
The crossing LCL domains of the IR 
di~ner are represented here only in their gen- 
eral shape (Fig. 4. B and C): the known x-ray 
coordinates are not yet available (5). None- 
theless, the slightly asymmetric NGBI loca- 
tion indicated that one insulin molecule con- 
tacts the L1-Cys-rich domains of one ci sub- 
unit and the L2 domain of the other a subunit. 
A theoretical model involving both ci sub- 
units in the high-affinity insulin binding has 
previously been proposed (16). Our 3D re- 
construction provides structural evidence for 
this mode of binding, for the bivalency of the 
IR. and for structural interaction of the two 
binding sites: This explains the cunilinear 
Scatchard p16t, the negative cooperativity of 
insulin binding (17). and the low-affinity 
binding of IR monomers (18). 

Monomeric inactive receptor TKs. such as 
the epidermal growth factor receptor and plate- 
let-derived growth factor receptor, are di~nerized 
and activated by ligand binding (19). In the 
intrinsically dimeric IR family receptors, the 
distance between the two cytoplasmic P-subunit 
TKs must be too gseat for activation without 
ligand binding. Hubbard et al. (4) suggested that 
insulin binding to IR decreased this distance by 
disengaging Tyrl 16' .*om the catalytic loop. In 
our reconstruction of IR bound to a single 
NGBI, a good fit to the ligand-receptor complex 
is obtained when the hvo TK domains are ori- 
ented with their catalytic loops juxtaposed. An 
extended flexible activation loop of TK, which 
moves 30 a betsveen the inactive and activated 
states ascertained c~ystallogsaphically (4), can 
just reach the catalytic loop of the opposing TK. 
Thus, one ~nolecule of insulin is sufficient to 
bring the IR to an activating configuration. 

The 3D quaternary structure of the IR-insu- 
lin co~nplex, formed in the absence of ATP, 
likely represents an intermediate state betsveen 
insulin-free IR and the fully activated, phospho- 
rylated IR. In the absence of a crystallographic 
structure of the entire insulin receptor, the 3D 
reconstruction provides structural infoilnation 
toward the full understanding of transmem- 
brane signal transmission in insulin action. This 
3D reconstruction approach may be applicable 
to determining the quaternary structure of other 
large protein complexes that are refkactory to 
crystallization 
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Coordinate Regulation of RAG7 
and RAG2 by Cell Type-Specific 

DNA Elements 5' of RAG2 
Wong Yu," Ziva Misulovin,' Heikyung Suh,' Richard R. 
Mila Jankovic,' Nikos Yannoutsos,' Michel C. ~ussenzweig'* 

RAGI and RAG2 are essential for V(D)J recombination and lymphocyte devel- 
opment. These genes are thought to  encode a transposase derived from a 
mobile genetic element that was inserted into the vertebrate genome 450 
million years ago. The regulation of RAG7 and RAG2 was investigated in vivo 
with bacterial artificial chromosome (BAC) transgenes containing a fluorescent 
indicator. Coordinate expression of RAGI and RAG2 in B and T cells was found 
to be regulated by distinct genetic elements found on the 5 '  side of the RAG2 
gene. This observation suggests a mechanism by which asymmetrically dis- 
posed cis DNA elements could influence the expression of the primordial 
transposon and thereby capture RAGS for vertebrate evolution. 

Vertebrates asse~nble immunoglobulins (Igs) protein products of the recombinase-activating 
and T cell receptors (TCRs) by a site-specific genes RAG1 and RAG2 (2). R4Gs initiate 
DNA recombination reaction known as V(D)J V(D)J recombination by recognizing recombi- 
recombination (I). V(D)J recon~bination occurs nation signal sequences that flailk Ig and TCR 
only in lymphocytes and is catalyzed by the variable, diversity, and joining gene segments 
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(3). RAG-catalyzed DNA cleavage proceeds by 
a mechanism similar to bacterial TnlO transpo- 
sition (4). Like TnlO, RAGS nick double- 
stranded (ds) DNA (3) and then cleave the 
opposite strand by trans-esterification (5). The 
hairpin products of trans-esterification can then 
be opened by RAGS or TnlO in a second DNA- 
nicking reaction (6, 7). Ubiquitous DNA ds- 
break repair factors, including Ku70 and 80, 
DNA-dependent protein kinase, XRCC4, and 
ligase IV, are required to repair the RAG-in- 
duced breaks and for normal lymphocyte de- 
velopment (8). 

Coordinate expression of RAGl and 
RAG2 is restricted to lymphocytes and is 
essential for lymphocyte development (2, 9). 
In the absence of either RAGl or RAG2, B 
and T cell development is completely abro- 
gated (9). Conversely, aberrant RAG expres- 
sion results in abnormal lymphocyte devel- 
opment (10). Despite the central importance 
of regulated RAG expression in the develop- 
ment, evolution, and function of the immune 
system, little is known about the molecular 
mechanisms that control RAG transcription. 

To examine the mechanisms that regulate 
RAG2 expression in vivo, we produced trans- 
genic mice that carry bacterial artificial chro- 
mosomes (BACs) modified by homologous 
recombination to encode a green fluorescent 
protein (GFP) reporter instead of RAG2 (I  I, 
12). Three overlapping BACs (NG, HG, and 
MG) that cover the RAG locus were obtained 
by screening libraries with oligonucleotides 
complementary to RAGl (Fig. 1). The HG 
BAC was further modified by homologous 

'Laboratory of Molecular Immunology, Rockefeller 
University, 1230 York Avenue, New York, NY 10021. 
USA. 'Howard Hughes Medical Institute, Laboratory 
of Molecular Immunology, Rockefeller University, 
1230 York Avenue, New York, NY 10021. USA. 31n- 
stitute for Cancer Research. Fox Chase Cancer Center, 
Philadelphia, PA 191 11, USA. 
*To whom correspondence should be addressed. E- 
mail: nussen@rockvax.rockefeller.edu 

recombination to create additional BAC con- 
structs (Fig. 1). 

We first investigated whether GFP-con- 
taining BACs could direct proper transcrip- 
tional regulation of RAG2 in lymphocytes by 
analyzing mice transgenic for the NG BAC, 
as the RAG coding regions were located cen- 
trally within this genomic insert (Fig. 1) (12). 
Bone marrow B cells were developmentally 
staged by cell surface markers and analyzed 
by flow cytometry (13) (Fig. 2A). Green 
fluorescence was detected in bone marrow 
fraction Al, which contains the most imma- 
ture committed B cell precursors, and fluo- 
rescence increased in the pre-proB cell sub- 
population, where V(D)J recombination is 
fust detected (fraction A2) (13). RAG2-GFP 
expression peaked in pro-B cells that undergo 

C') (13, 14). Small pre-B cells undergoing 
light chain gene recombination also had high 
green fluorescence (fraction D) that disap- 
peared in mature recirculating CD43-B22p* 
B cells (fraction F). This temporal pattern of 
RAG2-GFP expression matched reported en- 
dogenous RAG2 expression (13, 14), and co- 
ordinate expression of RAG2-GFP mRNA 
and endogenous RAG2 mRNA was con- 
fumed (12, 15). Thus, NG BAC contained all 
cis elements necessary for the proper expres- 
sion of RAG2 mRNA in B cells. 

Consistent with previous in situ work on 
endogenous RAG expression in the thymus, 
GFP expression was most prominent in the 
cortex, where immature CD4+CD8+ double- 
positive (DP) T cells undergo V(D)J recom- 
bination (Fig. 2B) (16). In contrast, the thy- 

immunoglobulin heavy chain D-J and V-DJ mic medulla, which contains more mature T 
recombination (fractions B and C) and de- cells, was only weakly fluorescent. 
creased in large cycling pre-B cells (fraction Thyrnocytes were then analyzed by flow 

Fig. 2. CFP expression in the bone mar- 
row, thymus, and spleen of NC trans- 
genic mice. (A) Cytofluorographic anal- 
ysis of CFP expression in developing B 
cells of NC transgenic mice. Histograms 
show CFP expression on gated fractions 
(73). (B) Confocal micrograph showing 
CFP expression in the thymus from an 
NC transgenic mouse. Thymic cortex 
(CTX) and medulla (MDL) are indicated. 
(C) Cytofluorographic analysis of CFP 
expression in T cells from thymus and 
spleen of NC transgenic mice. Histo- 
grams show CFP fluorescence in 
CD4-CD8- DN and CD4+CD8+ DP 
thymocytes and in CD4+CD8- and 
CD4-CD8+ SP splenocytes. Thymo- 
cytes and spleen cells were stained with 
phycoerythrin (PE) antibody to CD8 and 
biotin antibody to CD4 (Pharmingen; 
53-6.7 and RM4-4, respectively) devel- 
oped with streptavidin red-670 (Cibco- 
BRL). (D) Histogram shows CFP expres- 
sion in CD25+ or CD25- DN thymo- 
cytes. APC-CK1.5 (antibody to CD4), AF 
CD25) followed by TR-Avidin and PI to 
subsets. 

'C-53-6.7 (antibody to CD8a), and BI-PC61 (antibody to 
1 label dead cells were used to visualize thymocyte DN 

Fig. 1. Diagram of BAC -a - OFP - YFP 
transgenes and summa- I I MglonY BAC B T B T 
ry of indicator expres- 
sion in T cells and B 
cek RACZ-CFP (72) 
and RACI-YFP expres- 
sion was detected by 
flow cytometry. To pro- 
duce RIA, HCA, HCA2. 
and HCA3, HC was "-1 c ' : .-i 

1 

further modified by ho- 
mologous recombina- 
tion (26). HYC and . . 
HYCA' were produced I I H Y G W 4 W W W  
by inserting EYFP (Clon- 
tech\ at the  RAG1 

I I H Y  - - W W  
I -- -"- 

codon of HC 1 INSA U4 U4 U4 U4 

and HCA, respective- - HYOb M1 am W' 
ly. HYC and HYCA - RZd - - & W A  
were further modified 
to produce INSA and RZA, respectively (26). Symbols: *, RACI-YFP or RACZ-CFP (or both) present at levels comparable to NC in DN but not in DP 
thymocytes (Fig. ZB); A,  RACI-YFP present at low levels in developing B cells (See Fig. 4A) and DN thymocytes (27), but not in DP thymocytes. 
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cytomehy. Among CD4-CD8- double-nega- 
tive (DN) thyrnocytes, y, 6,  and chain rear- 
rangements are detected in the CD25+ sub- 
population. Consistent with this, RAG2-GFP 
was expressed in the CD25+ subset of DN 
thymocytes (Fig. 2, C and D). DP thymocytes 
were fluorescent, but mature CD4+CD8- or 
CD4KCD8+ single-positive (SP) T cells in the 
spleen were not (Fig. 2C) (15). Thus, the NG 
BAC contained all cis elements necessary for 
regulated transcription of RAG2 in T cells as 
well as in B cells (1 7). 

Two additional BAC constructs, HG and 
RlA (Fig. l), also directed proper RAG2 
transcription in T and B cells (Fig. 3A); that 
is, the pittern of expression was the same as 
in NG BAC transgenic mice. As judged by 
the overlap between the NG, HG, and RlA 
BACs, region I is not required for regulated 
RAG2 expression in T or B cells (Fig. 1). 
Thus, the 100-kb genomic overlap between 
NG and RlA is sufficient to direct regulated 
expression of RAG2 in both T and B cells 
(Fig. 1) (1 7 ) .  

The MG BAC has only 10 kb of genomic 
sequence 5' of RAG2 that extends into region 
11, and the HGA BAC has only the overlap 
between MG and HG BACs (Fig. l), yet mice 
transgenic for either BAC had normal RAG2- 
GFP expression in developing B cells and DN 
thjmocytes (Fig. 3A). In contrast, RAG2-GFP 
expression in DP thjmocytes was reduced in 
both sets of transgenic mice (Fig. 3A). 

To narrow the cis region necessary for 

RAG2 expression in DP thymocytes, we cre- 
ated the HGA2 and HGA3 BACs, which 
contain genomic sequences extending an ad- 
ditional 5.5 kb and 19.5 kb, respectively, into 
region I1 as compared with HGA (Fig. 1). 
HGA2 and HGA3 transgenic mice resembled 
HGA transgenic mice in that GFP fluores- 
cence was found in developing B cells and 
DN thymocytes, but not in DP thymocytes 
(Fig. 1). Thus, the DNA sequences required 
to direct fully regulated expression of RAG2 
in DP thymocytes are found in a 55-kb inter- 
val between the ends of BACs HGA3 and NG 
in region I1 (Fig. 1). 

To determine whether RAG2 expression 
in DN thymocytes in HGA transgenic mice 
was properly regulated as in B cells, we 
subfractionated these cells according to 
CD25 expression. As in NG mice, CD25' 
DN thymocytes from HGA mice expressed 
RAG2-GFP and CD25- cells did not (Figs. 
2D and 3B). Thus, RAG2 was properly reg- 
ulated in DN thymocytes in HGA transgenic 
mice, and expression of RAG2 in DN and DP 
thymocytes can be dissociated. We conclude 
that the 23 kb of sequence found in the 
overlap between RIA and HGA BACs con- 
tains sufficient information to direct expres- 
sion of R2-GFP in a developmentally appro- 
priate fashion in B cells and DN T cells but 
not in DP T cells. 

A pattern of greatly reduced RAG2-GFP 
expression in DP thymocytes coupled with 
relatively normal GFP levels in DN thymo- 

cytes and B cells was observed in 18 of 19 
independent founders transgenic for the MG, 
HGA, HGA2, or HGA3 BACs (Fig. I). This 
abnormal pattern of RAG2 expression sug- 
gests the existence of proximal elements, 
which contribute to, but cannot fully direct, T 
cell expression of RAG2. Consistent with 
this, the human and mouse RAGl and RAG2 
promoters have basal transcriptional activity 
(18). In particular, in vitro experiments indi- 
cate that the murine RAG2 promoter has lym- 
phoid specificity and is regulated differently 
in T and B cells (18). We conclude that a 
promoter distal element or elements in region 
I1 likely interact with more proximal ele- 
ments to confer complete transcriptional reg- 
ulation of RAG2 (19). 

To examine the regulation of RAGl in 
vivo and to determine whether RAGl and 
RAG2 are coordinately expressed, we created 
the HYG BAC by inserting a yellow fluores- 
cence protein (YFP) indicator into the RAG1 
gene of the HG BAC (Fig. 1). Four lines of 
transgenic mice that carry HYG were ana- 
lyzed; two of the four lines expressed both 
genes and two lines expressed neither (Fig. 
1). In both expressing lines, B and T cells 
displayed a broader distribution of yellow 
than green fluorescence (Fig. 4A). Neverthe- 
less, RAGl-YFP and RAG2-GFP expression 
were coordinate, and their temporal regulation 
was indistinguishable from that showm when 
RAG2 was assayed alone in HG transgenic 
mice (Figs. 1 and 4A) (20). Deletion of the 

A Bone Marrow Thymus Spleen 
8220. 822010 ~ 2 2 0 ~ 0  B220hi - DN - DP CD4+ SP CD8+ SP 

H GA fj7mmk-q ~~~h~ 
I,- . 8 , -  n-. n o -  "r- 

CD43 GFP 

Fig. 3. RAG2-GFP expres- 
sion in mice transgenic 
for modified BACs. (A) 
(Left) Histograms show 
GFP expression in bone 
marrow cells electroni- 
cally gated on  the basis 
o f  PE antibody t o  B22O 
and biot in antibody t o  
CD43 staining (Pharm- 
ingen; RA3-6B2 and 57, 
respectively, developed 
w i th  streptavidin red- 
670). (Right) Histograms 
show GFP expression in  
T cells from thymus and 
spleen gated as indicated. 
WT, wild type; DN, CD4- 
CD8- double negative; DP, 
CD4+CD8- double posi- 
tive. (B) RAG2-GFP expres- 
sion in HCA DN thymo- 
cytes. Histograms show 
GFP expression in elec- 
tronically gated CD25+ or 
C D 2 5  DN thvmocytes. 
DP and SP thymo&tes 

6 DN were depleted with CD4 and CD8 magnetic beads (Dynal) and stained w ~ t h  PE antibody t o  CD25, APC antibody to CD4, and 
CD25- c ~ 2 5 +  APC antibody t o  CD8 (Pharmingen; PC61, RM4-4, and 53-6.7, respectively). 

HGA 

GFP - 
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intergenic sequence between RAGl and 
RAG2 did not alter the pattern of expression 
of either RAG1-YFP or RAG2-GFP (INSA: 
Fig. 1). Thus. the intergenic sequence was not 
essential for regulation of either RAGl or 
RAG2. and the HYG BAC carries sufficient 
information to direct the expression of RAGl 
and RAG2 in B cells and T cells in a devel- 
opmentally regulated and coordinate fashion. 

To explore the cis requirements for RAGl 
expression in T cells, we generated the 
HYGA BAC by inserting YFP into the start 
codon of RAGl in HGA (Figs. 1 and 4A). 
HYGA directed coordinate expression of 
RAG 1 -YFP and RAG2-GFP in developing B 
cells (Fig. 4 i )  and DN thymocytes (Fig. 1): 
and, again: there was a broader distribution of 
YFP fluorescence than GFP fluorescence. In 
contrast. neither YFP nor GFP was expressed 
in DP thy~nocytes in the eight transgenic 
HYGA founders (Fig. 1). Thus. the 105-kb 
genomic interval in region I1 between the 
ends of HYGA BAC and the HYG BAC is 
essential for regulated expression of RAGl in 
DP thymocytes, but not in DN thymocytes or 
B cells (Fig. 1). Expression of RAGl in DP 
thymocytes: therefore: requires DNA ele- 
ments found on the RAG2 side of the locus. 

To detennine whether the cis elements 
required for regulated expression of RAGl in 
B cells and DN T cells are on the RAGl or 
RAG2 side of the RAG locus, we removed 
sequences in region I1 from the HYGA BAC 
to create the R2A BAC (Figs. 1 and 4A). In 
five of the seven R2A founders, low yellow 
fluorescence was detected in pro- and pre-B 
cells and in DN thymocytes (Figs. 1 and 4A) 
(21): indicating that elements on the RAGl 
side of the locus contribute to regulation of 
RAGl in these cells (18) but that these ele- 
ments are not sufficient for high expression 
of RAG1. In contrast to B cells and DN 

Fig. 4. Expression of RAGI-YFP 
and RACZ-GFP in mice trans- 
genic for modif ied BACs. (A) Dot  
plots show YFP and CFP coex- 
pression in  bone marrow lym- 
phocytes and thymocytes elec- 
tronically gated on  the basis o f  
fonvard and side scatter. (B) Two 
models o f  transcriptional activa- 
t i on  a t  the RAG locus. E, pro- 
posed cis regulatory element or 
elements. 

Thymus 

P 

k 

Marrow 

thymocytes, RAGl-YFP was not detectable 
in DP thymocytes in R2h transgenic mice 
(Fig. 1) (21). We conclude that both RAG1 
and RAG2 are in part regulated by cis ele- 
ments located 5' of RAG2 in region 11. 

RAGl and RAG2 are unusual genes. They 
have remained closely linked and conver- 
gently transcribed throughout vertebrate evo- 
lution and have similarities to transposases 
(2,22). including in vitro transposase activity 
(23). This led to the proposal that RAGl and 
RAG2 entered the vertebrate genome as a 
mobile genetic element (2) and that trans- 
posase target sequences were inserted into a 
primordial receptor gene to create the first 
split antigen receptor gene (23,24). The find- 
ing that RAGl and RAG2 are coordinately 
regulated by asymmetrically disposed ele- 
ments supports this hypothesis and suggests 
that the original integration may have oc- 
curred at a site where elements on one side of 
the transposon were able to influence the 
expression of both RAG genes coordinately. 
Lymphoid specificity may have been added 
after primordial transposition. 

How can a set of elements on the RAG2 
side of the M G  locus control transcription of 
both RAG1 and RAG2? One possibility is that 
elements on the RAG2 side of the locus al- 
ternately loop between the RAGl and RAG2 
promoters by a switching mechanism similar 
to that of the human p globin locus (25). 
Such a switching model would require that 
RAGS remained linked but would not explain 
why they remained in a convergent transcrip- 
tional orientation (Fig. 4B). A second possi- 
bility is that the regulatory elements in 
region I1 loop to interact with both RAGl 
and RAG2 promoters simultaneously (Fig. 
4B). DNA looping to coordinate transcrip- 
tion would require that RAGl and RAG2 
remain closely linked in the genome, would 

GFP 

allow for separate transcriptional control in 
T and B cells. and might favor conservation 
of the original convergent orientation of 
RAGl and RAG2. 
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CCAGTCGACCCTGCCGCCAAGCACTCAG-3'; 161, 5 ' -  
CTTGTAAAACGACcCATCCCAGACTCACACATCCTCC- 
CTG-3'; 160, 5'-ACTCTCGCATCCGTCGTTTTACAA- 
CGTCGTGACTCGC-3'; 107,5'-CACATCACACTCGA- 
CTGATGGCCTCCACGCACCTTGTC-3'; H deletion #3: 
184, 5'-ACCACACGACTCCACAGCTGTCCTCATAtTA- 
TGAACTATCAC-3'; 183,5'-GTTCTAAAACGACGTCTA- 
CTTATGTAACAATCCAACG-3'; 182, 5'-ACATAACTAC- 
ACCTCGTTTTACAACGTCGTCACTGCC-3'; 107, 5 ' 4 -  
ACATCAGAGTCcACTCATGCCCTCCACCCACGTTGT- 
C-3'; R1 deletion: 142, 5'-GCCACTTATTGCTGCCC- 
TTAAACG-3'; 132.5'-CAAATACTACTATCCGTGTAA- 

ATGAACCCAATGCTAACTGG-3'; 124,5'-CCTTCATT- 
TACACCCAATCTACTATTTGATTTTCAGGACC-3 ' ;  
154, 5 ' - G A C A T C A C A C T C G A C A A C T C C A A C A G -  
GTCAGAAACC-3'; RIYFP: 5 'sa l l r l ,  5'-AGCAGACGA- 
CTCCACACAACCAATCTCCCCCAAGAATGC-3'; 3 ' r l l  
yfp, 5'-CTTCCTCACCATCGTTTCTAAGCTACCTCGC- 
AACAATC-3'; 5 ' r l I y fp ,  5'-GCTTACCCACCATCGTC- 
ACCAAGCGCGACC-3'; 3 ' y fp / r l ,  5'-AACGACGCAG- 
CTTACTTGTACACCTCCTCCATGX-3'; S ' y fp l r l ,  5 ' -  
GCTCTACAACTAAGCTCCCTCCTTGCCCTCTACCC- 
3'; 3 ' r l /sa l ,  5'-CACATCACACTCGACCGTCTGTCG- 
GCGTCCCACTC-3'; R2 deletion: 129, 5'-AGCAGAC- 
GAGTCCACGGCAACGTCACATACCATTACTTCC-3'; 
130, 5'-GATATCAAATACTGACTATAGCAATTACCA- 
GCAAAATCTTC-3'; 133,5'-TGATATCCTTAATGCTC- 
CTTTTACAACCTCCTCACTCtC-3'; 107,5'-CACAT- 
CACAGTCCACTGATCCCCTCCACGCACCTTCTG-3'; 
intergenic region deletion: 152, 5'-GCACACTCGAC- 
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lntracellular membrane fusion is crucial for the biogenesis and maintenance of 
cellular compartments, for vesicular traffic between them, and for exo- and 
endocytosis. Parts of the molecular machinery underlying this process have 
been identified, but most of these components operate in mutual recognition 
of the membranes. Here it is shown that protein phosphatase 1 (PPI) is essential 
for bilayer mixing, the last step of membrane fusion. PP1 was also identified in 
a complex that contained calmodulin, the second known factor implicated in 
the regulation of bilayer mixing. The PPI-calmodulin complex was required at 
multiple sites of intracellular trafficking; hence, PP1 may be a general factor 
controlling membrane bilayer mixing. 

Intracellular membrane fusion can be divided 
into distinct subreactions: priming. tethering 
and docking of the membranes, and subse- 
quent mixing of the bilayers and contents (1). 
Most components identified so far, such as 
NSF (NEM-sensitive fusion protein): a-SNAP 
(soluble NSF attachment protein), SNARES 
(SNAP receptors). Rab-like guanosine triphos- 
phatases (GTPases) and their cofactors. and the 
LMAl complex (low molecular weight activi- 
ty), act in the early steps of intracellular mem- 
brane fusion: mediating recognition and associ- 
ation of the appropriate membranes. In contrast: 
there is little information about the transition 
from docking to bilayer mixing. 

In the yeast Sacchar-or?zjces cer-evisiae: 
the fusion of vacuoles to each other involves 
reactions that are identical to those that me- 
diate fusion of intracellular membranes in 
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other eukalyotic cells (I). Vacuole fusion 
also requires an efflux of calcium from the 
vacuolar lumen (2): which is controlled by 
priming and docking of the vacuoles. The 
release of calcium into the cytosol results in a 
transient association of the cytosolic calcium- 
binding protein calmodulin with the vacuole 
membrane, which triggers the final events of 
bilayer and contents mixing. The final stage 
is also characterized by its sensitivity to cer- 
tain low molecular weight compounds such 
as the serine-threonine phosphatase inhibitor 
microcystin LR. mastoparan, and guanosine 
5'-0-(3'-thiotriphosphate) (3). 

The target of microcystin LR is mern- 
brane-associated because ~nicrocystin LR in- 
hibited vacuole fusion in the absence of cy- 
tosol (4). To identify the target of microcys- 
tin LR on yeast vacuolar membranes, we 
fractionated purified vacuole membranes by 
affinity chromatography with microcystin LR 
that was immobilized on Sepharose beads 
(5). In contrast to free microcystin LR. which 
forms covalent adducts with protein phospha- 
tases (6), the immobilized fonn can associate 
with these enzymes noncovalently. Purified 
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CACCTAACCTCTCACTATTTTCACAG-3'; 113,5'-GT- 
GACCTTCCCACAGACCCATTGGTTAGCCCAATC-3'; 
114 5'-AATGGCTCTCTGCCAAGGTCACATACCATT- 
ACTTGC-3'; and 151, 5'-CACATCACACTCGACTGA- 
CTCCTCCCAACAAATCCTTCC-3'. The construction 
of  the R2GFP shuttle vector was as described (12). 
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Sepharose (5). SDS-polyaclylamide gel elec- 
trophoresis (SDS-PAGE) analysis revealed 
that only one protein of -35 kD could be 
specifically eluted from the Sepharose with 
free microcystin LR (Fig. 1A). Incubation of 
the solubilized membrane with free micro- 
cystin LR inhibited binding of the 35-kD 
protein to ~nicrocystin LR-Sepharose. Asso- 
ciation of the other proteins was not com- 
pletely blocked by free microcystin LR, and 
we regarded them as nonspecific. An excised 
region of the gel containing the 35-kD protein 
was degraded by trypsin (8).  and the resulting 
peptide mixture was analyzed by high-accu- 
racy matrix-assisted laser desorptionlioniza- 
tion (MALDI) mass spectrometry (9). 

Eight peptide masses matched the calcu- 
lated tryptic peptide masses of the yeast open 
reading frame YER133w (10) and identified 
the protein as protein phosphatase 1 (PP1). 
The involvement of PP1 in vacuole fusion 
was suppoited by the fact that affinity-puri- 
fied antibodies to PP1 inhibited vacuole fu- 
sion in vitro (11) (Fig. 1B). Furthermore, 
purified yeast inhibitor 2 (12): a highly spe- 
cific negative regulator of PPl (13): inhibited 
vacuole fusion (Fig. 1C). Addition of purified 
recombinant PP1 (14) rescued the block to 
fusion caused by microcystin LR (Fig. ID). 

PP 1 is an essential protein (15). To further 
examine the role of PP1 in fusion, we gener- 
ated temperature-sensitive (ts) PP1 mutants 
(16). Vacuoles prepared from mutant strains 
that were grown at the pennissive tempera- 
ture (25°C) were fusion competent at 25°C 
(Fig. 2A). In contrast: short incubation of the 
vacuoles at the nonpermissive temperature 
(37°C) inhibited fusion. Vacuoles from wild- 
type yeast retained their fusion competence 
at 37°C. Inactivation of PP1 in the mutant 
strains by a temperature shift also disrupted 
vacuolar structure in vivo. At the nonpermis- 
sive temperature the vacuole disintegrated 
into small vesicles that aggregated (Fig. 2B). 
Under the same conditions. wild-type cells 
maintained a single large vacuole. as dld the 
mutant cells at the permissive temperature 
Overexpression of yeast inhibitor 2 in wild- 
type cells also caused vacuole fragmentation 
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