ttiai s s~alylatecl ti the 
siage 1 and 2 transport (MI ~tvotlid be , i i~~c ; i  create8- than 
at the siage 1 transport I C ~  at some tnie potits isuch as 
those at the 30 nilti). T,ie obsel-ied resclts are consstent 
with tlie interpretation that p28 does riot paricpate In tra 

tlmcs, ~usgciteLl that transport trom the cis/ 
medial-Golgi tc) the TGN was not affected 
[Fig. 1Ci. p15 mAh also did not inhibit trans- 
port from the cis/meilial-Golgi to the TGK 
(not sholvn). K~nctlc and morp11~)logical s t~~i l -  
les (nt3t sho~vn) ~ndicate that p?d partlclpates 
111 the iiocklllg alld fusion stage ot transport. 
To clearly est~1~lisl-i this role. \I-e used A t\vo- 
stage transport assay ( 12) ln \r.hich transport 1s 
first perfilrlnecl ln the presence ilt EGTA, 
rvhlch lnhlhits the E R - G u ~ ~ I  transport at the 
ilock~ng 2nd ii~slon staee c l ~ c l ~ i t ~ n ~  CalT 
(12). The iii)cklng dllii f~~siul-i stcige can suh- 
seLluently 1-e reaumed by incubation of the 
cells ln ires11 coml>letc transp)rt mixture, ~ I I -  
dbl~lig this step ti) he analyzed ~n~lcpendently. 
'4s ,lin\vn 111 Fie. 3, p2Scyto 11l1111,ited thih 
dockil~g and t~13ion stage of ER-Golui trrlns- 
port, as d1i1 the mAb. In contraat, mAb 

p 80 
NRK cells 

p28cyto (o) or anti-p28 (a) added ( ~ g )  

C (Stage 1) 

Per l12e3 
4dd 1 1 9  p26cytO ,+ Transler 10 lie 0' 

I ~ I I s ,  1 - (stage 2) 
c y l o s O ~  - A-p 1: "1 n at 32 c \, Postlncubate 150 
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tispori fro~n t,ie CIS tneda Golgi to the TGN 

against P-COP or control mAL [anti-hemag- 
glutinn A (antl-HA)] did not inhiLit this 
iioclcing and fusion event. 

W e  then exainineii \vherher p28 is A 

component ot the 20s Golgi SKARE com- 
plex. Golgi detergent extracts were ana- 
l\-zed 111 a sedimentation gradient, and p28 
was shonn  to have a sedi~i ie~l tat io~l  coef- 
t~c ien t  of -4s [Fig. 4A (a)].  Under con- 
dltions that favored assembly ot the 1OS 
SKARE complex ( 2 ,  3 ;  13)! p18 was shift- 
ed to the ?OS traction in a inanner that is 
dependent on  both KSF and a -SNAP ( b ) .  
I11 contrast, p28 sedimentation was not 
ahifteil by equal amounts of KSF alld 
a -SNAP under ci~niiitlons that promoted 
~iisassemhly of the SNARE co~nplex [c ) .  
To establ~sh that p?d ex~stcil 111 an au- 
thentic SKARE cc>mplex In the 1OS frac- 
tlons, \ve immunopreciE~itatd the ~315- 
containing ?OS fractions using mAb HFD9 
i l r i ) .  As shown in Fig. 4B, both KSF and 
a -SNAP were coprecip~tatcd by p?d mAb 
( a )  (lane I ) ,  suggesting that the p18-con- 
t ~ i n ~ n g  1OS complex containe~l both NSF 
and a-SNAP. Furtherl-i~ore, KSF mil 
a -SKAP could be releaseil from the pre- 
cip~tated complex under c o n i i i t ~ o ~ ~ q  that 
trigger ailenoslne 5'-triphosphate ( A T P )  
hv~lrolvsls bv NSF and disasseml~ly of 
SNARE complex (lanes 2 and 4) .  A con- 
trol m?lh of the sa111e isotypc diL1 not 
precipitate either a -SKAP or KSF (13). 
'We cstimateL1 the stoich~ometry ( in  ~ilolar 
ratio) of  p28, a-SKAP. and KSF in this 

(Stage 2) 

Fig. 3. p28 pariicpaies In the dockins atid fusion 
siace of ER to c~s-GoIg~ transpor! Lanes a and 13: 
pertneablized NRK cells, cytosol, and AT? were in- 
cubated for 90 mlti on Ice (iane a; or at 32°C (lane 13) 
Lanes c to k ,  cells v~ere nc~~bated for 60 m ~ i  at 32°C 
in the presence of 5 mh4 EGTA, ~ :̂tiicti blocks ER to 
c S-Gogi iranspori at the dockng and fuson stace 
(72; The eels were tlieri peleted and resuspended 
In standard ifansport buLlef contalnlng fresh c\fiosol, 
ATP, atid the ndcaied addiol;a reagents: 8.c) 5 mh4 
EGTA, 8.c:) nc add~t~ctis. le) o29c)k (1 kg!; 8.f) rAb 
HFD3 (3 kg); (g; HFD3 Fab fragmerits (2 119). (hi 
GTPyS (0.1 $4 flna coticentrai~on): ( 1 )  anibody to 
P-COP (M3A5) i3 ~ g r :  and (k)  mAb I2CAS against 
~iemagglut~n~n (HA) 13 kg). 

(Stage I )  
Perrneab llzed Spin 
cells. I AD. - 
cytoso + ATP j 60 m n  at 32-C 
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-Resuspended n 
fresh cytosol + 
ATP wIt11 tile 
ndcated reagents 
for 30 m n  at 32% 



b h . .  Golgi extract + 
NSF and a-SNAP 
(ATP + EDTA) 

I 
7- 

Golgi extract + 
NSF and a-SNAP 
(ATP + Mg2+) 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3  

Fraction number 

* NSF - Heavy chain - a-SNAP - Lght chain 

Fig. 4. p28 is part of the 20S Golgi SNARE com- 
plex. (A) Golgi extracts were incubated without (a) 
or with (b and c) NSF and a-SNAP in assembly (a 
and b) or disassembly buffer (c) and then separated 
on a 15 to 40% glycerol gradient. Gradient frac- 
tions were analyzed for the distribution of p28 by 
protein immunoblotting. BSA (4.6s) and a,-mac- 
roglobulin (20s) were used as sedimentation stan- 
dards. (B) The p28-containing 20S fractions were 
immunoprecipitated with mAb against p28 (a) or a 
control mAb (b) under the assembly condition. The 
immunoprecipitates were incubated in assembly 
(lanes 1 and 3) or disassembly buffer (lanes 2 and 
4). The eluates (lanes 3 and 4) and the beads (lanes 
1 and 2) were resolved by SDS-PAGE along with 
100 ng of a-SNAP and NSF (lane 5) and then an- 
alyzed for the presence of NSF, a-SNAP, and p28 
through the use of immunoblotting. 

20s complex to be around 1 to 2 : 1:3 to 4 
by comparing the result shown in Fig. 4B 
with standard curves of each protein in 
immunoblotting analysis, consistent with 
the observation that a-SNAP functions as 
a monomer whereas NSF acts as a ho- 
motrimer.(15). p28 is thus a core compo- 
nent of the Golgi SNARE complex that 
participates in the docking or fusion stage 
of ER-Golgi transport (or both). Accord- 
ingly, we have renamed this protein GS28 
(Golgi SNARE with a size of 28 kD). 
Because the primary sequence of GS28 is 
not significantly related to other known 
SNAREs, GS28 may represent a member 
of a distinct class of SNAREs that func- 
tion in vesicle docking or fusion (or both). 
A n  unknown protein of 28 kD has been 
shown to be a component of the Golgi 
SNARE complex in yeast (16). Whether 
this yeast protein is related to GS28 awaits 
molecular characterization. 
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Models of biogenic carbon (BC) flux assume that short herbivorous food chains lead to 
high export, whereas complex microbial or omnivorous food webs lead to recycling and 
low export, and that export of BC from the euphotic zone equals new production (NP). 
In the Gulf of St. Lawrence, particulate organic carbon fluxes were similar during the spring 
phytoplankton bloom, when herbivory dominated, and during nonbloom conditions, when 
microbial and omnivorous food webs dominated. In contrast, NP was 1.2 to 161 times 
greater during the bloom than after it. Thus, neitherfood web structure nor NP can predict 
the magnitude or patterns of BC export, particularly on time scales over which the ocean 
is in nonequilibrium conditions. 

Between 30 and 50% of the CO, released tion (PP) (1-3). The downward flux of BC 
from fossil fuel is removed from the atmo- from the ocean surface can be estimated 
sphere and exported from the ocean sur- directly from particulate organic carbon 
face to depth as dissolved inorganic car- (POC) accumulation in sediment traps (2, 
bon and BC derived from primary produc- 4, 5) or assessed indirectly (5-7) from 
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