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ABSTRACT 
The SPT4,  SPTS and SPTG genes of Saccharomyces cerevisiae were  identified  originally by mutations 

that  suppress 6 insertion  mutations at HIS4 and LYS2. Subsequent  analysis  has  demonstrated  that spt4, 
spt5 and spt6 mutations  confer  similar  pleiotropic  phenotypes.  They  suppress 6 insertion  mutations 
by altering  transcription  and are believed  to  be required  for  normal  transcription of  several other 
loci. We  have  now  analyzed interactions  between SPT4,  SPT5 and SPT6. First,  the  combination of 
mutations in any  two  of these three genes  causes  lethality  in  haploids.  Second,  some  recessive  mutations 
in different  members of this  set  fail  to  complement  each other. Third, mutations in  all three genes 
alter transcription in similar  ways.  Finally, the results of coimmunoprecipitation  experiments  demon- 
state  that  at least the SPT5 and SPTG proteins  interact physically. Taken together, these  genetic  and 
biochemical  results  indicate  that SPT4, SPT5 and SPTG function  together in a transcriptional  process 
that is essential  for  viability  in  yeast. 

I N Saccharomyces cerevisiae, a  large  number  of  genes 
have  been  identified as being  important or essen- 

tial for transcription. Among  these,  the SPT genes 
(SPT = suppressor  of T y )  were  identified by selection 
for extragenic  suppressors  of  transcriptional  defects 
caused by 6 and T y  insertions  in the 5' regions of 
HIS4 and LYS2 (WINSTON et al. 1984,  1987; FASSLER 
and WINSTON 1988). These suppressor  mutations, 
which define 17 SPT genes, are pleiotropic; for ex- 
ample, some  affect  mating and  sporulation  and  others 
cause  temperature-sensitive lethality (WINSTON et al. 
1984; HIRSCHHORN and WINSTON 1988; EISENMANN, 
DOLLARD and WINSTON 1989). Genetic  and molecular 
analysis of SPT genes and of spt mutant  strains has led 
to  the formation of three distinct classes of SPT genes. 
One  group includes SPTl5, which encodes the TATA 
binding  protein TFIID  (EISENMANN,  DOLLARD and 
WINSTON 1989); another includes SPTl3IGALl1, im- 
portant  for  normal levels of  transcription  from  several 
promoters (SUZUKI et al. 1988; FASSLER and WINSTON 
1989;  NISHIZAWA et al. 1990); and  the  third  group 
includes SPTllIHTAl and SPTlZIHTBl, which en- 
code histone  proteins H2A and H2B, respectively 
(CLARK-ADAMS et al. 1988). Each group of mutants is 
distinct with respect to  the  pattern of  suppression  of 
T y  and 6 insertion  mutations and  other  mutant  phe- 
notypes. 

In this study, we have  characterized the interactions 
between the SPT4, SPTS and SPT6 genes. SPT4, SPTS 
and SPT6 are members  of the phenotypic class that 
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includes the histone  genes HTAl and HTBl.  Muta- 
tions in SPT4, SPTS and SPT6 were isolated originally 
as  suppressors of the 6 insertion  mutations his4-9126 
and lys2-1286 (WINSTON et al. 1984; FASSLER and 
WINSTON 1988). Mutations in all three genes  have 
been shown to suppress  both  of  these  insertion  muta- 
tions by altering  the  patterns of  transcription of HIS4 
and LYS2, respectively (CLARK-ADAMS and WINSTON 
1987; SWANSON, MALONE and WINSTON 199 1 ;  E. A. 
MALONE, J. FASSLER and F. WINSTON, unpublished 
data).  Mutations in SPTG also have  been  identified in 
two other  genetic studies.  First,  mutations in SPTG 
(called SSN20) were demonstrated  to  be  extragenic 
suppressors  of the defect in transcription of the SUC2 
gene  caused by snf2, snf5 or snf6 mutations (NEIGE- 
BORN, RUBIN and CARLSON 1986). In these  studies, 
mutations in SPT6 were also shown to suppress cis- 
acting  mutations  at SUC2: they restore expression 
from SUC2 genes  that lack upstream  sequences that 
are necessary for  regulation by glucose repression 
(NEIGEBORN, CELENZA and CARLSON 1987). In a sec- 
ond set of studies, one SPT6 allele, called cre2-1, was 
isolated as a  mutation  that allowed glucose-insensitive 
expression of ADH2 and bypassed the  requirement 
for  the ADR 1 transcriptional  activator  protein (DENIS 
1984; DENIS and MALVAR 1990). 

Previous  molecular and  genetic analysis revealed 
that  the SPTS and SPT6 genes share a number of 
interesting  features.  First,  both  genes are essential for 
mitotic  growth (NEIGEBORN,  CELENZA and CARLSON 
1987; CLARK-ADAMS and WINSTON 1987; SWANSON, 
MALONE and WINSTON 1991). Second, S.  cerevisiae 
cells are sensitive to  altered dosage  of either  the SPTS 
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or the SPT6 gene: increased or decreased gene copy 
number causes an Spt-  phenotype (NEIGEBORN, CE- 
LENZA and CARLSON 1987; CLARK-ADAMS and WIN- 
STON 1987; SWANSON, MALONE and WINSTON 1991). 
Third,  both  genes  encode  nuclear  proteins with  un- 
usually acidic  amino  termini (SWANSON, CARLSON and 
WINSTON  1990;  SWANSON, MALONE and WINSTON 

T h e  genetic  analyses  presented here extend  the 
similarities  between SPTS and SPT6 to  include a third 
gene, SPT4. Interestingly, spt4 mutations  cause  similar 
phenotypes  as spt5 and spt6 mutations  with  respect  to 
effects  on gene expression,  yet SPT4 function is dis- 
tinct in other ways. For example,  the SPT4 gene is not 
essential for  growth,  and  altered SPT4 dosage  does 
not  cause  an Spt- phenotype (E. A.  MALONE, J. FAS- 
SLER and F. WINSTON, unpublished  data). 

In  this  study,  we  have  used a number of techniques 
to analyze SPT4, SPTS and SPT6 interactions.  First, 
we  demonstrate  that virtually  every  double  mutant 
combination  among  the SPT4,  SPT5 and SPTG genes 
causes  lethality in haploid  strains.  Second, we show 
that  certain  mutations in SPT4, SPTS and SPT6 fail to 
complement  each  other in diploid  strains.  Third, we 
show  that spt4 and spt5 mutations  that  were  isolated 
as  suppressors of &insertion  mutations  also  suppress 
the SUC2 transcriptional  defect  caused by a snf2 allele, 
similar  to spt6 mutations.  Finally, by coimmunoprecip- 
itation  experiments, we present  evidence  that  the 
SPT5 protein  associates  with the SPTG protein.  These 
results  suggest  that  the SPT4, SPTS and SPTG genetic 
interactions  reflect physical interactions  between  the 
SPT4,  SPT5 and SPTG proteins  which are essential 
for some  aspect of transcription in yeast. 

1 99 1). 

MATERIALS AND METHODS 

Yeast strains: The yeast strains used  in this study (Table 
1 ) are derivatives of strain S288C (MATa  ga12) and are from 
our laboratory collection. Parentheses indicate episomal 
plasmids, and brackets indicate integrated plasmid DNA. 
The &insertion mutations his4-9126 (CHALEFF  and FINK 
1980;  FARABAUGH  and FINK 1980)  and lys2-1286 (SIMCHEN 
et al. 1984; CLARK-ADAMS and WINSTON 1987) cause  histi- 
dine  and lysine auxotrophies, respectively. 

The spt4Al::URAJ allele is a deletion of approximately 
half of the SPT4 coding region and includes insertions of 
Tn5 sequences and  the URA3 gene; spt4-289 and spt4-6 are 
nonsense mutations; and spt4-3 is an internal deletion (E. A. 
MALONE, J. FASSLER and F. WINSTON, unpublished data). 
The mutations spt5-24, spt5-8, spt5-194, spt6-140, spt6-113 
and spt6-167 are spontaneous, presumed partial loss-of-func- 
tion mutations (WINSTON et al. 1984; FASSLER and WINSTON 
1988). Both spt6-140 and spt6-113 cause lethality at  37", 
and spt6-167 causes slow growth at  37".  The mutations 
spt3A203::TRPl (HAPPEL AND WINSTON 1992)  and 
snJzAl::HIS3 (ABRAMS, NEIGEBORN and CARLSON 1986) are 
null alleles. The suc2A(-1900/-390) allele contains the 
SUC2 T A T A  region, but lacks sequences from -1900 to 
-390 relative to the translational start site for the precursor 
to secreted invertase (NEIGEBORN, CELENZA and CARLSON 

1987). Strains MS222,  MS223 and MS224  have  plasmid 
pBM68 integrated  at  the URA3 locus,  such that  the SPTS- 
lac2 gene is expressed from the SPTS promoter  (SWANSON, 
MALONE and WINSTON 1991). Both the cis-acting mutation 
suc2A(-l900/-390) and  the trans-acting mutation 
snpAl::HIS3 were used. In our suppression studies we ob- 
served that spt6-140 suc2A(-1900/-390) strains have a Suc+ 
phenotype with  lower  levels  of invertase than measured for 
SPT6+ snf2Al::HlS3 (Suc-) strains; this difference is  likely 
caused by the pleiotropic effects of the snJzAl::HZS3 muta- 
tion (NEIGEBORN and CARLSON 1984). 

Media: The media  used were as described by SHERMAN, 
FINK and  LAWRENCE  (1978)  and include the rich  media YEP 
+ 2% glucose  (YPD) and YEP + 0.05% glucose, as well  as 
synthetic complete media lacking a specific amino acid (for 
example, SC - Lys), minimal  media supplemented with a 
particular amino acid  (such  as SD + Lys), and sporulation 
media. YP + sucrose consisted  of YEP + 2% sucrose + 1 
pg/ml antimycin A.  GNA presporulation medium contained 
10 g yeast extract, 30 g  nutrient  broth, 50 g dextrose and 
20 g agar per liter. 

Genetic  methods: Standard methods for mating, sporu- 
lation and  tetrad analysis were used (MORTIMER and  HAW- 
THORNE 1969;  SHERMAN, FINK and LAWRENCE 1978). For 
analysis  of  spt double mutants, at least 15 tetrads were scored 
for each cross. The spt genotypes of  viable spore clones 
were determined by complementation tests  using  spt tester 
strains L448,  L449, L450, L451, L452 and  L453  (Table 
1). First, tetrads  and parental strains were crossed to MATa 
and MATa  spt  lawns on YPD media. Then, diploids were 
selected on SD + His + Lys plates and suppression of lys2- 
1286 and his4-9126 was scored on SD + His and SD + Lys 
plates, respectively. As described in RESULTS, we observed 
that some pairs of unlinked mutations failed to complement; 
however, in no case was the double heterozygote Spt- phe- 
notype as strong as the homozygous Spt- phenotype. There- 
fore,  the genotype of spore clones  could  be determined 
unambiguously by scoring their phenotype relative to  that 
of each  spt parent strain. Yeast  cells were transformed by 
the lithium acetate method (ITO et at. 1983). 

RNA preparation  and  analysis: For analysis  of  SUC2 
RNA under derepressing conditions, yeast  cells were grown 
at 30" in  YPD medium to 1-1.5 X lo7 cells per ml,  washed 
twice  with sterile water, then incubated for 2.5 h  at  30" in 
YEP + 0.05% glucose to relieve glucose repression. For 
analysis  of SPT4, SPTS and SPT6 RNA, cells were grown at 
30" in  YPD medium to 1-2 X lo7 cells per ml. RNA was 
prepared as described previously (CARLSON and BOTSTEIN 
1982)  and separated by electrophoresis in formaldehyde- 
agarose gels  as described previously (SWANSON, MALONE 
and WINSTON 1991). Hybridization probes were radiola- 
beled by nick-translation (RIGBY et al. 1977) of  plasmid 
DNA  using [cx-~'P]~ATP (Amersham Corp.) and a reagent 
kit from Boehringer Mannheim. 

Plasmids: Plasmids  used to prepare hybridization probes 
were, for SUC2,  plasmid pRB59 (CARLSON and BOTSTEIN 
1982),  and for TUB2,  plasmid pYST138, a 0.24-kb BglIl- 
KpnI restriction fragment internal to TUB2 cloned in a 
pGEM vector (SOM et al. 1988). 

Several  plasmids  were  used to express SPT fusion proteins 
for analysis by coimmunoprecipitation experiments. Plasmid 
pMS33, which is a derivative of the CEN4-ARSl-URA3  vec- 
tor YCp50 (JOHNSTON and DAVIS 1984), encodes the nine 
amino acid HA1 epitope (NIMAN et al. 1983) fused to  the 
entire  SPT6 protein; the HAl-SPT6 fusion protein is func- 
tional, as judged by its ability to complement the tempera- 
ture-sensitive lethality  caused by the spt6-140 mutation 
(SWANSON,  CARLSON  and WINSTON 1990). Plasmid  pMS39 
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is a derivative of the CEN6-ARSH4-LEU2 vector pRS315 
(SIKORSKI and HEITER 1989)  and encodes the  HA1-SPT6 
hybrid gene; it was constructed by digesting plasmid pMS33 
partially with HindIII  and completely with  EagI to obtain a 
7.0-kb HindIII-EagI fragment containing the HAl-SPT6 
gene, which  was then ligated to the EagI and  HindIII sites 
of the vector pRS3 15 (SIKORSKI and HEITER 1989). Plasmid 
pMS35, which is a derivative of the 2-pm  circle-URA3 vector 
YEp353 (MYERS et al.  1986), encodes a fusion between the 
HA1 epitope and  the &galactosidase protein of Escherichia 
coli expressed from the yeast  ADHl promoter (SWANSON, 
CARLSON and WINSTON 1990). Plasmid pAB1, which is a 
derivative of the CEN-ARS-TRPl  plasmid pJKl52  1 (KAMENS 
et al. 1990), encodes a LexA-SPT5 fusion protein expressed 
from  the ADHl promoter; it was constructed by digesting 
plasmid  pMS4 (SWANSON, MALONE and WINSTON 199 1) with 
SphI, treating with  Klenow, and then ligating the 3.5-kb 
fragment containing the SPTS gene to  the SmaI site of 
plasmid  pJK1521 (KAMENS et al. 1990). The LexA-SPT5 
fusion protein consists  of the first 87  amino acids  of the E.  
coli  LexA protein fused to  the  SPT5 protein beginning at 
amino acid 12; this  plasmid  causes a weak Spt- mutant 
phenotype in an SPT5+ background (A. BORTVIN and F. 
WINSTON, unpublished data). Plasmid  pBM68 is an inte- 
grating plasmid containing the SPT5(1004)-lacZ gene; this 
hybrid gene encodes the first 1004 amino acids  of SPT5 
fused to P-galactosidase and partially complements an spt5 
null mutation (SWANSON, MALONE and WINSTON 1991). 
Plasmid  pMS50 is an integrating plasmid carrying the 
SPT5(917)-lacZ gene; this hybrid gene, which encodes the 
first 9  17 amino acids  of SPT5 fused to &galactosidase,  lacks 
the entire SPT5 repeat domain and provides a very low 
level  of SPT5 activity (SWANSON, MALONE and WINSTON 
1991). The vector YEP13 contains part of the yeast  2-pm 
circle and  the LEU2 gene as a selectable marker (BROACH, 
STRATHERN and HICKS 1979). 

Invertase assays: Yeast cultures were grown to exponen- 
tial phase  (1-3 X lo7 cells per ml)  in  YPD medium, then 
glucose-repressed and glucose-derepressed cells were pre- 
pared as described by CELENZA  and CARLSON (1984). Se- 
creted invertase activity was assayed on whole  cells  using the 
method of  GOLDSTEIN and LAMPEN (1975) as described by 
CELENZA and CARLSON (1 984). For calculation of units of 
invertase activity, we assumed that  1 ml of  cells at  a density 
of 50 Klett units was equivalent to  0.38 mg dry weight  of 
cells. A twofold variation in calculated invertase units occurs 
for cultures grown to  1 X lo7 vs. 2 X lo7 cells per ml (G. 
PRELICH, personal communication). 

Coimmunoprecipitation assays: Yeast  cell  lysates were 
prepared from cultures grown at  30"  to 1-2 X lo7 cells per 
ml of SC media  lacking the  appropriate amino acid(s) for 
plasmid maintenance. Protein lysates were prepared as de- 
scribed previously (CELENZA and CARLSON 1986), except 
for the composition  of the lysis buffer, which was  20 mM 
HEPES (N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic 
acid]) [pH 7.41, 100 mM potassium acetate,  2 mM magnesium 
acetate  and 2 mM phenylmethyl sulfonate. For cross-linking, 
0.5 mg/ml  of protein lysate was incubated with 0.2 mg/ml 
dithiobis(succinimidy1propionate) (DSP, Pierce) for 30  min 
at 4" .  The cross-linking reaction was quenched by the 
addition of 0.5 M ammonium acetate  for  5 min at 4",  and 
the lysate was clarified by centrifugation at  16,000 x g for 
10 min at  4". For mock-cross-linked  lysates, the  order of 
the DSP and ammonium acetate incubations was reversed. 
The protein concentrations of the cell  lysates were deter- 
mined by the method of BRADFORD  (1976) using a dye 
reagent from Bio-Rad Laboratories and bovine serum al- 
bumin (BSA)  as the  standard. 

The immunoprecipitation reactions consisted of 250 r g  
of freshly prepared  protein lysate and  either  2.5 pl of  ascites 
fluid containing the HA1 epitope- specific  monoclonal an- 
tibody 12CA5 (NIMAN et al.  1983)  or  1 ~1 of anti-b-galacto- 
sidase antisera (Promega) in 0.5 ml of immunoprecipitation 
(IP) buffer (50 mM Tris(hydroxymethy1)aminomethane-HCI 
(Tris-HCl) [pH 7.51, 1%  Triton X-100, 150 mM NaCl, 500 
mM ammonium acetate and  0.5 mg/ml BSA. (During our 
initial coimmunoprecipitation experiments, we found that 
addition of 250-750 mM ammonium acetate to  the  IP buffer 
virtually eliminated a nonspecific precipitation of both the 
LexA-SPT5 and SPT5-@-galactosidase fusion proteins with- 
out reducing their association  with the HA1-SPT6 protein.) 
After 60 min on ice, aggregates were removed by centrifu- 
gation at  16,000 X g  (14,000 rpm in an Eppendorf micro- 
centrifuge)  for 10 min at  4". Next, the supernatants were 
incubated with 50 pl of an 8.3% suspension of Pansorbin 
(Calbiochem Corp., La Jolla, California) for 30 min at  4". 
The protein-Pansorbin complexes were collected by centrif- 
ugation for  40 sec at  16,000 X g, washed three times  with 
0.5 ml  of IP  buffer,  and then resuspended in 0.5 ml  of IP 
buffer lacking BSA. The protein-Pansorbin suspension was 
transferred  to  a new tube, washed  two  times  in IP buffer 
lacking BSA, and then resuspended in 35 p1 of protein 
sample buffer (60 mM Tris-HC1 [pH 6.81, 2% sodium  do- 
decyl sulfate (SDS), 8% glycerol, 0.4% bromphenol blue 
and  2% B-mercaptoethanol). The samples were heated in a 
boiling water bath for 3 min, cleared by centrifugation at 
16,000 X g  for  2 min, and then separated by electrophoresis 
through  7.5% acrylamide gels and analyzed by immuno- 
blotting. 

Immunoblotting analysis: Protein samples were analyzed 
by immunoblotting as described previously (CELENZA and 
CARLSON 1984) using one of the following primary antibody 
preparations: the  HAl-SPT6 and  HAl-P- galactosidase  fu- 
sion proteins were identified with a 1:500 dilution of 12CA5 
ascites fluid (NIMAN et al. 1983);  the LexA-SPT5 fusion 
protein was identified with a  1 : 1500 dilution of rabbit serum 
containing LexA-specific  polyclonal antibodies (kindly pro- 
vided by R. BRENT); and  the  SPT5(  1004)-~-galactosidase 
fusion protein was identified with a 1:7500 dilution of a p- 
galactosidase-specific monoclonal antibody (Promega). The 
primary antibodies were detected using the Protoblot Sys- 
tem from Promega with a  1  :7500 dilution of rabbit or mouse 
IgG-specific antibody affinity-purified from goat serum and 
conjugated to alkaline phosphatase. 

RESULTS 

Combinations of mutations in the SPT4, SPT5 and 
SPT6 genes cause  lethality: Mutations  in  the  SPT4, 
SPTS and SPT6 genes  were  isolated  originally  as  sup- 
pressors of &insertion  mutations in the 5' regions of 
the HIS4 and LYS2 genes (WINSTON et al. 1984; FAS- 
SLER and WINSTON 1988).  During  the  initial  charac- 
terization of spt mutant  strains, WINSTON et al. ( 1  984) 
observed that  the  combination of any  two of the 
mutations  spt4-3,  spt5-194 and  spt6-140  caused  lethal- 
ity at  30". The  double  mutant lethality appeared  to 
be specific to  these  three  genes, since the  same  muta- 
tions  in  combination  with  mutations  in 13  other  SPT 
genes  were  viable (WINSTON et al. 1984; FASSLER and 
WINSTON 1988; M. SWANSON, E. A. MALONE and F. 
WINSTON,  unpublished  data). 

We  have  extended  this analysis to  determine 
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TABLE 1 
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Yeast  strains 

a. Double mutant lethality studies 
MS53 MATa spt4-289 his4-9126  lys2-1286 leu2-3 canR 
MS63 MATa spt5-24 ura3-52 his4-9126 lys2-1286 leul trp5 adel  canl-100 
L242 MATa spt6-140 ura3-52 his4-9126 lys2-1286 leul trp5-1 
FW147 MATa spt6-167 ura3-52 his4-9126 lysl-1 cryl 
MS22 MATa spt4Al::URA3 ura3-52 his4-9126  lys2-1286 leul trp5 
MS23 MATa spt6-167 his4-9126 lys2-1288 ade2-1 
FW146 MATa spt6-167 his4-9126 lysl-I leu2-3 cryl 
MS17 MATa spt5-24 ura3-52 his4-9126 lys2-1286 ade2-1 canl-100 
MS14 MATa spt4-289 his4-9126 lys2-1286 ura3-52  leu2-I ade2-1 trp5 
L448 MATa spt6-140 his4-9126 lys2-1286 ade8 

L450 MATa spt4AI::URA3 his4-9126  lys2-1286 ade8 

L452 MATa spt5-24 his4-9126 lys2-1286 ade8 

L449 MATa spt6-140 his4-9126  lys2-1286 ade8 

L45 1 MATa spt4AI::URAjr his4-9126  lys2-1286 ade8 

L453 MATa spt5-24 his4-9128 lys2-1286 ade8 
b. Complementation studies 

MS73 
MS70 
MS169 
MS69 
MS208 
MS72 
MS166 
MS7 1 
MS209 
MS167 
MS68 
MS168 
MS93 

MS2 10 

MS2 17 

MS2 18 
MS2  19 
MS220 

MATa  IMATa his4-9126/his4-9126 lys2-1286/lys2-1286 trp2ltrp2 leu21leu2 canl-100lcanl-100 
MATaIMATa spt4Al::URA3/+  ade8/+ his4-9126/his4-9126 lys2-1286/lys2-1286 leu2/LEU2 trp2lTRP2 canl-IOO/CANI 
MATaIMATa spt5-24/SPT5  ade8/ade8 his4-9126/his4-9126 lys2-1286/lys2-1286 
MATalMATa spt6-140/SPT6 ade8IADE8 his4-9126/his4-9126 lys2-1286/lys2-1286 leu2/LEU2 trp2ITRP2 canI-IOO/CANI 
MATa/MATa  spt6-l13/SPT6 his4-917/his4-9126 lys2-1286/lys2-1286 ura3-52/URA3  leu2/leu2 
MATa/MATa spt4A1::URA3/spt4Al::URA3 ade8lade8 his4-9126/his4-9126 lys2-1286/lys2-1286 
MATaIMATa spt5-24/spt5-24  ade8/ade8 his4-9126/his4-9126 lys2-1286/lys2-1286 
MATalMATa spt6-140/spt6-140  ade8/ade8 his4-9126/his4-9126 lys2-1286/lys2-1286 
MATalMATa spt6-1 13/spt6-113  his4-917/his4-917 lys2-1286/lys2-1286 ura3-52/ura3-52 leu2/leu2 
MATaIMATa spt4Al::URA3/SPT4  spt5-24/SPT5 ade8/ade8 his4-9126/his4-9126 lys2-1286/lys2-1286 
MATaIMATa spt4Al::URA3/SPT4  spt6-140/SPT6  ade8lade8 his4-9126/his4-9126 lys2-1286/lys2-1286 
MATaIMATa spt5-24/SPT5 spt6-I40/SPT6 ade8lade8 his4-9126/his4-9126 lys2-1286/lys2-1286 
MATalMATa  spt4Al::URA3lSPT4 spt5-24/SPT5  spt6-140/SPT6 ura3-52/ura3-52 his4-9126/his4-9126 lys2-I286/lys2-1286 

MATa/MATa spt4AI::URA3/SPT4 spt6-I 13/SPT6 ade8/ADE8 his4-9126/his4-917 lys2-1286/lys2-1286 ura3-52/URA3 1eu2/ 

MATa/MATa spt5-8lSPT5 ade8IADE8 his4-9126/his4-9126 lys2-1286/lys2-1286 ura3-52/URA3  leu2Al/leu2  trp2ITRP2 

MATa/MATa spt5-8/spt5-8  ade8/ADE8 his4-9126/his4-9126 lys2-1286/lys2-1286 ura3-52IURA3 leu2Al/LEU2 
MATa/MATa spt4AI::URA3/SPT4  spt5-8/SPT5  ade8/ADE8 his4-9126lhis4-9126 lys2-1286/lys2-1286 ura3-52/ura3-52 
MATaIMATa spt5-8lSPT5 spt6-l13/SPT6 ade8lADE8 his4-9126/his4-917 lys2-1286/lys2-1286 ura3-52/URA3  leu2Al/leu2 

ade2-1/ADE2 canl/CANI 

LEU2 

canl-IOO/CANl 

c Invertase assays 
FW 1238 
MS 1 
MS87 
L381 
L331 
MS3 
FW256 
MS11 
L807 
MS36 
MS155 
MS39 
MS3 1 
MS56 
MS58 
MSlO 
MS13 
MS4 
MS7 
MS29 
MS30 
FY5 1 
FY416 
A745 
FYI21 
MS 163 

MATa ura3-52 his4-9126 lys2-1286 
MATa snj2A::HIS3 ura3-52 his4-9126  lys2-1286 
MATa spt4AI::URA3 ura3-52 his4-9126 lys2-I286 
MATa spt4Al::URA3 ura3-52 lys2-1286 
MATa spt4-289 ura3-52 his4-9126 lys2-I286 ade2-1 
MATa spt5-194 his4-9126 ade2-1 
MATa spt5-194 his4-9126 ade2-1 
MATa spt5-8 ura3-52 his4-917 lys2-1286 leu2 
MATa spt5-8 ura3-52 his4-917 lys2-1286 leu2 
MATa spt6-140 ura3-52 his4-9128 lys2-1286 
MATa spt6-140 ura3-52 his4-9126 lys2-1286 
MATa spt6-140 snjZ’Al::HIS3 ura3-52 his4-9126 lys2-1286 
MATa spt4Al::URA3  snj2AI::HIS3 ura3-52 lys2-1286 
MATa spt4-289 snjZ’Al::HIS3 his4-9126 lys2-1286 ade2-1 
MATa spt4-289 snj2Al::HIS3  ura3-52 his4-9126 lys2-1286 
MATa spt5-8 snjZ’AI::HIS3 ura3-52 his4-917 lys2-1286 leu2 
MATa spt5-8 snj2Al::HIS3  ura3-52 his4-9126 lys2-1286 
MATa spt5-194 snjZ’Al::HIS3 ura3-52 his4-9126 ade2-1 
MATa spt5-194 snjZ’Al::HIS3 his4-9126 lys2-1286 
MATa spt6-167 snj2AI::HIS3 ura3-52 his4-9126  lys2-1286 
MATa spt6-167 snflAl::HIS3  ura3-52 his4-9126 lys2-1286 leu2-3 
MATa spt3-203::TRPI ura3-52 his4-9176 leu2A1 trplA63 
MATa spt3-203::TRPI snjZ’Al::HIS3 ura3-52 his4-9176 
MATa spt3-203::TRPI snjZ’Al::HIS3 ura3-52 his4-9176 
MATa suc2-Ai\-l9O0/-39O ura3-52 his4-9126 lys2-I286 trplA63 
MATa suc2-A-1900/-390  ura3-52 his4-9126  lys2-1286 
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MS161 MATa spt4Al::URA3  suc2-A-1900/-390 ura3-52 his4-9126 lys2-1286 
MS162 MATa spt4Al:URA3  suc2-A-1900/-390 ura3-52 his4-9126 lys2-1286 

MS165 MATa spt5-194 suc2-A-1900/-390 his4-9126 lys2-1286 ade2-1 
FY129 MATa spt6-140 suc2-A-1900/-390 ura3-52 his4-9126  lys2-1286 ade8 
FY 141 MATa spt6-140 suc2-A-1900/-390  ura3-52 his4-9126 lys2-1286  aded 

FW1237 MATa ura3-52 his4-9126 lys2-1286 
MS37 MATa  snf2Al::HIS3  ura3-52 his4-9126  lys2-1286 
MS9 1 MATa spt4Al::URA3  snf2Al::HIS3 ura3-52 his4-9126 lys2-1286 
MS4 MATa spt5-194 snf2Al::HIS3 ura3-52 his4-9126 ade2-1 
MS38 MATa spt6-140 snj2Al::HlS3  ura3-52 his4-9126 lys2-1286 

MS225 MATa his4-9126 lys2-1286 ura3-52  leu2A1 trplA63 (pMS39)  (pAB1) 
MS227 MATa his4-9126 lys2-1286 ura3-52  leu2A1 trplA63 (pRS315)  (pAB1) 
MS242 MATa his4-9126 lys2-1286 ura3-52  leu2A1 trplA63 (pMS35)  (pAB1) 
MS232 MATa his4-9126 lys2-1286 spt5-194 leu2Al [ura3-52::URA3-SPT5(1004)-lacZ] (pMS39) 
MS234 MATa his4-9126 lys2-1286 spt5-194 leu2A1 [ura3-52::URA3-SPT5(1004)-lacZ] (YEp13) 

MS164 MATa  ~pt5-194  ~~~2-A-1900/-390 his4-9126 

d. SUC2 transcription 

e. Coimmunoprecipitation experiments 

TABLE 2 

Combinations of spt mutations  cause  lethality 

Phenotype of 
Cross Relevant genotype double mutanta 

FW256 X MS53 ~pt4-289  ~pt5-194 Dead 
L381 X MS63 spt4Al::URA3 spt5-24 Dead 
MS63 X L242 ~pt5-24 $t6-140 Dead 
L381 X MS36 spt4Al::VRA3 spt6-140 Dead 
WINSTON et al. (1984T spt4-3 spt6-140 Dead 
WINSTON et al. (1984) spt4-3 spt5-194 Dead 
WINSTON et al. (1984) spt5-194 spt6-140 Dead 

MS14 X FW147 ~pt4-289 spt6-167 Spt-, Ts- 
MS22 X MS23 sp4Al::URA3 spt6-167 Spt-, Ts- 
FW146 X MS17 ~pt5-24  ~pt6-167 Spt-, Ts- 
FW146 X FW256 spt5-194 ~pt6-167 Spt-, Ts- 

a Greater than 15 tetrads were scored  for  each cross. The SPT 
genotypes of viable spore  clones were determined by complemen- 
tation tests as described in  MATERIALS AND METHODS. Strains des- 
ignated Spt- and  Ts- had an Spt- phenotype at 30"  and failed to 
grow at 37". 

Crosses designated WINSTON et  al. (1984) contain data origi- 
nally presented in that publication. 

whether  the spt4,  spt5 and spt6 double  mutant lethality 
is allele-specific. Tetrad analysis demonstrated  that 
most  double  mutant  combinations  examined  caused 
lethality in haploids at 30" (Table 2). The only  excep- 
tion was the spt6-167 allele, which unlike the  other 
spt6 mutation  tested, spt6-140, does  not itself cause 
temperature-sensitive  growth and is thus likely to  be 
a less severe  mutation. Even in cases with this allele, 
the spt4  spt6-167 and spt5  spt6-167 double  mutants 
grew poorly at 30" and failed to grow at 37" (Table 
2). Therefore,  the  double  mutant lethality caused by 
spt4,  spt5 and spt6 mutations is not allele-specific. 
These  data suggest that  the  double  mutant lethality 
occurs by the cumulative  reduction  of  function(s) 
caused by mutations in SPT4,   SPTS and SPT6. 

Some spt4,  spt5 and spt6 mutations fail to comple- 
ment each other: During our analysis of spt single and 
double  mutants, we frequently  observed  incomplete 
complementation of spt4,  spt5 and spt6 mutations. T o  
investigate this genetic  interaction  more systemati- 
cally, we constructed  diploid  strains  heterozygous  at 
two of these three SPT loci and  compared  their phe- 
notypes to strains that were either homozygous mu- 
tant  or homozygous wild type. The phenotype  exam- 
ined was suppression of the lysine auxotrophy caused 
by the insertion  mutation lys2-1286. This analysis has 
demonstrated  that  among  mutations in SPT4,   SPTS 
and SPT6,  some recessive mutations in any one of 
these SPT genes fail to complement recessive muta- 
tions in the  other two SPT genes (Table 3). For 
example,  the spt4Al::URA3 and spt6-140 mutations 
were recessive for suppression of lys2-1286 (diploid 
strains MS70 and MS69 were Lys-), yet a diploid that 
was heterozygous for  both  an spt4Al::URA3 and  an 
spt6-140 mutation  had an Spt-  phenotype (MS68 was 
Lys+"; Table 3, Figure 1). The failure of unlinked spt 
mutations  to  complement each other was also ob- 
served  for most other combinations of spt4,  spt5 and 
spt6 alleles that were  tested  (Table 3). In  general,  the 
double  heterozygote  mutant  phenotypes  were  not as 
strong as those of homozygous mutant strains. [Similar 
results  have  been  observed for suppression of the 
mutations his4-9126 and suc2A(-1900/-390) (M. 
SWANSON, G. PRELICH and F. WINSTON, unpublished 
data).] The results  of  testing  different  combinations 
of  mutations  suggest  that  the  cumulative severity of 
the spt alleles determines  the  degree of  complemen- 
tation.  First,  the spt5-8 allele, which fully comple- 
mented  both  an spt4Al::URA3 and  an spt6-113 muta- 
tion (Table 3), is probably  a leaky allele, as judged by 
its weak effects on lys2-1286 transcription (SWANSON, 
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TABLE 3 

Mutations in SPT4, SPT5 and SPT6 fail to complement each 
other 

Diploid 
Strain Relevant genotype 

LYS 
phenotype 

MS73 
MS70 
MS169 
MS217 
MS69 
MS208 
MS72 
MS166 
MS218 
MS7 1 
MS209 
MS 167 
MS68 
MS2 10 
MS 168 
MS2 19 
MS220 
MS93 

Wild type 
spt4Al::URA3/SPT4 
spt5-24/SPT5 
~pt5-81SPT5 
~pt6-140/SPT6 
spt6-113/SPT6 
spt4Al::URA3/spt4A1::URA3 
spt5-24/spt5-24 
~pt5-8I~pt5-8  
~pt6-140/~pt6-140 
~pt6-113/~pt6-113 
spt4AI::URA3/SPT4  sPt5-24ISPT5 
spt4AI::LIRA3/SPT4  spt6-140/SPT6 
sPt4Al::URA3/SPT4 ~pt6-I13/SPT6 
~pt5-24ISPT5  ~pt6-140/SPT6 
spt4AI::URA3/SPT4  sPt5-8ISPT5 
~p.t5-8/SPT5 spt6-I  I3ISPT6 
spt4AI::URA3/SPT4  sPt5-24ISPT5 ~ p t 6 -  

14OlSPT6 

Suppression of lys2-1286 was scored  after replica-plating patches 
o f  each strain to SC and SC - Lys plates and incubating at 30" for 
1.5 days. + indicates growth; +/- indicates weak growth; - indi- 
cates no growth. 

SPT' 
a )  spT+ 

b)  spt4 A1::URAS 
SPT4 

spt4 A1 ::URA3 
spt4Al::URA3 

~ p t 6 - 1 4 0  
SPT6 

e )  s p t 6 - 1 4 0  
~ ~ 1 6 - 1 4 0  

" SPT4 SPT6 
spt4 A1::URAS ~ ~ 1 6 -  1 4 0  

FIGURE 1 .-Mutations in Sf T4 and SPT6 fail to complement  for 
suppression of lys2-1286. Patches of strains of the  genotype indi- 
cated were grown on a YPD  plate, then replica plated to the SC 
and SC - Lys plates shown here. The  plates were  photographed 
after 1.5 days of growth at 30'. The strains shown are (a) MS73, 
(b) MS70, (c) MS69, (d) MS72, (e) MS71 and (r) MS68. 

MALONE and WINSTON 199 1) and suppression  of snj2 
(described in the next section). Second, the mutant 
phenotype of a triple heterozygote (Table  3, strain 
MS93) was more severe than that of  isogenic double 
heterozygotes (Table 3). These effects are also con- 
sistent with the previous observations that spt5 and 
spt6 null alleles,  which are recessive lethal, are domi- 
nant  for an  Spt- phenotype. Taken  together, these 
results indicate that  the  SPT4, SPT5 and SPTG gene 
products function in a similar  process. 

Mutations in SPT4, SPT5 and SPT6 each  restore 
invertase expression to snf2 mutants: A  number of 
spt6 mutations were identified as suppressors of  mu- 

TABLE 4 

Effects of sp t l ,  spt5 and sfit6 mutations on invertase activity 

Secreted invertase activity' 

Relevant genotype Repressed Derepressed 

Wild type 
sptlAl::URA3 
~pt4-289 
~ p t 5 - 8  
spt5-194 
sPt6-140 
spt3A203:TRPI 
snj2Al::HIS3 
snj2AI::HIS3  spt4AI::URA3 
snfZAl::HIS3  spt4-289 
snj2AI::HIS3  spt5-8 
snj2AI::HIS3  spt5-194 
snj2AI::HIS3  spt6-140 
snj2AI::HIS3  spt6-167 
snj2AI::HIS3  spt3A203:TRPI 
suc2A(-1900/-390) 
suc2A(-  19001-390)  spt4AI::URA3 
~ ~ ~ 2 A ( - I 9 0 0 / - 3 9 0 \   ~ 4 1 5 - 1 9 4  

3 f  1 
3 f <1 
3 2 1  
3 2 1  
3 f l  
3 2 1  
7 f l  
2 + < I  
2 f <1 
2 f < 1  
4 2  1 
3 + < 1  
5 f l  

1 0 f 3  
3 f < 1  
3 f  1 
3 f 1  
4 f 1  
7 f l  

141 f 7 
149 f 15 
187 f 33 
131 f 13 
224 f 29 
252 f 20 
112 f 1 

17 f 2  
50 f 6 
60 f 1 
59 f 9 

I04 f 10 
109 f 13 
107 f 17 

6 f 1  
3 2 1  
5 f l  
9 f 1  

1 2 f  1 
~ I J  

suc2A(-1900/-390)  spt6-140 

' Micromoles of glucose released per min per 100 mg (dry 
weight) of cells as described in MATERIALS AND METHODS. Values 
are  the  averages of two strains, each assayed at least twice; f 
standard error. 

tations in the SNF2 and SNF5 genes, which are re- 
quired for high  level  expression  of SUC2, the struc- 
tural gene for invertase (NEIGEBORN and CARLSON 
1984; NEIGEBORN, RUBIN and CARLSON 1986). Sev- 
eral of these spt6 mutations were  shown to restore 
high  levels  of invertase activity to snj2 mutant strains 
by increasing the level  of SUC2 RNA (NEIGEBORN, 
RUBIN and CARISON 1986; NEIGEBORN, CELENZA and 
CARLSON 1987). 

We reasoned that if the  SPT4  and  SPT5 gene 
products were related functionally to the SPTG gene 
product, spt4 and spt5 mutations might also  suppress 
the defect in SUC2 transcription caused by snj2 mu- 
tations. T o  test this  possibility, we measured the effect 
of spt mutations on SUC2 expression by assaying  in- 
vertase activity in spt4 snj2, spt5 snj2 and spt6 snj2 
double mutant strains. As shown  in Table  4, mutations 
in either SPT4 or SPT5 partially  suppressed the defect 
in SUC2 expression in snj2 mutant strains. The 
spt4Al::URA3,  spt4-289 and spt5-8 alleles  had  weak 
effects, while the spt5-194,  spt6-140 and spt6-167 mu- 
tations were stronger, restoring nearly  wild-type  levels 
of SUC2 expression (Table 4).  In contrast, null muta- 
tions in the SPT3 gene, which  belongs to  a different 
phenotypic class  of SPT genes (WINSTON et al. 1987), 
showed no suppression  of snj2 (Table 4). 

To  verify that suppression  of snj2 by spt4,  spt5 and 
spt6 occurs at  the level  of transcription, we deter- 
mined SUC2 mRNA  levels by Northern hybridization 
analysis. This analysis demonstrated that at least spt5 
and spt6 mutations increased SUC2 mRNA levels in a 
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SUCP 

" 

TUB2 

c. 

1 2 3 4 5  
FIGURE 2.-Mutations  in SPTS and SPT6 restore expression of 

SUC2 RNA in snf2 mutant strains. Total yeast RNA was prepared 
from cells grown under derepressing condition and analyzed by 
Northern hybridbation analysis. The filter was hybridized with a 
SUC2 probe, then rehybridized with TUE2 as a  standardization 
probe. Each lane contains approximately 5 rg of RNA from strains 
(1) FW1237, (2) MS37, (3) MS91, (4) MS4 and (5 )  MS38. The 
; m o w  indicates the position of the 1.9-kb SUC2 mRNA, which 
encodes  the secreted form of invertase. The 1.8-kb RNA gncodes 
an intracellular form of invertase of unknown function (CARLSON 
and BOTSTEIN 1982). 

snj2 mutant  background  (Figure 2). The SUC2 gene 
encodes two mRNAs that  are  regulated differently:  a 
glucose-repressible 1.9-kb mRNA  encodes  the se- 
creted  form  of  invertase,  and  a  constituitive 1.8-kb 
mRNA  encodes an intracellular  form  of  invertase of 
unknown  function (CARLSON and BOTSTEIN 1982). 
T h e  spt5-194  snj2 mutant  had  an  intermediate level 
of  the 1.9-kb SUCB RNA  (Figure 2, lane 4). An spt6- 
140  snj2 mutant  strain  had  an  approximately wild- 
type level of SUC2 RNA  (Figure 2, lane 5), similar to 
that previously described by NEIGEBORN, CELENZA 
and CARLSON (1987). By this assay, which is  less sen- 
sitive than  measurement of invertase activity, the rel- 
atively weak suppression of snf2 by the spt4Al::URA3 
mutation was not  detectable  (Figure 2, lane 3). We 
observed that  the spt6-140  snf2 strain  had  higher levels 
of SUCB RNA  than  the spt5-194  snj2 strain  (Figure 
2), while the  average units of invertase activity for two 
strains of each genotype were approximately  equal 
(Table 4). We believe that this  difference is a  result 
of  an effect of cell density on  the level of  invertase 
measured (see MATERIALS AND METHODS). 

Mutations in SPT6 were also shown previously to 
restore low  levels of invertase activity to strains with 

upstream  activation  sequence  (UAS)  deletions at SUC2 
(NEIGEBORN,  CELENZA and CARLSON 1987). To deter- 
mine  whether spt4 or spt5 mutations also partially 
bypassed the  requirement  for  the SUC2  UAS, we as- 
sayed invertase activity in spt suc2AUAS strains. As 
shown in Table 4, both  the spt5-194 and  the spt6-140 
mutations  restored  a low level of invertase activity in 
a suc2AUAS background.  However,  the sptlAl::URA3 
mutation  had  no  detectable  effect on expression of 
the suc2AUAS allele (Table 4). 

Since the spt5 and spt6 effects on  the suc2AUAS 
allele were slight, we also used a  plate assay to analyze 
suppression of this cis-acting mutation.  Invertase is 
required by yeast to utilize sucrose  as  a  carbon  source, 
and growth on YP + sucrose plates is a sensitive 
indicator of low levels of invertase. Therefore, we 
spotted cell suspensions of wild type, SUC~AUAS,  spt4 
SUC~AUAS,   sp t5   SUC~AUAS,  and spt6 suc2AUAS strains 
on YPD and YP + sucrose plates. The ability of these 
strains to grow was consistent with our  invertase as- 
says. After 2 days at 30°, the wild type and  the spt6- 
140  suc2AUAS strains were Sue+, while the spt5-194 
suc2AUAS strain was  Suc+/-. In  contrast,  both  the 
spt4Al::URA3  suc2AUAS and  the suc2AUAS strain 
were Suc-, even after a third day on a YP + sucrose 
plate. (All of  the strains  grew well on YPD medium.) 
The  inability of  the spt4Al::URA3 mutation to s u p  
press the suc2AUAS mutation was consistent with its 
weak suppression of the less severe  defect caused by 
the snj2Al::URA3 mutation. 

Our observations that  an spt5-194 mutation was a 
strong suppressor of the snf2 transcriptional  defect 
and  that some spt5 mutations failed to complement 
spt6 mutations raised the possibility that some tem- 
perature-sensitive ssn20 alleles (NEIGEBORN, RUBIN 
and CARLSON 1986) might actually be spt5 mutations. 
Complementation tests using the cloned SPTS and 
SPT6 genes  indicated that ssn20-2,  ssn20-3 and ssn20- 
11 were spt5 alleles; genetic linkage tests confirmed 
their identity as spt5 mutations (E. A. MALONE, M. 
CARLSON and F. WINSTON, unpublished  data). These 
alleles have  been  renamed spt5-2,  spt5-3 and spt5-1 1, 
respectively. 

Physical association of the SPT5 and SPTG pro- 
teins: The genetic  interactions among SPT4,  SPTS 
and SPT6 are consistent with two classes of models. 
In the first class, the  SPT4,  SPT5  and SPTG proteins 
function in a  regulatory pathway, with one  SPT pro- 
tein  regulating  the level or the activity of the  next 
SPT protein.  In  the  second class of models, the  SPT4, 
SPT5  and SPTG proteins  function in a  protein com- 
plex and  contribute  to a  common activity. The results 
of our analysis of SPT4,  SPTS and SPT6 mRNA and 
protein levels  in wild type, spt4,  spt5 and spt6 mutant 
strains  did  not  support models in  which SPT4,  SPTS 
and SPT6 regulate  the levels of mRNA or protein  for 
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other SPT genes in this triad (SWANSON 1991).  There- 
fore, we investigated whether  the SPT5  and  SPT6 
proteins  interact physically. (Since the  SPT4  protein 
is detectable only when overexpressed, we did  not 
include it in these studies.) 

In the first series of experiments, we immunopre- 
cipitated  an  HA1-SPT6 fusion protein  (SWANSON, 
CARLSON and WINSTON 1990) using a monoclonal 
antibody specific to  the nine  amino acid HA1  epitope 
(NIMAN et al.  1983),  and  then  determined  whether 
the immune complexes contained  a  LexA-SPT5  fu- 
sion protein using LexA-specific antibody. In this test, 
the  LexA-SPT5  protein  coimmunoprecipitated with 
the  HAl-SPT6  protein  (Figure 3A,  lane  1). Several 
control  experiments  were done  to test the specificity 
of  the LexA-SPT5  coimmunoprecipitation. These 
control  experiments  demonstrated that  the precipita- 
tion of the LexA-SPT5 fusion protein  required  the 
HA1-SPT6  protein, since the LexA-SPT5  protein was 
not precipitated when the  HA1 antibody was omitted 
(Figure 3A, lane  4), nor when the antibody was incu- 
bated with extracts  that  either lacked the  HAl-epitope 
(Figure  3A,  lane 2) or contained  a fusion of the  HA1 
epitope  to 6-galactosidase instead of SPTG (Figure 
3A, lane 3). 

T o  confirm that  the association between the  HA1- 
SPTG and  the IexA-SPT5 fusion proteins  required 
the  SPT5  protein  and was independent of the LexA 
domain, we determined  whether  an  SPT5-P-galacto- 
sidase fusion protein associated with HA1-SPT6. Sim- 
ilar to  the results obtained with the LexA-SPT5  pro- 
tein,  the SPT5-p-galactosidase protein  coimmunopre- 
cipitated with the  HAl-SPT6  protein  (Figure 3B, lane 
2). Precipitation of the SPT5-P-galactosidase protein 
was dependent on HA  1-SPT6, since SPT5-P-galacto- 
sidase was not  detected in immune complexes that 
lacked either  the  HA1 antibody  (Figure 3B, lane 3) 
or  the  HA1  epitope  (Figure 3B, lane  1). In the con- 
verse experiment,  coimmunoprecipitation of the 
HA1-SPT6  protein with the SPT5-P-galactosidase 
protein also occurred,  although it required  pretreat- 
ment with the cross-linking reagent DSP (Figure  3C, 
lanes  1 and 3). Cross-linking is often  required to detect 
specific coimmunoprecipitation  (for  example see 
SANDERS et al.  1992). 

The predominant species of the SPT5-0-galactosid- 
ase fusion protein  present in the  HA1-SPT6  immune 
complexes migrated  faster  than full length  SPT5-P- 
galactosidase and  appeared to be  approximately 15 
kD smaller. This species was also seen in the total 
protein  extract. In the same experiment,  the full 
length SPT5-@-galactosidase fusion protein was pre- 
cipitated by P-galactosidase-specific antibody  (Figure 
3C, lanes 1 and  3), indicating that  the full length 
protein was present in the immunoprecipitation reac- 
tion. Therefore, we believe that  the apparently 

smaller form of SPT5-P-galactosidase is a  degradation 
product  that  interacts with HA1-SPT6  more effi- 
ciently than  does the full length SPT5-P-galactosidase, 
and thus is enriched by the  HAl-SPT6  immunopre- 
cipitation.  A simple explanation  for this observation 
is that  the  addition of  ,&galactosidase to  the carboxy 
terminus of SPT5 interferes with the  SPT5-SPT6 
protein  interaction,  either  due  to  direct  interference 
by @-galactosidase sequences with the SPTG interac- 
tion or  to tetramerization of the SPT5-@-galactosidase 
hybrid  protein (ZABIN and FOWLER 1978). 

The SPTS nucleotide  sequence  predicts  that  the 
carboxy-terminal  domain of the  protein consists  al- 
most exclusively of 15 copies of a  6-amino acid repeat 
with the consensus S-T/A-W-G-G-A/Q (SWANSON, 
MALONE and WINSTON 1991). While this repeat  do- 
main appears  to  be critical for  SPT5 activity (SWAN- 
SON, MALONE and WINSTON 1991), its function is not 
known. We assessed whether  the SPT5 repeat  domain 
was required  for  SPT5-SPT6  protein  interactions by 
the coimmunoprecipitation assay using SPT5-P-galac- 
tosidase hybrid  proteins  that  contain  either  zero or 
nine copies of the  SPT5  repeat. Equal amounts of 
each SPT5-P-galactosidase species coimmunoprecipi- 
tated with  SPTG (data  not shown). Therefore,  the 
SPT5 carboxy-terminal  repeat  domain  does  not ap- 
pear  to  be  required  for  the physical interaction be- 
tween the  SPT5  and SPTG proteins. Of course, we 
cannot  rule  out  the possibility that 0-galactosidase 
substitutes  for  the SPT5 repeat  domain with respect 
to interaction with SPT6. 

DISCUSSION 

In this study, we investigated the functional rela- 
tionship between SPT4, SPTS and SPT6, three genes 
previously identified as important  for  transcription in 
yeast (WINSTON et al.  1984; FASSLER and WINSTON 
1988; CLARK-ADAMS and WINSTON 1987;  SWANSON, 
MALONE and WINSTON 1991; E. A. MALONE, J. FAS- 
SLER and F. WINSTON, unpublished  data). On the basis 
of several genetic and biochemical criteria,  the  SPT4, 
SPT5  and SPTG proteins  appear  to  function  together 
in a  transcriptional process that is essential for viabil- 
ity. First, the combination of mutations in any two of 
these three genes causes lethality. Second, some mu- 
tations in any two of these three genes fail to comple- 
ment each other.  Third, spt4,  spt5 and spt6 mutations 
suppress  a  common  set of cis- and trans-acting  muta- 
tions that  reduce  transcription of the HZS4, LYS2 and 
SUC2 genes (WINSTON et al.  1984; FASSLER and WIN- 
STON 1988; CLARK-ADAMS and WINSTON 1987; NEI- 
GEBORN, CELENZA  and CARLSON 1987;  SWANSON, MA- 
LONE and WINSTON 1991; E. A. MALONE, J. FASSLER 
and F. WINSTON, unpublished  data). In a  related 
study, we found  that  mutations in SPT4, SPTS and 
SPT6 suppress the defect in T y  transcription caused 
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FIGURE 3.-Coimmunoprecipitation of SPT5 fusion proteins with the  HAl-SPT6 protein. (A) Coimmunoprecipitation of LexA-SPT5 

with HAl-SPT6. Protein lysates prepared from strains MS225 (lanes 1 and 4), MS227 (lane 2) and MS242 (lane 3) were immunoprecipitated 
with HAl-specific antibody,  then the immune complexes were analyzed by immunoblotting with HAl-specific antibody (top panel, 5-111 
sample per lane) and LexA-specific antibody (bottom panel, 25-111 sample per lane). Strains MS225, MS227 and MS242 each encode  the 
LexA-SPT5 fusion protein. (B) Coimmunoprecipitation of SPT5-8-galactosidase with HAl-SPT6. Protein lysates prepared  from strains 
MS234 (lane 1) and MS232 (lanes 2 and 3) were immunoprecipitated with HAl-specific antibody,  then the immune complexes were analyzed 
by immunoblotting with HAl-specific antibody  (top panel, 5-111 sample per lane) and fi-galactosidase-specific antibody (bottom panel, 25-111 
sample per lane). Total protein lysates prepared from strain MS234 (lane 4) and MS232 (lane 5) were analyzed by irnmunoblotting with 
HAl-specific antibody (top panel, 7.5 r g  per lane) and 8-galactosidase-specific antibody (bottom panel, 7.5 ag  per lane).  In this experiment, 
we estimate that 15-20% of total HAl-SPT6 is immunoprecipitated and  that 2-4% of the SPT5-@-galactosidase coimmunoprecipitates. (C) 
Coimmunoprecipitation of HAI-SPT6 with SPT5-&galactosidase. Protein lysate prepared from strain MS232 was either cross-linked  with 
DSP (lanes 3 and 4) or mockcross-linked (lanes 1 and 2) and immunoprecipitated with  &galactosidase-specific antibody. The immune 
complexes were analyzed by immunoblotting with 8-galactosidase-specific antibody (top panel, 5-111 sample per lane) or with HAl-specific 
antibody (bottom panel, 25-pl sample per lane). In this experiment, we estimate that 20-30% of the total SPT5-&galactosidase is 
immunoprecipitated and that 1-2% of the  HAl-SPT6 coimmunoprecipitates. For each figure  a + indicates the presence and a - indicates 
the absence during  the immunoprecipitation reaction of the indicated HAl-fusion  protein, the antibody or the cross-linking reagent DSP. 
The  panels represent identical gels  used to analyze two aliquots of each immunoprecipation reaction. 

by snj2 mutations (HAPPEL, SWANSON and WINSTON 
1991). Thus,  the s p t l ,  spt5 and spt6 effects on T y  
transcription parallel the effects  demonstrated  for 
SUC2 expression. Finally, results  of  coimmunoprecip- 
itation  experiments  indicate  that  the SPT5  and SPTG 
proteins  interact physically. 

Our'genetic  data  are consistent with a  model in 
which the sum of SPT4,  SPT5  and SPTG activities is 
required to be  above  a  particular  threshold to result 
in a wild-type phenotype. By this model,  reduction 
below this threshold  results in an Spt- phenotype; 
reduction below a lower threshold  results in inviabil- 
ity. This model is supported by results  examining  both 
haploid and diploid strains.  In  haploids, leaky effects 

(leaky mutations in SPTS or SPT6 or any mutation in 
SPT4), cause an Spt- phenotype;  tight effects (double 
mutants or null mutations in SPTS or SPT6) cause 
inviability. Similarly, in diploids leaky effects (com- 
plete loss of one copy of SPTS or SPT6, or heterozy- 
gosity at  more  than  one  of these three SPT loci) cause 
an Spt- phenotype;  tight effects (homozygous null 
mutations in SPT5 or SPT6) cause lethality. Thus, 
reducing  the sum of SPT4,  SPT5  and SPTG activities 
by either a single severe  mutation or a  combination 
of less severe  mutations in two of these three genes 
results in a mutant phenotype. Also consistent with 
this model is the result that we have not  observed 
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allele-specific spt4,  spti and spt6 interactions in our 
studies of double  mutant lethality. 

The failure of unlinked recessive mutations to com- 
plement has been reported previously for  other 
groups of functionally related genes and is generally 
thought  to indicate  a physical interaction  between the 
respective gene  products  (For examples see BISON 
and THORNER 1982; ATKINSON 1985; RINE and HER- 
SKOWITZ 1987; JAMES et al. 1988; STEARNS and BOT- 
STEIN 1988; REGAN and FULLER 1988; HAYS et al. 
1989; GREEN et al. 1990).  For  example, in both S. 
cerevisiae and D. melanogaster, particular  mutations in 
a-tubulin-encoding  genes fail to complement  particu- 
lar  mutations in P-tubulin-encoding  genes (STEARNS 
and BOTSTEIN 1988; HAYS et al. 1989).  In  both cases, 
the failure of these  mutations to complement was 
allele specific, indicating that  the  mutant proteins 
interact  to  form  either  an inactive complex or a  “poi- 
son” (STEARNS and BOTSTEIN 1988; HAYS et al. 1989). 
STEARNS and BOTSTEIN (1988) also showed that re- 
cessive mutations in TUB1 and TUB3, which encode 
the major and minor  forms of a-tubulin, respectively, 
also fail to complement each other. In this case, how- 
ever, the  failure to complement was not allele-specific 
and most  likely reflects a  cumulative  reduction of 
protein below the minimal threshold necessary for 
function. The unlinked noncomplementation be- 
tween spt4,  spt5 and spt6 mutations, in conjunction 
with our  other genetic data, is most consistent with a 
cumulative  reduction of function, as opposed  to spe- 
cific interactions  between  mutant  proteins, as the 
cause for  the  failure  to Complement. This model is 
strongly  supported by the result  that  an spt4 null allele 
fails to  complement either spt5 or spt6 mutations. 

Our evidence that  the SPT4,  SPT5  and SPTG pro- 
teins  interact  and  contribute  to a  common activity is 
consistent with results of previous  studies of the effects 
of altered dosage of the  SPT5  and SPTG gene  prod- 
ucts. For  both SPTS and SPTQ, increased or decreased 
gene copy number causes an Spt-  phenotype (CLARK- 
ADAMS and WINSTON 1987; NEIGEBORN, CELENZA 
and CARLSON 1987; SWANSON, MALONE and WINSTON 
1991). A simple model that is consistent with these 
dosage effects is that  the SPT5  and SPTG proteins 
function in a complex that is sensitive to  altered stoi- 
chiometry.  Altered  stoichoimetry of proteins that  are 
components of a complex has been  observed to cause 
mutant  phenotypes in several other cases. For  exam- 
ple, assembly  of the bacteriophages T 4  and X are 
disrupted by altered levels  of some gene  products 
important  for  head  morphogenesis (FLOOR 1970; 
STERNBERG 1976). In addition, mitotic chromosome 
transmission and transcription can be  affected by al- 
tered dosage of some histone  genes (MEEKS-WAGNER 
and HARTWELL 1986; CLARK-ADAMS et al. 1988). 

SPT4 appears  to be distinct from SPTS and SPTG in 

several respects. First, both SPTS and SPTG encode 
large,  nuclear  proteins with unusually acidic amino 
terminal  domains (SWANSON, CARLSON and WINSTON 
1990; SWANSON, MALONE and WINSTON 1991).  In 
contrast,  the SPT4 protein is not  large or acidic, and 
it is present in much lower amounts as compared to 
either  the  SPT5  or SPTG protein.  Second,  altered 
SPT4 gene dosage  does  not cause an Spt- phenotype. 
Finally, the SPT4 gene is not essential (E. A. MALONE, 
J.  FASSLER and F. WINSTON, unpublished  data). 
Therefore,  the function of the  SPT4  protein is likely 
to be distinct from  that of the  SPT5  and SPTG pro- 
teins. Analysis  of the  SPT4 interactions with SPT5 
and SPTG must await more sensitive methods of de- 
tecting SPT4. 

Mutations in the SPT161CDC68 gene  and the  his- 
tone genes S P T l   I I H T A I  and SPT12IHTBI alter  tran- 
scription of many of the same loci as mutations in 
SPT4,  SPTS and SPT6. For  example, the  pattern of 
his4-9126 and lys2-1286 transcription is similar in 
sp t l6 ,   sp t l l ,   sp t l2  and spt6 mutant  strains (CLARK- 
ADAMS et al. 1988; CLARK-ADAMS and WINSTON 1987; 
SWANSON, MALONE and WINSTON 1991 ; MALONE et 
al. 1991). Also, the defect in transcription of SUC2 
and T y  elements caused by snf2 mutations is sup- 
pressed by spt4,  spt5 and spt6 mutations, as well as 
mutations in either SPT16 or  the S P T l   I I H T A I -  
SPT12IHTBI locus (HAPPEL, SWANSON and WINSTON 
1 99 1 ; MALONE et al. 199 1 ; J.  HIRSCHHORN, S. BROWN, 
C. D. CLARK and F. WINSTON, unpublished  data). 
These phenotypic similarities suggest that SPT4,  SPTS 
and SPT6, together with SPTl6  affect transcription 
via an effect on  chromatin  structure.  However,  double 
mutants of sptl6 with either spt4,  spt5 or spt6 are 
viable as haploids and sptl6 mutations  complement 
these other mutations in diploids (MALONE et al. 
199 1). Therefore,  the  SPTl6 protein  does  not  appear 
to  function in a  protein complex with the  SPT4,  SPT5 
and SPTG proteins. 

On the basis  of the  phenotypic similarities to histone 
mutant  strains, as well as the physical characteristics 
of the  SPT5  and SPTG proteins, we favor a model in 
which the  SPT4,  SPT5  and SPTG proteins  function 
as  a  nuclear  protein complex that is important  for 
establishment or maintenance of proper  chromatin 
structure. Given that spt4,  spt5 and spt6 mutations 
suppress the loss of transcriptional activation in snf2, 
snf5 and snf6 mutants, we hypothesize that  the  SPT4- 
SPT5-SPT6 complex would be  required  for  repres- 
sion of gene  expression. Therefore, SPT4,  SPTS and 
SPTG may serve a  role  that is somewhat analogous to 
that postulated  for the genes in the Polycomb group  of 
D. melanogaster-chromatin-associated proteins  that 
are required  to maintain chromatin in a  repressed 
state (PARO 1990). Alternatively, SPT4,  SPTS and 
SPT6 may encode  functions  required for establish- 
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ment of a  repressed  chromatin  state.  For  example, 
chromatin assembly on SV40 DNA during in vitro 
replication  requires CAF-1, a  nuclear,  multisubunit 
protein  complex (SMITH and STILLMAN 1989; 
1991a,b). Possibly, reduced levels of such an activity 
would result in altered  establishment of chromatin 
states in vivo. Analysis of chromatin  structure in the 
s p t l ,  spt5 and spt6 mutants, as well as continued ge- 
netic and biochemical studies of SPT4,  SPT5 and 
SPTG, should  help to elucidate the mechanism by 
which these  proteins affect transcription in yeast. 
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