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ABSTRACT. Previously we showed that the yeast proteins Spt16 (Cdc68) and Pob3 are physically associated,
and interact physically and genetically with the catalytic subunit of DNA polymeraB®l1 [Wittmeyer

and Formosa (199Mol. Cell. Biol. 17, 4178-4190]. Here we show that purified Spt16 and Pob3 form

a stable, abundant, elongated heterodimer and provide evidence that this is the functional form of these
proteins. Genetic interactions between mutatiorS8RiT 16andPOB3support the importance of the Spti6

Pob3 interaction in vivo. Spt16, Pob3, and Poll proteins were all found to localize to the nuckBus in
cerevisiae A portion of the total cellular Sptt6Pob3 was found to be chromatin-associated, consistent
with the proposed roles in modulating chromatin function. Some of the SfRrd63 complex was found

to copurify with the yeast DNA polymerasdprimase complex, further supporting a connection between
Sptl6-Pob3 and DNA replication.

DNA replication requires the coordinated activities of POB3 (Polymerase one-binding) shares significant se-
numerous proteins including initiation factors, single-strand quence similarity with an HMGZ1-like protein found in a
DNA-binding proteins, polymerases, processivity clamps, variety of organisms, including human SSRE). SPT16
clamp loaders, helicases, and topoisomeraked(otein- and POB3are each essential for viabilityd,(5); and both
protein interactions are crucial for the regulation of DNA Sptl16 and Pob3 are highly conserved among a broad range
replication and its coordination with other events in the cell of eukaryotes3, 10).
cycle @, 2). To identify proteins that are involved in this Recently, a complex called DUF (DNA unwinding factor)
process, we previously used the catalytic subunit of the consisting of 140 and 87 kDa proteins that share significant
essential replicative DNA polymerasg Poll, as an affinity  sequence similarity withS. cereisiae Spt16 and Pob3
ligand to chromatograph extracts of yeast cells Spt16 proteins was purified fromXenopusegg extracts X1).
and Pob3 were identified using this technique, and the resultsimmunodepletion of DUF from these extracts diminished
from subsequent co-immunoprecipitation and genetic experi- their ability to replicate exogenously added sperm nuclei or
ments supported the formation of complexes containing Pol1, plasmid DNA, suggesting a role for this complex in DNA
Sptl6, and Pob3 in vivad]. replication. This is consistent with our previous observation

SPT16was previously identified by several groups as a of physical and genetic interactions between Sp26b3
global regulator of transcriptiond{-6). Cells containing a  and replication proteins3( 12).
mutation in SPT16 (cdc68-) arrest with an unbudded We report here that th&. cereisiae Sptl6 and Pob3
morphology at the nonpermissive temperature, and display proteins form a stable, abundant complex, most or all of the
aberrant transcription of several gends SPT16was also Sptl6 and Pob3 proteins in the cell are found in these
found in a screen to identify factors that play a general role complexes, and both components localize to the nucleus. A
in transcriptional regulation as a suppressoirginsertion portion of the Sptl6Pob3 is chromatin-associated and
mutations inHIS4andLYS2(5). SPT16was classified as a  Spt16-Pob3 can be detected copurifying with DNA po-
member of the histone-like group sptmutants because of  lymeraseo. Our data, taken together with previous data
the phenotypic similarities with mutations 8PT11(HTAY) implicating Spt16 and Pob3 as modulators of chromatin
andSPT12(HTB1), which encode histones H2A and H2B, structure, suggest that DNA polymerasenay interact with
respectively §). Because of this phenotypic similarity with  the Spt16-Pob3 complex to allow the replication machinery
mutations in histones and the pleiotropic effects #jattl6 to access or progress through chromatin templates.
mutations confer on the transcriptional regulation of genes,

Sptl6 has been postulated to regulate the properties ofEXPERIMENTAL PROCEDURES

chromatin 4, 5, 7-9). Media and StrainsSynthetic mediumi3), YEPD (13),
: and YM-1 (14) were prepared as described previously. All
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(MATaleu2 ura3 trpl his7 canl pep4 prptvere grown to and then eluted with a linear gradient of 26800 mM NacCl

an ODypo= 1 in YM-1, collected by centrifugation at 3060 in lysis buffer. Spt16 and Pob3 were detected by Coomassie
for 5 min, frozen in liquid nitrogen, and stored a0 °C. blue staining of SDSpolyacrylamide gels and/or immuno-
Cells were lysed in an equal volume of lysis buffer consisting blotting as described previousIg)( Fractions were pooled

of 20 mM TrisHCI, pH 7.5, 200 mM NacCl, 1 mM EDTA, and loaded onto a hydroxylapatite (20 mL HAP, BioRad
1 mM 2-mercaptoethanol, 10% glycerol (w/v), Q@/mL HTP) column that had been preequilibrated with HAP buffer
leupeptin, 0.5 mM phenylmethylsulfonylfluoride (PMSF), containing 100 mM potassium phosphate, pH 7.8, 200 mM
and 0.5ug/mL pepstatin. An equal volume of acid-washed NaCl, 10% glycerol (w/v), 1 mM EDTA, 1 mM 2-mercap-
glass beads (425600 um; Sigma) was added to the cell toethanol, 0.7%g/mL leupeptin, 0.5 mM PMSF, and 0u&)/
slurry, and the cells were sheared with 10 1 min pulses onmL pepstatin. The column was then washed with32

a vortexer. The supernatant was removed, and the glass beadsolumn volumes of HAP buffer containing 150 mM potas-
were washed several times with lysis buffer. The lysate was sium phosphate and eluted with a gradient of-t800 mM
cleared by centrifugation at 130§Gor 10 min, then at potassium phosphate in HAP buffer. Fractions containing
20000@ for 2 h at 4°C. The supernatant was filtered through Spt16-Pob3 were pooled, ammonium sulfate and sodium
0.45 and 0.2«m cellulose-acetate syringe filters. The cleared phosphate (pH 7) were added tL M and 50 mM,
lysate was loaded directly onto a Sephacryl S300 column respectively, and the sample was loaded onto a Phenylsu-
(16 mm x 60 cm, Pharmacia). Chromatography was perose column (8 mL, Pharmacia). The SptB®b3 com-
performed in lysis buffer containing 200 mM NaCl. Column plex flowed through this column, whereas excess free Spt16
fractions were analyzed by SB®AGE (15) followed by was retained under these conditions. Using a Centriprep-10
immunoblotting using the polyclonal antisera raised against (Amicon), the flow-through was concentrated and the buffer
Sptl6 or Pob3 (described below) and developed colorimetri- exchanged to size-exclusion buffer containing 20 mM <Tris
cally as described previousI®)( Molecular mass standards HCI, pH 7.5, 200 mM NacCl, 10% glycerol (w/v), and 1 mM
including thyroglobulin (670 kDa), apoferritin (440 kDa), 2-mercaptoethanol. The SpttBob3 complex was then
catalase (232 kDa), aldolase (158 kDa), and bovine serumfractionated on a Superdex 200 (26 nm®0 cm, Pharmacia)
albumin (67 kDa) were fractionated on the Sephacryl S300 size-exclusion column and concentrated using a Centriprep-
column under the same conditions in separate experimentslO. The yield of purified Spt16Pob3 was 1.5 mg from 73

to calibrate the matrix. g of cells.

Overexpression and Purification of Spt16 and PolbBe Production and Purification of AntiseralThe purified
GAL1-SPT160verexpression plasmid pJW22 was con- Sptl6-Pob3 complex was separated by SEFAGE and
structed by subcloning 8anHI fragment containing the  briefly stained with Coomassie blue. Bands corresponding
SPT160pen reading frame (ORF) from pJW9) (into the to Sptl6 and Pob3 were excised and individually injected
BanHI site of pJS227 (which contains @AL1 promoter into rabbits for the production of polyclonal antisera by
fragment in YEplac195URA3J (16). pJW22 complements  CoVance Research Products.

the temperature-sensitivity oflc68-1strains in the presence For immunofluorescence, IgG was purified from the whole
of galactose, but not glucose. TBAL1-POB3overexpres- serum using hydroxylapatite chromatography as described
sion plasmid pJW21 was constructed by insertingDhe — (18). This procedure diluted the serum 10-fold. Affinity-

Hindlll fragment from cosmid 9745 (ATCC) containing the purified antibodies were obtained by incubating the IgG with
majority of thePOB3ORF, along with ariNcd —Dral PCR strips of nitrocellulose containing purified Sptl6 for 1.5 h
product that reconstructs th&éénd of thePOB3ORF, into at room temperature, washing the strips several times with
the Ncd —Hindlll sites of pMTL (GAL1-YCpLEU2) (7). phosphate-buffered saline (PBS: 115 mM NaCl, 16 mM
The integrity of the PCR product was confirmed by DNA sodium phosphate, 4 mM potassium phosphate, pH 7.3), and
sequencing. The final protein product consists of full-length eluting the bound antibodies by incubation in 0.2 M glycine,
Pob3 with two additional residues (Met-Ala-) at the amino pH 2.8, for 2 min followed by rapid neutralization with Tris
terminus. pJW21 complements @b3A deletion in the HCI. Each antibody fraction was preadsorbed to fixed,
presence of galactose, but not glucose. undigested cells for 22 h at 4°C to remove any cross-

pJW21 and pJW22 were introduced into the protease- reactivity to residual cell wall components.
deficient strain 7382-3-4MATa leu2 ura3 trpl his7 canl Equilibrium SedimentatiorThe buffer of the Spt16Pob3
pep4 prb) and maintained under selection. Spt16 and Pob3 complex was exchanged by passage over a Bio-spin P-30
were overexpressed simultaneously by growing this strain column (BioRad) that was preequilibrated in 20 mM Tris
in media containing 3% glycerol, 2% lactate to an §>= HCI, pH 7.5, and 200 mM NaCl. Protein samples were
0.2—-0.5, and then inducing the expression of both proteins centrifuged at 20C in a Beckman XL-A at 10 000 or 13 000
overnight with the addition of 0.5% galactose. Cells were rpm until sedimentation and chemical equilibrium were
harvested at Ok = 0.5—1.4 by centrifugation at 30@0 attained. Data analysis was performed using the NONLIN
for 10 min, frozen in liquid nitrogen, and stored-a70 °C. program (9). Analysis of data from the analytical ultracen-

These cells (73 g from 20 L) were lysed and cleared as trifuge was performed using nonlinear least-squares tech-
described above except that the lysis buffer contained 100niques (9).
mM NacCl, 1.5 volumes of acid-washed glass beads were Complex Abundancélhe concentration of the purified
added, and the cells were sheared with 15 2 min pulses inSpt16-Pob3 complex was determined using the absorbance
an ice-packed bead beater (Bio-spec Products). at 280 nm and the calculated extinction coefficientgm.

A DEAE-cellulose (60 mL DE52, Whatman) columnwas = 0.85) determined as describedO). A culture of the
loaded with 50 mL of cleared lysate, washed with at least 4 protease-deficient strain 7382-3MATa leu2 ura3 trpl his7
column volumes of lysis buffer containing 200 mM NaCl, canl pep4 prblwas grown to an OB = 0.3—0.8 in YM-1
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and sonicated for 5 s, and the cells were counted using aPob3, or anti-histone H3 (N-terminal peptide, Upstate
hemacytometer. The standards and cells were boiled in SDSBiotechnology) antisera.
sample buffer, separated by SBBAGE, and immunoblot- Overexpression and Purification of DNA Polymerase
ted as described above. The signals from the immunoblotsPOL1 and PRI2 were placed under control of @AL1,10
were quantitated using Scion Image 1.59 software. The wholepromoter fragment in YEplac19516) using the POL1
cell signals were within the linear response range for both BarHI fragment previously describe@3) and aPRI2ZPCR
proteins. product. PCR products d?OL12and PRI1 were similarly
Indirect Immunofluorescenc€ultures of strain JSY1238  inserted into a YEplac181 derivativég). This yielded two
(MATaleu2A1, ura3-52 his3A200) were grown to an ORo high-copy plasmids (pTF132 and pTF136) with different
= 0.9, fixed in 4% formaldehyde at 3@ for 30 min, washed  selectable markers that overexpress the four subunits of DNA
twice in 1.2 M sorbitol and 0.1 M potassium phosphate, pH polymerasen in response to galactose. Each of the PCR
7.5, and incubated in sorbitol buffer containing 28 mM products was confirmed by DNA sequencing, and each
2-mercaptoethanol and 0.4 mg/mL zymolyase (100T, ICN) produces a protein with the same sequence as the normal
at 37°C for 30 min. Cells were either used directly or washed A364a genetic background.
twice with sorbitol buffer and stored at°€. pTF132 and pTF136 were transformed into the protease-
Teflon-coated slides (Polyscience) were prepared by deficient strain 7382-3-4MATa leu2 ura3 trpl his7 canl
coating with 1 mg/mL poly=-lysine for 1 min, rinsing several  pep4 prb) and maintained under selection. Pol1, Pol12, Pri2,
times with water, and dried. An aliquot of the cell slurry and Pril were overexpressed simultaneously by growing this
was applied to each well, allowed to settle, washed severalstrain in media containing 3% glycerol, 2% lactate to an
times with 0.5% bovine serum albumin (BSA) in PBS, and ODgoo = 0.4—0.6, then inducing the expression of the four
incubated for 30 min in the same solution. Affinity-purified proteins over 2640 h with the addition of 0.5% galactose.
antibodies were used for Sptl6 at a dilution of 1:10, and Cells were harvested at Qfa= 1.0 or above by centrifuga-
IgG-purified fractions were used for Pob3 and Poll at tion at 300@ for 10 min, frozen in liquid nitrogen, and stored
dilutions of 1:10 and 1:200, respectively. Cells were incu- at —70 °C.
bated with the primary antibodies overnight &G, washed These cells (140 g from 30 L) were lysed and cleared as
extensively with 0.5% BSA in PBS, incubated with FITC- described above for the purification of SptiBob3 with the
conjugated goat anti-rabbit antibody (Jackson Laboratory) following exceptions. The lysis buffer consisted of 0.2 M
at a 1:200 dilution for +2 h at room temperature, and Tris*HCI, pH 7.5, 20 mM potassium acetate, 2 mM EDTA,
washed extensively with 0.5% BSA in PBS. A drop of 2 mM 2-mercaptoethanol, 0.2% Triton X-100, 20% glycerol
mounting medium Z1) containing the DNA-specific dye  (w/v), 0.7 ug/mL leupeptin, and 0.xg/mL pepstatin. The
DAPI (4 ,6-diamidino-2-phenylindole dihydrochloride) was low-speed lysate was precipitated with 60% saturated am-
added to each well, and the cells were visualized using a monium sulfate for 30 min at 4C and centrifuged at 16000
Zeiss Axioplan microscope (1.250ptivar setting). Images  for 10 min, and the pellet was resuspended in an equal
were captured using a Hamamatsu C5810 Color Chilled volume of PGqo buffer (100 mM potassium phosphate, pH
3CCD camera (Hamamatsu Photonics, Hamamatsu-City,7.8, 100 mM NaCl, 1 mM EDTA, 1 mM 2-mercaptoethanol,
Japan) interfaced to a Macintoch Quadra 840AV computer. 10% glycerol, 0.7%g/mL leupeptin, and 0.6g/mL pepstatin)
Chromatin FractionationA chromatin fraction was pre-  and dialyzed twice againg L of PCyoo buffer. The dialysate
pared essentially as describ@®), Briefly, spheroplasts were  was then spun at 20009@or 2 h at 4°C and filtered through
prepared from a culture of protease-deficient strain 7382- 0.45 and 0.2um cellulose-acetate syringe filters.
3-4 (MATa leu2 ura3 trpl his7 canl pep4 prpharvested A phosphocellulose (150 mL, Whatman P11) column was
at an ORg = 1, lysed in extraction buffer (50 mM HEPES loaded with 250 mL of the cleared dialysate, washed with
KOH, pH 7.5, 100 mM KCI, 2.5 mM MgG| 50 mM NaF, at least 4 column volumes of R buffer, and then eluted
5 mM NaRO;, 0.1 mM NaVO,, 0.5% Triton X-100, 0.7 with a gradient of P&y buffer containing 106450 mM
ug/mL leupeptin, 0.5 mM PMSF, 0.6g/mL pepstatin, and  NaCl. Fractions were monitored by Coomassie blue staining
0.2 mg/mL bacitracin), and centrifuged at 169@6r 10 min. of SDS—polyacrylamide gels and/or immunoblotting using
The pellet was washed with an equal volume of extraction anti-Poll antiserum. Fractions containing the &alomplex
buffer, respun, and resuspended in an equal volume ofwere pooled and loaded onto a hydroxylapatite (10 mL HAP,
extraction buffer (0.25% Trition X-100) containing 1 mM  BioRad HTP) column that had been preequilibrated with
CaCl. The resuspended pellet was divided into two aliquots, PCioo buffer and eluted with a gradient of 16400 mM
and each was incubated for 2 min at¥7, followed by the potassium phosphate in R buffer. Fractions containing
addition of either buffer alone (20 mM TridClI, pH 8.0, 1 Pol o were pooled, concentrated using a Centriprep-10
mM MgCl,, and 1 mM CaG)) or this buffer containing (Amicon), fractionated on a Sephacryl S300 (16 nn60
micrococcal nuclease (10 units/mL, Worthington Biochemi- cm, Pharmacia) size-exclusion column in buffer consisting
cals) and incubated for 2 min at 3. Reactions were  of 20 mM TrisHCI, pH 7.5, 100 mM NaCl, 1 mM EDTA,
qguenched by the addition of EGTA to 1 mM. After 1 mM MgCl, 10% glycerol (w/v), and 1 mM 2-mercapto-
centrifugation of the samples at 820@r 2 min, the resulting  ethanol, and then concentrated using a Centriprep-10 (Ami-
supernatant was then centrifuged at 10@p@& 1 h. The con). The yield of purified Pol complex was 4.4 mg from
high-speed pellet was resuspended in a volume of extraction140 g of cells.
buffer equal to that of the high-speed supernatant. Samples POB3 MutagenesigpJW4 and pJW11 were constructed
were boiled in SDS sample buffer, separated by SDS by cloning the 3.9 kiKpnl—SpHh fragment containing the
PAGE, and either stained with Coomassie blue or transferredPOB3gene from cosmid 9745 (ATCC) into the same sites
to nitrocellulose and immunoblotted with anti-Spt16, anti- of YCplac33 CEN, URA3 and YCplac111CEN, LEU2),
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Ficure 1: Size-exclusion chromatography of Spt16 and Pob3 from whole cell lysates. A whole cell lysate prepared from wild-type cells
was chromatographed on a Sephacryl S300 column, and fractions were analyzed on immunoblots using antisera directed against Spt16 or
Pob3. The molecular masses listed at the top of each panel reflect the elution of standards from the same column, and those at the left
reflect the migration of SDSPAGE standards. (L) Lysate loaded onto the column. The asterisk (*) indicates a protein in whole cell lysates
that cross-reacts with the anti-Pob3 antisera, but is not Pob3 based on the following: the levels of this protein do not change when Pob3
is overexpressed, and this protein flows through a DEAE column whereas Pob3 binds to this resin in 100 mM NaCl buffer.

respectively 16). pJW11 was mutagenized with hydroxyl-
amine essentially as describetl. The mutagenized pJW11
was exchanged in a plasmid shuffle for pJW4 in strain 7697,

coeluted from both anion exchange and hydroxylapatite
columns (our unpublished results).

To determine the size of the endogenous Sptl16 and Pob3

and isolates were assayed for both temperature- and cold¢omplex, we performed size-exclusion chromatography on
sensitivity. Of 30 000 isolates that were screened, 3 plasmid-\yhole cell lysates followed by immunoblot analysis of the
linked alleles were found to confer temperature-sensitivity. fractions. Spt16 (118.5 kDa) and Pob3 (63 kDa) coeluted in

Temperature-Senagitty Analysis.Strains 7697/pJWAMATa
trpl leu2 ura3 his7 pob25:: TRP1pJW4 POB3 URA3J),
7697/pJW11-x MATa trpl leu2 ura3 his7 pob5:: TRP1
pJW11-x pob3-x LEU2)], 7399-3-1 MATatrpl leu2 ura3
his3), 2034-3-2 MATa trpl leu2 ura3 his3 sptlcdc68-
1)::URA3], 7732-1-4 MATa trpl leu2 ura3 his3 sptl6
(cdc68-2::URA3 pob3A5::TRP1 pJW11-10], 7732-1-1
[MATa trpl leu2 ura3 his3 sptl§cdc68-)::URA3 pob3-
A5:TRP1pJW11-11], and 7732-3-MATa trpl leu2 ura3
his3 spt16(cdc68-1::URA3 pob3A5:TRP1 pJW11-12]
were grown to saturation in YM-1, diluted 100-fold serially,
spotted onto YEPD plates, and incubated at the indicated
temperatures for 4 days.

Acetyltransferase Assafurified Spt16-Pob3 complex
or Hatl (1ug of each) was incubated in a buffer consisting
of 65 mM TrisHCI, pH 8.8, 130 mM NacCl, 0.3 mM EDTA,

9 uM [®H]acetyl-coenzyme A (1.9 Ci/mmol, NEN), and 0.05
mg/mL purified core histones (from chicken erythrocytes, a
generous gift from Venki Ramakrishnan) in aj20reaction

for 30 min at 37°C. Reactions were quenched by the addition
of SDS sample buffer, boiled, fractionated by SEFSAGE,

and stained with Coomassie blue. The stained gel was
incubated in Enhance (NEN) for 1 h, then 10% poly(ethylene
glycol) 8000 for 1 h, dried, and exposed to film overnight.

RESULTS
Spt16 and Pob3 Form a Compléaree lines of evidence

the 400-500 kDa range (Figure 1), whereas a heterodimer
of these proteins should have a mass of 181 kDa. Thus, either
the complex may contain additional proteins besides Spt16
and Pob3, it may contain multiple protomers of Sptl6 and
Pobg3, or it might be a heterodimer of SptiBob3 that has

an elongated shape. Furthermore, there is no evidence for a
monomer of either Spt1&6) or Pob3 in whole cell lysates
(Figure 1), suggesting the complex is the functional, biologi-
cally relevant form of both proteins, although we cannot rule
out the possibility of an additional less stably associated smalll
subunit.

Sptl6 and Pob3 CopurifySptl6 and Pob3 were over-
expressed in the same cells to determine whether this would
result in the overexpression of a stable complex. Over-
expressed Sptl6 and Pob3 copurified through four purifica-
tion steps, including anion exchange, hydroxylapatite, hy-
drophobic affinity, and size-exclusion chromatography (Figure
2). The overexpressed, purified complex eluted from the size-
exclusion column in the same range (4@DO0 kDa) as the
endogenous Sptl6 and Pob3 from whole cell lysates (Figure
1 and data not shown). The SptiBob3 complex that was
purified from cells expressing normal levels of each protein
also eluted in this same size range (4800 kDa, data not
shown), so this profile is not an artifact of overexpression.
The copurification of Sptl6 and Pob3 through several
chromatographic steps indicates that these proteins form a
complex that is stable under a variety of conditions. The

previously suggested that Sptl6 and Pob3 form a complex:absence of other proteins in the purified endogenous complex
(1) in the absence of another Pol1-binding protein, Ctf4, the and the similar chromatographic behavior of the endogenous
binding of both Sptl6 and Pob3 to a Poll affinity matrix and overexpressed purified complexes indicate that the

increased in approximately stoichiometric levéy (2) Pob3
co-immunoprecipitated with Spt1&,(25); and (3) when

anomalous behavior in size-exclusion matrixes is likely to
result from the complex either containing multiple protomers

either Spt16 or Pob3 was overexpressed, the other proteinof these proteins or having an elongated shape.
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FIGURE 2: Overexpression and purification of the SptFob3 r iy
complex. Aliquots of the whole cell lysate and the eluates from g, 1 C i
the DEAE, hydroxylapatite (HAP), phenylsuperose, and size- 2 L o
exclusion chromatography (SEC) matrixes were separated bySDS @ L P
PAGE and stained with Coomassie blue. Immunoblot analysis € 0.8 :
revealed that the two minor proteins in the final preparation which 2 - ]
migrate between Spt16 and Pob3 are degradation products of Spt16a i dﬂgg
(not shown). : 0.6 ;
S L o
The Sptl6-Pob3 Complex Is a Stable, Elongated Het- E I 1
erodimer.To determine the oligomeric composition of the & 8.4 — ]
Sptl6-Pob3 complex, we examined the overexpressed, 8 L ]
purified complex by analytical ultracentrifugation. Equilib- 0.2l i
rium sedimentation is a shape-independent technique that can L _
be used to accurately determine the size of a macromolecule P ‘ ]
in solution, and therefore can provide the subunit stoichi- g E AN RSN S RO I
ometry of two proteins within a complex. o 2.85 8.1 8.15 0.2
Prior to conducting the equilibrium sedimentation experi- Normalized Radius

ment, a V.e|OC|ty sedimentation experiment was performed Ficure 3: Equilibrium sedimentation. The lower panel shows the
to determine whether all of the Spt16 and Pob3 molecules it (solid line) of a single nonideal species model to six experimental
were participating in the formation of a complex (i.e., to data sets that were fit simultaneously [for clarity, we show only
assess whether any of the protomers were misfolded andthree initial loading concentrations represented as (circles) 0.5 mg/
unable to associate with their partner) and, therefore, to asses%é—r*e(i%‘ﬁgﬁgé g.tZESr(;]?)/r ngléoar?rﬂ gdr:gTr?enndi)c)géocltg dnf]gz ns]tlﬂs\ E?iatﬁt
whether the results of the equilibrium sedimentation experi- 5,4 yindow aberrations by subtraction of a scan taken at 33/0 ﬁm.
ment would be interpretable. The results from the velocity The upper panels show the residuals for the fits.
sedimentation experiment (data not shown) indicated that all
of the Spt16 and Pob3 molecules were indeed participatingmolecular mass of 176 kDak(0 kDa), consistent with a
in the formation of a complex and that the complex appeared predicted mass of 181 kDa for a heterodimer of Spt6b3
to be stable. Some information about the shape of the protein(which is therefore stable for at least 36 h at ZT). The
can be derived from this analysis by examining a shape factorsecond virial coefficient, which is a measure of nonideality,
(F = f/fo) which normalizes the frictional coefficient obtained s represented by a value of 0.26 10°° mol-L-g~2 This
from sedimentation velocityf to that of a spherefq) of nonideal behavior likely results from steric interactions
the same molecular weight. A value Bfgreater than unity  produced as a result of an elongated shape. The final fit
suggests that the protein deviates from a spherical shapesimultaneously incorporated six different concentration dis-
The degree of deviation can be correlated with the axial ratio tributions obtained from initial loading concentrations ranging
of an ellipsoid in order to estimate the true shape of the from 0.5 to 0.016 mg/mL and data collected at 280 or 230
molecule. In the case of the SpttBob3 complex, the shape nm. The fit and residuals for three of these data sets are
factor was approximately 1.6. This is consistent with a shown in Figure 3. The fitting strategy initially allowed the
molecular shape corresponding to a prolate ellipsoid (rodlike) molecular weight and base line offset values to float; then
with one axis being 12-fold longer than the other two, or an after satisfactory convergence, the second virial coefficient
oblate ellipsoid (disklike) with two axes being 15-fold longer was also floated, thereby significantly improving the fit.
than the third. These data, as well as the data from the size-Qverall, the fits were good, as indicated by small sums of
exclusion chromatography, are consistent with the Sptl6 squares and small, randomly distributed residuals. This
Pob3 complex having an elongated shape. experiment was repeated at a second speed (13 000 rpm)
The equilibrium sedimentation data (Figure 3) were best with comparable results. The analytical centrifugation and
described by a model of a single nonideal species with a size-exclusion chromatography data are consistent with the
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standards (ng) celis (X108} protein components of this complex, we used indirect
11 74 56 38 18] 5 3 immunofluorescence. Polyclonal antisera directed against
. : . either Spt16 or Pob3 revealed both to be nuclear proteins,

SpHiG e —— whereas the preimmune controls lacked signal (Figure 5).
This is consistent with a previous study that reported HA-
tagged Spt16 to be nucle®) @nd our observation that Spt16

cells (X105) and Pob3 always form a complex (Figure 1). Poll was also

localized to the nucleus i8. cereisiae (Figure 5), consistent

standards (ng)

SR80 20 39 30 k3 with observations irSchizosaccharomyces pom(26) and
S S — mammalian cells7—29). Furthermore, we did not observe
any cell cycle dependent changes in the nuclear localization
immunoblots of Spt16, Pob3, or Poll.
Ficure 4: Abundance of the Spt3@ob3 complex. Known A Portion of Spt16-Pob3 Is Chromatin-AssociateBrevi-

quantities of purified Spt16Pob3 complex (standards) and defined ous genetic analysis @PT16and the sequence similarity
numbers of cells were boiled in SDS sample buffer, separated by o poy3 with HMG1-like proteins suggested that the Spt16
SDS-PAGE, and analyzed on immunoblots with antibodies against .
Sptl6 and Pob3. The bands were quantitated using Scion ImagePOb"_J’ complex may module_lte chromatin structure. To de_-
1.59. This is a representative example of at least three experimentstermine whether these proteins are components of chromatin,
we prepared chromatin from a rapidly growing culture of
Spt16-Pob3 complex being a stable, elongated heterodimer. wild-type cells and monitored the distribution of Spt16 and
The Spt16-Pob3 Complex Is Abundario determine the ~ Pob3 during the fractionation.
relative abundance of Sptlé and Pob3 in the cell, we Spheroplasts were lysed and centrifuged at low speed to
correlated the intensity of bands on immunoblots corre- separate the soluble and insoluble fractions (Figure 6A); the
sponding to Spt16 and Pob3 from a known number of cells latter includes chromatin as well as other subcellular
with those from specific quantities of purified complex. There components. The majority~<(75%) of the Spt16Pob3 was
were approximately 2.3 ng of Spt16 and 0.9 ng of Pob3 per soluble (data not shown), but some was found in the insoluble
million cells (Figure 4). Assuming a molecular weight of fraction even after a brief wash (Figure 6B, fraction 1). Partial
118 500 for Spt16 and 63 000 for Pob3, we estimate that digestion of chromatin with micrococcal nuclease releases
there are~10 000 copies of the SpttdPob3 complex per  poly-nucleosomal fragments that can subsequently be pelleted
haploid cell. We repeated this analysis of copy number at by centrifugation at 1000@f but not at 8209 (22). Nuclease
least 3 times for both proteins and found our results to be treatment should not affect the solubility of other non-
reproducible within a factor of 2. Our results differ from chromatin material. Therefore, the enrichment of a factor in
those in another study in which Spt16 was reported to be the 100000 pellet following micrococcal nuclease treatment
50 000 copies per cell2f). In that study, bacterially  provides evidence for its association with chromatin. When
expressed Sptl6 was purified and quantified using methodsthe washed, low-speed pellet (Figure 6A,B, fraction 1) was
subtly different from those used here, which may account subjected to partial nuclease digestion, a portion of the Spt16
for some of the discrepancy. and Pob3 was converted into a form that was soluble during
Sptl6, Pob3, and Poll localize to the nucleusSn a low-speed centrifugation step (Figure 6B, fraction 2), but
cerevisiae To determine the intracellular localization of the was then pelleted during a subsequent high-speed centrifuga-

immune pre-immune
DAP1 (K] [ FITC DAPI Dic
7

FITC
Pob3 e 7
.rld' o’
; Sem

Ficure 5: Immunolocalization. Spt16, Pob3, and Poll were localized to the nucleus by indirect immunofluorescence. The DNA-specific
dye DAPI reveals the nucleus and mitochondria. Preimmune and immune refer to the sera from the rabbits before and after injection of the
antigens, respectively.
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DNA lengths consistent with a ladder of-6 nucleosomes,
and the larger members of this population were preferentially
pelleted during the high-speed centrifugation (data not
shown). Immunodetection revealed that histone H3 was
released from fraction 1 by the nuclease (Figure 6B, fraction
2) and was present in both the high-speed centrifugation
supernatant and pellet (Figure 6C, fractions 3 and 4). As a
negative control, immunodetection of the mitochondrial
protein porin in these fractions demonstrated that it was
present in the low-speed pellet (fraction 1) and was unaf-
fected by nuclease treatment (data not shown). We conclude
that fraction 4 contains chromatin fragments released from
the initial insoluble fraction by nuclease digestion that
remained large enough to be recovered by high centrifugal
forces. A portion of the Spt16 and Pob3 was found in this
fraction, indicating that this complex is at least partially
associated with chromatin.

The release of Spt16 and Pob3 and the other chromatin
components (polynucleosome-length DNA and histone H3)
from fraction 1 into the form that was recovered by high-
speed centrifugation (fraction 4) was enhanced by, but not
completely dependent on, the addition of the nuclease (Figure
6B,C, compare fractions 2 and 4/+ nuclese; and data not
shown). This may reflect mechanical shearing of the DNA
upon resuspension of the low-speed pellet (fraction 1) and/
or the activity of endogenous nucleases. Also, since Sptl6
and Pob3 distribute between the supernatant and pellet
fractions at each step, their association with chromatin is
reversible and unstable under the conditions used.

Sptl6 and Pob3 Copurify with DNA PolymeraseThe
four subunits of the DNA polymerase complex were
overexpressed simultaneously, and the resulting complex was

size (kD) &2 — purified. Overexpressed Poll, Pol12, Pri2, and Pril copuri-
45 — fied through three chromatographic steps, including anion
exchange, hydroxylapatite, and size-exclusion chromatog-
25— raphy (Figure 7A), eluting from the latter matrix in the 600
16— = = — =4-H3 kDa range (Figure 7B).

fraction 2 3 & Immunoblot analysis of individual fractions from size-

Ficure 6: Portions of Spt16 and Pob3 fractionate with chromatin. exclusion chromatography revealed_ that intact Spt16 and
(A) Outline of the chromatin fractionation. (S, supernatants; P, P0b3, as W‘_:-'” as arv58 kDa pmteo'yt'F fragment of Spt16,
pellets.) Washed, low-speed pellets (fraction 1) from lysed sphero- coeluted with the Pol. complex (Figure 7C). In some
plasts were resuspended in a low ionic strength buffer and incubatedpreparations, all of Sptl6 was degraded into #&8 kDa

in the presence or absence of micrococcal nuclease for 2 min at 37fragment at early stages in the Ropurification and Pob3

°C. The nuclease-treated low-speed supernatant (fraction 2) wa : . PR
then centrifuged at 1000@dor 1 h. Equal percentages of the high- “was simultaneously lost from the preparation (as in Figure

speed supernatants (fraction 3) and pellets (fraction 4) were /A.B; and data not shown). In these cases, #%8 kDa
separated by SDSPAGE and either (B) transferred to nitrocellulose  Spt16 fragment still coeluted with the Palcomplex from
and immunoblotted with anti-Spt16 or anti-Pob3 antisera or (C) size-exclusion chromatography, suggesting that this Spt16

transferred to nitrocellulose and immunoblotted with anti-histone fragment is the domain of the Sptt®ob3 complex respon-
H3 antiserum. Core histones (&) purified from chicken eryth- sible for interaction with the Pak complex.

rocytes were run in an adjacent lane as a positive control.

Three lines of evidence suggest that a minor portion of
tion (Figure 6B, fraction 4), consistent with the association the total cellular Spt16Pob3 complex copurified, as op-
of some of the Spt16Pob3 with chromatin. The amount of posed to merely coeluted, with the Rolcomplex: (1) the
Pob3 in the 100009 pellet (fraction 4) may be underesti- majority of the Sptl16-Pob3 complex flowed through the
mated because of proteolysis which occurred upon addition phosphocellulose column, whereas a minor portion bound
of the nuclease (Figure 6B, compare fractions 2 and 4), and coeluted with the Pal complex; (2) the Spt1:6Pob3
suggesting either that the nuclease contained a protease oin association with Pole eluted at a higher phosphate
that the release of Pob3 into the supernatant exposed it to econcentration from the hydroxylapatite column and earlier
protease which was already present. from the sizing column than Spt#8?ob3 complex alone;

To confirm that fraction 4 contained chromatin, the size and (3) the~58 kDa Spt16 fragment would not be expected
of DNA molecules and the presence of histone H3 were to elute from the sizing column in the 600 kDa range if it
monitored. Nuclease treatment resulted in the generation ofwere not associated with a larger complex. The alteration of
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CB stain FicurRe 8: Analysis of sptl6 and pob3 mutants. (A) Strains
containing either wild-type or single and double mutant combina-
B tions of temperature-sensitive allelep(16 pob3-10 -11, -12) of

SPT16andPOB3were diluted 100-fold serially, spotted onto plates,
wire (kD) E'Tlﬂ d-lllﬂ and incubated at the indicated temperatures for 4 days. All of the
200 — pob3mutant alleles were present on low-cofyEN) plasmids in

— = - Fol pob3A null strains and are listed under Experimental Procedures
116 — -.“""F as pJW11-x. (B) Schematic representation of the analysis listed in

o= (A) using thesptl6allele cdc68-1 the pola allele cdc17-1 the

gt - m R RE = - = “Pol12 pold allelecdc2-1 and thepob3allelespob3-10-11, and-12. The
(—) and &) symbols refer to the respective absence or presence
B = —— - — - Pri2 of growth at elevated temperatures of cells containing the double
e ——— o} mutant combinations listed. The-(+) refers to the absence of
growth whencdc17-1was combined withpob3-10or -12, and the
8 stain presence of growth when combined withb3-11 respectively.
C SPT16 and POB3 Interact Geneticall/e mutagenized
size (kD) BT 440 POB3in vitro and used the plasmid shuffle technique to
i replace a plasmid containing a wild-typgB3allele with
O JP— the mutated ver_sions, and then assayed isola_tgs for condition-
g3 — ally lethal mutations. Three temperature-sensitive alleles were
identified.

55 — R 3 Since Sptl6 and Pob3 interact physically, combining
mutations in each gene in the same cell may have a more
severe phenotype than each single mutated allele alone.
Therefore, we combined temperature-sensitive mutations in

-— SPT16andPOB3and compared the viability of these cells

55 __ D - Fob) to those containing either single mutant at various temper-

immunoblols atures. Combining a temperature-sensitive allelSBT16
Ficure 7: DNA polymeraseo. overexpression and purification. with any of three tempera'ture-sensmve alleles RIDB3
(A) Aliquots of the dialyzed, resuspended ammonium sulfate resulted in decreased V|ab|_I|ty of cells at temperatures of :_30
precipitate from the cell lysate (L) and the eluates from phospho- °C (not shown) or above, with the effect being most dramatic
cellulose (PC), hydroxylapatite (HAP), and size-exclusion chro- at 32°C (Figure 8). One likely explanation for this result is
matography (SEC) matrixes were separated by SBSGE and  that the combination of mutations iBPT16and POB3

stained with Coomassie blue. Immunoblot analysis revealed that e . .
the ladder of minor bands directly below the largest subunit are destabilizes the complex to a greater extent than either single

proteolytic fragments of Poll (not shown). Sequencing revealed Mutation. This is consistent with our interpretation of the
that the doublet migrating below Pol12 corresponds to two Pol12 results from size-exclusion chromatography of whole cell
proteolytic fragments with Nkitermini at residues 116 and 107.  |ysates that the complex is the functional form of these
The purifed Pole. complex was active in the polymerase activity proteins

assay previously describe®3 and data not shown). (B) Individual ) . L )
fractions from size-exclusion chromatography were separated by We also observed subtle decreases in viability with
SDS-PAGE and stained with Coomassie blue. (C) Immunoblot combinations of eithepob3-10or pob3-12with a temper-
analysis of individual SEC fractions from a Ropurification using ature-sensitive allele dPOL1 (cdc17-), between 28 and

anti-Sptl6 and anti-Pob3 antiserum. In this preparation, both the 5. o ; ; :
intact and the degraded forms of Sptl6, marked by the asterisk31 C (data not shown), consistent with our previous, and

(*), were present, whereas in other preparations, such as the ond0re dramatic, observation wigpt16 polldouble mutants
shown in panels A and B, only the Spt16 fragmenb8 kDa) was (3). This suggests that mutations in eitt&PT16or POB3
observed. The molecular masses listed at the top of each panel refepffect the interaction of the Sptt#ob3 complex with Pol1.

to the standards that were used to calibrate the resin. We did not see an effect on cell viability by combining any
the chromatographic properties of this subpopulation of the of these thre@ob3alleles with a temperature-sensitive allele
Spt16-Pob3 complex to correspond with the properties of of the catalytic subunit of DNA polymerage(cdc2-1, data

the Pola complex indicates that this fraction of Spti6 not shown), demonstrating that this effect does not occur by
Pob3 is stably bound to Pal under a variety of conditions.  combining thgpob3mutations with any polymerase mutation.
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G& the catalytic subunit of DNA polymerase, Poll (as
'hi demonstrated in affinity chromatography and co-immuno-
F ) J@‘ o precipitation experiments). The genetic analysiSBfT16
%&\ ﬁﬁ‘z‘ R Q# size (kD) POB3 andPOL1 suggests that the formation and stability
_ i o 29"??“ of these complexes are an important feature of the functions

of these proteins (Figure 8 and r&f.

We have also found that Spt16, Pob3, and Poll all localize

85

Y to the nucleus inS. cereisiae and that a portion of the
- Spt16-Pob3 complex is chromatin-associated. There appear
Ha2E ™ 22 to be at least two populations of Spt16 and Pob3 within the
H2A == 14 cell: one that forms a stable, soluble heterodimer and another

insoluble chromatin-associated pool. The latter pool is not
very stably associated with chromatin since some Spt16 and

H4
flugrograph CB stain
FIGURe 9: Acetyltransferase assay. Purified SptB®b3 complex Pob3 was found to be released to a soluble form at each

or Hatl, as a positive contro#t8, 44), was incubated in a buffer : : :
containing fH]acetyl-CoA and purified core histones for 30 min step during the preparation of chromatin. However, some

at 37°C. Reactions were quenched by the addition of SDS sample SPt16-Pob3 was solubilized by nuclease treatment to a form
buffer, boiled, separated by SB®AGE, stained with Coomassie  that could be recovered by high-speed centrifugation, as

blue (right panel), and subjected to fluorography (left panel). expected for chromatin-associated proteins. Indeed, the final
o . high-speed pellet that contained some Spt16 and Pob3 also
Combining any of these thregob3 alleles with a null  ¢ontained chromatin as assayed by the presence of histones

mutation in the gene encoding another Pol1-binding protein, 5nd DNA fragments with the length distribution typical of
CTF4 also decreased the viability of the cells at elevated ncleosomal fragments. We cannot conclude that Spt16
temperatures (data not shown), consistent with our previouspgh3 pinds directly to nucleosomes, but we can conclude
observation that aspt16 ctf4A double mutant is less viable  that some of this complex cofractionates with chromatin,
at elevated temperatures relative to either single mugnt ( suggesting it is a component of chromatin.
Spt16 and Pob3 appeared to compete with Ctf4 for binding  \we failed to detect an in vitro interaction between the
to Poll on an affinity column3). One explanation for the  pyrified Spt16-Pob3 complex and histones using the fol-
observed decrease in cell viability in twb3 ctfA and  |owing three techniques: (1) binding to histone agarose
spt16 ctf\ double mutants is that both the SptiBob3  (sigma); (2) binding to GST-fusions of the N-terminal
complex and Ctf4 bind to and stabilize Poll at elevated peptides of histones H2A, H2B, H3, and H4; (3) co-
temperatures. . immunoprecipitation of the core histones with the Spt16
The Sptl6-Pob3 Complex Is Not At in Acetyltrans-  pop3 complex using anti-Spt16 antiserum when the purified
ferase or ATPase AssayBrevious genetic analysis impli-  components were mixed in vitro (data not shown). However,
cated SPT16as a modulator of chromatin structure, and \yhen the purified Spt16Pob3 complex and the core
sequence comparisons revealed a partial match to acetylyistones were mixed, the components of both complexes

transferase motif A30; and A. Neiman and R. Sternglanz,  precipitated out of solution under conditions that did not
personal communication). We therefore determined whether 5ffact the solubility of the components individually. The

the Spt16-Pob3 complex acetylates histones. However, the significance of this, if any, is uncertain.

purified Sptl6-Pob3 complex falled to acetylate core  anajytical ultracentrifugation of the Sptt8°ob3 complex
histones in an in vitro assay (Figure 9). Furthermore, a triplé yeyeqled that it is a stable heterodimer. This same stoichi-
replacement (Q279A/G282A/G284A) in the conserved acetyl- ometry was previously suggested for ti% cereisiae
transferase motif A (-Q-X-X-G-X-G-)30) in Spt16 appears  complex @5) based on the relative intensity of co-immuno-
to retain function as it complemented both the temperature- precipitating tagged and/or mutant versions of Spt16 and
sensitivity of thesptl6allele cdc68-1and ansptlénull  pgh3 from silver-stained gels or immunoblots as well as for
mutant. These replacements lie in a region of Sptl6 that ihe XenopusDUF complex based on the intensity of bands
shows some similarity to known histone acetyltransferasesin coomassie blue stained protein banti$)(We find that
(HATSs) and based on the structure of HaBLL) as well 85 the more definitive methods of velocity and equilibrium
mutagenesis of other HATS2-37), would likely abolish  gegimentation of the purified complex firmly establish this
any acetyltransferase activity in Spt16. It is therefore highly stoichiometry. Furthermore, the complex is stable for long
unlikely that histone acetyltransferase activity is involved periods under a variety of ionic strengths and is the only
in the function of Spt16. __ form of either protein detected in lysates, although we cannot
_The purified Spt16 Pob3 complex, from cells containing e out the possiblity of an additional, less stably associated
either endogenous or overexpressed levels of the complexgpunit.
did not hydrolyze ATP (data not shown). Our data suggest that this complex, whether purified or
from whole cell lysates, runs anomalously in size-exclusion
DISCUSSION matrixes due to an elongated shape. Both the nonideal
Sptlé and Pob3 form a stable, abundant, elongatedbehavior in equilibrium sedimentation as well as the axial
heterodimer that is essential for viability. A portion of the ratios calculated from the velocity sedimentation experiment
Spt16-Pob3 complex copurified with the DNA polymerase are also consistent with the complex having a nonspherical
o complex, suggesting that these two complexes form a shape. Using the shape factd¥ & f/fy) generated from
strong interaction. This is consistent with our previous velocity sedimentation of purified Spt36°ob3, we calcu-
observations that Sptl6 and Pob3 physically interact with lated (assuming a partial specific volume of 0.73*gn!)
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that the complex would be 34 nm long 2.8 nm wide if it NOTE ADDED IN PROOF
is rod shaped and 16 nm wide 1.1 nm high if it is disk

shaped. The latter dimensions are unlikely since an averageth
o-helix within a protein is +1.5 nm wide, which would
require the tertiary fold of a disk-shaped SptFob3

In a recent publication, Reinberg’s group has reported that
e previously described human FACT compl&b)(is a
heterodimer of human homologues of the yeast Sptl6 and
. Pob3 proteins46). FACT promotes elongation of transcrip-
complex to be a monolayer of secondary protein structure tion by RNA polymerase Il past nucleosomes on the DNA

in order to fit into a 1.1 nm space. Furthermore, there is no . . o
precedence for a protein with these dimensions and shapef[emplate that otherwise block progressidg)( Our purified

However, there are many examples of proteins with rod- yeast SpthP_obS complex did not d_isplay FACT activity
shaped tértiary and quaternary structug8).(If the Spt16- in the reconstituted human transcription system (D. S. Luse,

. . personal communication), but this could be due to any of
Pob3 complex is rod shaped, then the 2.8 nm width and 34several differences between SptiBob3 proteins and their
nm length would have the potential to span more than one

nucleosome (11 nm wide) human counterparts, most notably the lack of an HMG1 box
' o in Pob3 @). The activity of FACT and the similarity of its
The XenopusDUF complex elutes from gel filtration  components with Spt16 and Pob3 proteins provide strong
chromatography in the size range expected for a heterodimersypport for the model proposed here that SptR6b3

suggesting that, unlike yeast SptiBob3, theXenopus  facilitates assembly or movement of DNA replication
complex has a globular shapkl]. Pob3 shares 35% identity  complexes on chromatin templates.

over its entire length with the DUF87 protein, but lacks the

HMG box found in DUF87 and other members of this family, ACKNOWLEDGMENT

including the mouse T160 and human SSRP prot&inkl).

A recently identified ortholog of Pob3 fror8chizosaccha-
romyces pombalso lacks the HMG box3Q). The DNA-
binding domain of the mouse T160 protein has been mapped
to the HMG box 40). The DNA unwinding activity of the
DUF complex (1) and the ability of the mouse T16@@)

and the human SSRP proteingl) to bind DNA suggest
that the HMG box is an important feature of the function of ReFERENCES
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