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ation and editing activities. The antico-
don stem-loop of tRNA I le was introduced 
into tRNAV a l / G A U . Although this con
struct, like tRNAV a l / G A U , has an amino-
acylation activity within about twofold 
that of native tRNAI le, it was not active in 
triggering the editing reaction (Fig. 2A). 
Similarly, introduction of the acceptor 
stem of tRNA I le into tRNAV a l / G A U yielded 
a molecule active for aminoacylation but 
not for editing. 

The acceptor stem of tRNAVal was com
bined with the remaining three-quarters of 
tRNAIle, and the resulting molecule was al
most fully active in both aminoacylation and 
editing (Fig. 2B). Thus, the origin of the 
acceptor stem, whether tRNAIle or tRNAVal, 
does not affect editing. Instead, the nucleo
tides required for editing reside in part or all of 
the D-loop (the sequences of the D-stem of 
tRNAIle and tRNAVal are identical) or the 
Ti(jC-stem-loop of tRNAIle. To test this hy
pothesis, we installed the D-loop from 
tRNAIle into tRNAVal/GAU by changing three 
nucleotides (including an inserted nucleotide) 
of tRNAVal/GAU. This construct was nearly 
fully active in aminoacylation and editing 
(Fig. 2B). Thus, a D-loop swap was sufficient 
to trigger the editing response but had little or 
no effect on the aminoacylation function. 
Next, we introduced the D-loop of tRNAVal 

into native tRNAIle. This molecule was al
most fully active in aminoacylation but was 
inactive for editing (Fig. 2B). Therefore, re
gardless of whether the core framework is 
derived from tRNAIle or tRNAVal/GAU, the 
sequence of the D-loop is sufficient to trigger 
the editing response. 

The D-loop interacts with the Ti|/C-loop 
to form the comer of the two-domain L-
shaped tRNA molecule (15-17) (Fig. 3). In 
this location the D-loop is positioned to be 
sensitive to simultaneous synthetase interac
tions with the anticodon and with the amino 
acid attachment site. This positioning may 
function in matching an amino acid with its 
corresponding anticodon. The editing system 
displays a high degree of specificity for a par
ticular D-loop sequence which, in turn, might 
mediate a subtle conformational change that 
is necessary for triggering the editing response. 
This corner of the tRNA molecule is highly 
differentiated and might play a role in a 
protein-discrimination reaction (17). One 
possibility is that the large insertion into 
the active site of IleRS (referred to as CP1) 
interacts with this corner of the tRNA 
structure. This insertion is known to func
tion in editing (10, 18). 
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process when overexpressed (I). NDJ1 cor
responds to the open reading frame 
YOL104c from chromosome XV (2). The 
predicted Ndjl protein comprises 352 ami
no acids and shows no significant similari
ties to other proteins. NDJ1 was previously 
identified as the sporulation-specific gene 
M45 (3). A 1.4-kb NDJ1 mRNA was de
tected by Northern blot analysis in yeast 
cells early in meiosis, but it was not detect-

Ndjlp, a Meiotic Telomere Protein Required 
for Normal Chromosome Synapsis 

and Segregation in Yeast 
Michael N. Conrad, Ana M. Dominguez, Michael E. Dresser* 

The Saccharomyces cerevisiae gene NDJ1 (nondisjunction) encodes a protein that ac
cumulates at telomeres during meiotic prophase. Deletion of NDJ1 (ndjIA) caused 
nondisjunction" impaired distributive segregation of linear chromosomes, and disordered 
the distribution of telomeric Rap1 p, but it did not affect distributive segregation of circular 
plasmids. Induction of meiotic recombination and the extent of crossing-over were 
largely normal in ndj'1 A cells, but formation of axial elements and synapsis were delayed. 
Thus, Ndjlp may stabilize homologous DNA interactions at telomeres, and possibly at 
other sites, and it is required for a telomere activity in distributive segregation. 
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ed in vegetative cells (4). chiasmate segregation (8, 10). Disjunction that NDJl is required for their distributive 
Deletion of NDJl (ndjlA) reduced o f  heterologous YACs was markedly re- segregation. Increases in precocious sister 

sporulation efficiency (73 versus 88%), in- duced in ndj lA cells (Table 3) (random separation (PSS) and double precocious sis- 
creased the number o f  asci wi th one or two segregation would be 50%), establishing ter separation (PSSx2) as well as in meiosis 
versus three or four spores (15 versus 7%), 
and reduced spore viability (Table 1) (3), as 
compared wi th the wild type. Furthermore, Fig- 1- Timing of genetic 10-2 

in ndj lA homozygotes, the frequency of and Cytological events. a 

spores disomic for chromosome 111 in- (A) in- 9 - 105 
creased 25fold from wild-type values of ~ ~ ~ p e r ~ ~ ~ $ ~ $ ~ ~ i  lo4 (7.0 2 0.6) x consistent wi th previ- (18) (closed symbols) and c 
ous measurements (5 ) ,  to (1.8 2 0.2) X an isogenicderivative ho- P 2 40 

2 10-5 Z Thus, NDJI is required for efficient mozygous for ndjlA:: g - 20 
segregation of chromosomes in meiosis. TRPI, MCY422~423 

Efficient orientation of chromosomes at (open symbols), were 5 10 15 20 25 5 7 9 11 

meiosis I generallv requires crossing-over shifted into sporulation Time (hours) Time (hours) , - 
and chiasma formation (6, 7). ~ o k e v e r ,  
there was n o  consistent difference between 
wild-type and ndjl A cells in the final extent 
of crossing-over or crossover interference 
(Table 2). or in the kinetics and vields of , , 

gene conversion events (Fig. 1A). Thus, 
recombination pathways are largely intact 
in ndj lA cells. 

T o  determine the type of segregation 
errors in ndj lA cells, we studied the segre- 
gation of homologous or heterologous pairs 
of yeast artificial chromosomes (YACs) (8). 
In wild-type cells, the homologous Y A C  
pair undergoes recombination and disjunc- 
t ion at a frequency similar to  that for gen- 
uine veast chromosomes. whereas the het- 
erologous Y A C  pair does not  recombine but 
nevertheless undergoes disjunction at mei- 
osis I (Table 3 )  (8, 9) by distributive segre- 
gation, which in yeast is less efficient than 

Table 1. Spore viability. The ndj1A::TRPl con- 
struct (ndjlA), which results in the removal of ami- 
no acids 14 to 252 from Ndjl p, was introduced 
into haploid strains MDY431 and MDY433 (18), 
which were then allowed to mate and sporulate. 
Spore viability was determined from dissected tet- 
rads. Vb, viability. 

Tetrads with 0 to 4 
No' viable spores (%) Vb Gene- of tet- 

type (%I 
0 1 2 3 4 

NDJl 215 1 1 3 18 77 92 
ndjlA 317 14 12 21 19 33 62 

medium at time zero. Af- 
ter the indicated intervals, 
samples were plated on 
selective media to assay 
gene conversion at het- 
eroallelic loci, HIS7 (cir- 
cles) and LEU1 (trian- 
gles), by production of 
prototrophs. Values are 
corrected for viability dif- 
ferences assayed by 
control platings on com- 

o w .  : I 
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Time (hours) 
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3 2 40 
z 

20 

0 4 8 12 16 20 24 

Time (hours) 

plete medium. Similar results were obtained with LYS2 and 7W1. (6 and C) Meiotic chromosome 
structures as analyzed by electron microscopy of silver-stained spread preparations (1 7). F i  nuclei were 
examined per time point, and the percentage of those in or beyond the stage at which axial element 
formation (B) or synaptonemal complex formation (C) has initiated was determined. Values are slightly 
inflated by loss of more fragile vegetative cells during treatment with Zymolyase (ICN). (D) Cells that had 
completed the first meiotic division were identified by staining of whole cells with 4',6'-diamidino-2- 
phenylindole. The percentage of cells in or beyond the stage at which chromosomes have divided into two 
distinct masses was determined. (B through D) Closed symbols, wild type; open symbols, ndjlA. 

Fig. 2. Electron micro- -, 

8 '  . :- graphs of sliver-stalned 
spread preparations (1 1). (A) 
Accumulat~on of unsyn- 
apsed axlal elements (single 
Ines) In an n@lA cell, even 
though synapsls (palred 
llnes separated by a unlform 
spaclng) IS complete for 
some chromosome pars In 
thls zygotene nucleus (6 
hours after shlft to sporula- 
tlon medlum). Complete du- 
plicatlon of the SPB, as 
shown here (small arrow- 
head), s normally accompanied by complete synapsls In wild-type cells. (6) Nuclel In n@lA cells wlth 
apparently complete synapsis (pachytene) have polycomplexes (one of SIX indicated by larger arrow- 
head) (10 hours after shlft to sporulation medlum). Small arrowhead as In (A). Bar, 2 pm. 

Table 2. Crossing-over and interference. ndjlA was introduced into haploid used to calculate map distances [in centimorgans (cM)] on chromosomes VII, 
strains MDY431 and MDY433, which were then allowed to mate and sporu- II, and V as indicated (19). Coefficients of crossover coincidence, a measure 
late as described in Table 1. Data from tetrads with four viable spores were of interference, are presented between the map distances. 

No. VII II v - 
Geno- of 
type tet- 

LEU1- Inter- CW2- Inter- MET1 3- LYS2- Inter- TYR1- CAN1- 

rads CYH2 ference ference ADE5 TYRl HIS7 URA3 ference 
(cM) (cM) (cM) (CM) (cM) (cM) 

NDJl 165 56 0.1 7 15 0.08 62 48 0.19 60 38 
ndjl A 106 49 0.31 14 0.15 83 43 0.10 60 53 
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I1 errors of homologous YACs were also 
observed in ndjl A cells (Table 3). In con- 
trast to the behavior of linear YACs, dis- 
tributive segregation of a pair of circular 
chromosomes was not impaired in ndjlA 
cells (Table 3). 

Multiple cytological abnormalities were 
apparent in ndjlA cells. Initiation of the 
formation of axial elements (Fig. 1B) and of 
synapsis (synaptonemal complex forma- 
tion) (Fig. 1C) was delayed, even though 
the kinetics of spindle pole body (SPB) 
du~lication were similar to those of wild- 
type cells (4). Completion of synapsis was 
further delayed, resulting in abnormal nu- 
clei with fully duplicated SPBs but incom- 
plete synapsis (Fig. 2A) and, finally, in 
nuclei with apparently complete synapsis 
and polycomplexes (accumulations of syn- 

aptonemal complex material common in 
nuclei delayed in meiotic prophase) (Fig. 
2B). Cells completing the first meiotic di- 
vision appeared after a total delay of 4 to 6 
hours (Fig. ID). There was no abnormal 
accumulation of cells in the first division, 
and the second division was completed after 
the normal delay between the first and sec- 
ond divisions (4). 

To determine the location of Ndjlp, 
we replaced the wild-type NDJ1 gene with 
a version that encoded the hemagglutinin 
(HA) epitope at the 3' end of the coding 
sequence. The extents of sporulation and 
spore viability for an NDJI-HA homozy- 
gote were similar to those of the wild type. 
Spread preparations of meiotic nuclei (1 1 ) 
from an NDJI-HA homozygote were 
stained with a monoclonal antibody to the 

Table 3. Segregation of tester chromosomes. Data are the percentage of tetrads per class and, in 
parentheses;th6actual number scored. The assays for segregation errors were as described 
with veast strains containina homoloaous and heteroloaous linear human YACs hairs A and R (81. Each 
YAC-contains a specific centromere marker whosewsegregation can be md;litored relatte'to the 
segregation of a centromere marker on chromosome VI. Circular centromere plasmids were pMCB248, 
a randomly cloned 8.1 -kb Bam HI fragment from chromosomeXlll in pRS314, and pMCB249, a random 
6.8-kb Bam HI fragment from chromosome XIV in pRS316. Their segregation was assayed in the same 
strain background as for the linear YACs. The classes of segregation errors are (i) nondisjunction, both 
YACs or plasmids go to the same pole at the first division; (ii) PSS (precocious sister separation), sister 
chromatids of one YAC or plasmid segregate to opposite poles at meiosis I;  (iii) PSSx2 (double 
precocious sister separation), sister chromatids from both YACs or plasmids separate prematurely; and 
(iv) abnormal meiosis I I ,  chromosome loss or nondisjunction at the second division results in one pair of 
sister spores with normal segregation and the other pair with one member missing a YAC or plasmid. 
Significant effects (G test) of ndjlA were detected for the disjunction of heterologs [G = 9.97; 1 degree 
of freedom (df); P < 0.0051, combined PSS and PSSx2 of homologs (G = 4.53; 1 df; P < 0.05), and 
meiosis I I  errors of homologs (G = 3.75; 1 df; P = 0.05). 

Linear Circular 

Type of division Homologous Heterologous 

NDJl ndjlA NDJl ndjlA NDJl ndjlA 

Meiosis I* Disjunction 100 (45) 99 (1 06) 89 (34) 62 (43) 80 (28) 86 (55) 
Nondisjunction 0 (0) 1 (1) 11 (4) 38(26) 20 (7) 14 (9) 

Meiosis I Non-PSS 100 (45) 95 (1 07) 83 (38) 73 (69) 75 (35) 80 (64) 
PSS O ( 0 )  4 (5) 1 5 ( 7 )  17(16) 23(11) 19(15) 

PSSX2 O ( 0 )  1 (1) 2 ( 1 )  lO(9)  2 (1) l ( 1 )  
Meiosis I I  Normal 98 (44) 89 (101) 91 (42) 89 (84) 89 (42) 85 (68) 

Abnormal 2 ( 1 )  11 (12) 9 ( 4 )  l l(10) 11 (5) 15(12) 
Total tetrads 45 113 46 94 47 80 

'Excludes tetrads with PSS or PSSx2. 

HA epitope and visualized by indirect im- 
munofluorescence. Ndjlp is abundant at 
telomeres (Fig. 3A), suggesting a telomere 
function even though it may function at 
other chromosomal locations at concen- 
trations not readilv detected bv immuno- 
cytology, as do telomere proteins Raplp, 
Sir3p, and Sir4p (12, 13). 

We examined telomeres directly with 
antibodies to Raplp, which binds to sites 
in the telomeric DNA repeat sequence 
(12, 13). Bivalent ends in wild-type 
pachytene nuclei (11) normally show a 
single spot of Raplp (Fig. 3B). We detect- 
ed 35.4 ? 4.0 spots per nucleus (n = 1 I ) ,  
close to the expected value of 32 if the 
four telomeres at each bivalent end lie in 
close proximity. However, in ndjlA 
~achvtene nuclei. ends were often marked . r 

by fainter or multiple smaller spots (Fig. 3, 
C and D) and nuclei averaged 68.9 ? 16.6 

u 

spots (n = 21), which was significantly 
different from the wild-type value ( t  test, 
P < 0.001) and indicates abnormal telo- 
mere organization. This observation is 
consistent with a failure in the formation 
or the persistence of stable associations 
between homologous or sister telomeres in 
ndjl A cells. 

The ndjlA phenotype thus includes (i) 
delayed formation of axial elements, (ii) 
longer delays in the initiation of synapsis 
and in completion of the first meiotic divi- 
sion, (iii) a defect in telomere localization 
of Raplp, (iv) an increased frequency of 
nondisjunction and PSS of homologs, (v) 
reduced levels of sporulation and spore vi- 
ability, and (vi) defective distributive seg- 
regation of linear, but not circular, heter- 
ologs. Induction of meiotic recombination 
is similar to that in the wild type and the 
extent of crossing-over is largely normal. 
Localization of Ndi lr, to the telomeres and , . 
the immunocytological and distributive seg- 
regation defects in ndjl A cells suggest that 
Ndjlp functions at telomeres, but it is pos- 
sible that it also acts interstitially. Some or 
all of the defects in ndjlA cells may result 

Fig. 3. lmmunocytological localization of Ndjl p and analysis of telomere epitope under these conditions. (B through D) Pachytene nuclei from wild- 
behavior. (A) Pachytene nucleus from an NDJ1-HA homozygote labeled with type (B) and ndjlA (C and D) cells labeled with antibodies to Rap1 p (red 
monoclonal antibody 12CA5 (Babco) to the HA epitope (yellow-green stain- staining). Blue staining in (A) through (D) represents 4',6'-diamidino-2-phe- 
ing). No fluorescence signal is apparent in nuclei not containing the HA nylindole-stained DNA. Bar in (D), 1 pm. 
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i~iiiirectlv from the  clelay that begins hefore - 
or a t  the  tinle a t  which axial elements form, 
hut we favor a different model. 

Taken together, our results suggest that 
Xiij l p  stabilires homology-dependent inter- 
actions. These i~lteractions may be similar 
In properties to the  paranemic joins pro- 
posed hy \X:einer anii Kleckner (14) and he 
telomere-specific, or, if Nd j lp  also func- 
tions at nontelomeric sites, they might cor- 
respond to the  same paranemic joins and 
simply he nlore abunclant at the  telomeres 
than interst~tially. Given that NDJ1 influ- 
ences segregation of heterologs, \vlhich pre- 
sumahly are nonrecombinant, the  proposed 
stabilization woulil occur indenendently of 
recoml>ination. T h e  concentratloll of t h ~ s  
actlvlty at the teloineres coulii account for 
the retentLon of association of telornere- 
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defective mutant (1 4) .  rcmyces: Genome D)/,7amics Prore~il Sy~;:hesis, and iides. Suopoliecl by grants GMA5250 frolr NIH to 
Although nondisjunct~on of homologs Energe:lcs. J F Broacii J. R Pril-ye F. \iV. Jones M F.D.. HN2-036 froin Oklai-~oma Center for ;he 

in n d j l l  cells could result from relatively Eas. (Ccla Sorng Harbcr ~aborato~-># Press. Ccla Adva~icemelii of Sc ence ana Techrocgy i o  M.N.C 
Sprirg Harbcr. NY ed. 2, 1991). vol. I ,  oo. 4C7-521 at-cl MCB-9507089 froln NS'io M E D, ana M.N.C 

subtle defects In crossing-over (perhaps in 8, D, Sears, J, Heuemanl-, P. Heis,, 
specific regions or o n  speciflc chromo- Acad. S ~ I  ~ / . s A .  89.%29611992) 

somes), the salne phenotype n.ould result 
from defectir-e chiasma f iu~~ct ion as a result 

10 Nct~embe: 1996, acceoted 25 March 1997 

of decreased cohesion of sister chronlatiiis 
(15) .  T h e  increase in PSS ancl in  lneiosls I1 
abnormalities in  n d l l l  cells could result 
from a failure of sister chronlatici coheslon 
(1 6)  specifically at the  telomeres. In  adiii- 
tion. Nd j lp  could stabilize sister interac- 
tions interstitially. perhaps a t  hotspots of 
douhle-strand breakage, which har-e heen 
iienlonstrated to reduce PSS (9). By holiiing 
sister chromatids together or initiating in- 
teractions. Nd j lp  lnight facilitate axial ele- 
ment  formation, although the precise 

lnechanlsln for such an  effect is unclear. 
Stabilization of ~ntersti t ial  homolog inter- 
actions could facilitate synausis. Stahiliza- , L 

tlon of telolnere interactions noulii bring 
subtelomeric sequences into proximity (1 7)  
and holii chrolnoso~nes in register, a h ~ c l h  
coulii also facilitate synapsis. 

Ndj l p  isrequired for linear heterologs to 
segregate distrih~~tively ~ v i t h  the  same effi- 
ciency as clrcular lheteroloes, which do not  
reiluire this protein. Thus, in the  absence of 
Ncij l p ,  teloineres interfere with the clistrih- 
utive segregation pathn-ay. 
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Ncndsjunc:ion vdas assayea n MCY387. a diploid 
strair in the SKI strain backgro8~ncl v:~ih ihe Sene- 
t\/pe iVA TaiiVA Tci ieu2Iieu2 iyis4 ..HlS3/HlS4 
i;1s31200/il1s3A200 CANIS/can;" CYH2S/cyh2' 
ade2- 7 07 OWE2 lys2/l;"f~2 d183-s2/~183-s2 irp I A T/ 
irplAl. MCY387 is heteroz\/gous for the recessive 

liuta:cns can l ra l -a  c;"fh2- wi-~lci-~ ccnfer res'stance 
to cana\#arlne ana cyciohex~micle resoect\'ey Ti-12s 
01-e-q8~alier of all soores are ressiart i o  boih arugs. 
Spores thai receltle one cooy of chromosome Ill are 
d ~ s - .  D~so l i i c  spcres thai recelt!e HIS4 and 
iyis4..HIS3 are dis . The rate of liissegregaticn cf 

t-SNARE Activation Through Transient Interaction 
with a Rab-Like Guanosine Triphosphatase 

Vladimir V. Lupashin and M. Gerard Waters* 

lntracellular vesicle targeting involves the interaction of vesicle proteins, termed v- 
SNARES, with target membrane proteins, termed t-SNARES. Assembly of V-SNARE-t- 
SNARE targeting complexes is modulated by members of the Secl-Sly1 protein family, 
and by small guanosine triphosphatases termed Rabs. The interactions of these proteins 
during assembly of the endoplasmic reticulum-to-Golgi targeting complex in Saccha- 
romyces cerevisiae were studied. The data suggest that the Rab protein Yptl p transiently 
interacts with the t-SNARE Sed5p and results in displacement of the negative regulator 
Sly1 p, allowing subsequent formation of the V-SNARE-t-SNARE targeting complex. 

T h e  movement of proteins hetween intra- 
cellular membrane-hounded compartments 
1s mediateii hy transport ~es ic l e s  that huci 
from one compartinent and target specifi- 
cally to  the  next conlpartment (1 ). Vesicle 
targeting in\~olves interactions hetween in- 
tegral membrane proteins, the  \,-SNARES 
and t-SNARES, that reside o n  vesicle and 
target membranes, respectir-ely ( 2 ,  3 ) .  T h e  
v/t-SNARE complex then binds soluble 
NSF attachment protein [SNAP. Secl  'ip in  
yeast (4)]  and AT-ethylmaleimiiie-se~ls~t~\-e 
fusion protein [NSF. Secl8p in  yeast (5, 
6)], which catalyze the  d~sasseml>ly of the  
~ / t - S N A R E  complex as a prel~tde to m e n -  
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brane fusion (7) .  Rab proteins, a family of 
slnall guanosine triphosphatases (GTPases) 
related to Ras, also act in ves~cle  targeting 
but their preclse role is unclear ( 3 ) .  

Target~ng of vesicles from the  eniioplas- 
lnic reticulum (ER) to  the  G o l g ~  in  yeast 
in\~olves three v-SNARES (Sec22~7, Bet lp ,  
and Boslp) (9,  IL?), the t-SNARE SeiiSp 
(1 1 ), the  Rah-like GTPase Ypt lp  (1 2 ,  13) ,  
and a peripheral nlelnhrane protein termed 
Slylp  (14) that associates with SedSp (10). 
Although Slylp  is reiluired for ER to Golgi 
transport (1 5, 16) ,  it may also act as a 
negative regulator (1 7).  

T o  exalnlne whether Ypt lp  phys~cally 
interacts wlth Seiljp,  \\-e iminunoblotted 
Sec15p immunoprecipitates (IPS) from 
strains ( I S )  with anci \\-ithout a high copy 
number ( 2  prn) YPTl plasmid (19) (Fig. 
1A) .  A weak Yptlp-Sedip interaction \\-as 
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