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Requirement of RSF and FACT
for Transcription of Chromatin
Templates in Vitro

Gary LeRoy, George Orphanides, William S. Lane,
Danny Reinberg*

Transcription of naked DNA in vitro requires the general transcription factors
and RNA polymerase Il. However, this minimal set of factors is not sufficient
for transcription when the DNA template is packaged into chromatin. Here, a
factor that facilitates activator-dependent transcription initiation on chromatin
templates was purified. This factor, remodeling and spacing factor (RSF), has
adenosine triphosphate—dependent nucleosome-remodeling and spacing activ-
ities. Polymerases that initiate transcription with RSF can only extend their
transcripts in the presence of FACT (facilitates chromatin transcription). Thus,
the minimal factor requirements for activator-dependent transcription on chro-
matin templates in vitro have been defined.

Intense biochemical efforts have resulted in the
purification of a minimal set of factors neces-
sary for transcription of class II genes in vitro.
This minimal transcription system consisting of
the general transcription factors (GTFs) TFIIB,
TFIID, TFIIE, TFIIF, and TFIIH and RNA
polymerase II (RNAPII) was established with
assays that reconstituted accurate transcription
from class II promoters on naked DNA tem-
plates (/, 2). In vivo, the DNA template is
organized by histones into chromatin. The min-
imal RNAPII transcription system cannot tran-
scribe DNA that is packaged into chromatin (3).
However, transcription can be reconstituted on
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chromatin templates with nuclear extracts in the
presence of an activator, suggesting that acces-
sory factors are present in crude nuclear extracts
that facilitate RNAPII transcription from chro-
matin templates (4).

Different adenosine triphosphate (ATP)—
dependent nucleosome-remodeling complex-
es have been isolated. The NURF (nucleo-
some-remodeling factor) and ACF (ATP-uti-
lizing chromatin assembly and remodeling
factor) complexes were purified from Dro-
sophila nuclear extracts and have been shown
to facilitate activator-dependent transcrip-
tion on chromatin templates (3, 6). Several
other ATP-dependent chromatin remodel-
ing enzyme complexes have been purified
from different organisms: SWI/SNF from
yeast, human, and Drosophila; RSC (re-
models the structure of chromatin) from
yeast; and CHRAC (chromatin accessibility
complex) from Drosophila (7). Biochemi-
cal studies with the human and yeast SWI/
SNF complexes have suggested that it may
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participate in transcription by assisting fac-
tor binding (8—/0) and transcription elon-
gation (/) in the context of chromatin.

All previous studies that analyzed the role of
remodeling enzymes in transcription of chro-
matin-assembled templates used crude tran-
scription systems. We set out to identify factors
that would allow a highly defined reconstituted
transcription system to transcribe purified chro-
matin templates. To identify factors that facili-
tate transcription initiation on chromatin tem-
plates, we used an abortive initiation assay (/2),
in which the RNAPII transcription machinery is
given only the nucleotides necessary to form
the first phosphodiester bond (73). This assay
scores for the ability of the RNAPII transcrip-
tion machinery to access promoter elements
and catalyze the synthesis of the first phos-
phodiester bond. Initiation of transcription from
chromatin templates required an activity
present in a crude fraction derived from Hela
cell nuclei (Fig. 1A, lane 4). This transcription
initiation was specific, because no dinucleotide
was formed when RNAPII and GTFs were
omitted (Fig. 1A, lane 3).

We next analyzed the crude fraction for
ATP-dependent nucleosome-remodeling activ-
ity. The chromatin remodeling assay used (14)
was adapted from Tsukiyama et al. (15). For
this assay, periodically spaced chromatin tem-
plates that were assembled in Drosophila S-190
extract, Sarkosyl-treated, and purified by gel
filtration were used (/6). The templates con-
tained five GALA4-binding sites upstream of the
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adenovirus major late promoter. This chromatin
was incubated with various combinations of
ATP, GAL4-VP16, and the crude fraction. The
chromatin was then digested with Micrococcal
nuclease (Mnase), and the products were ana-
lyzed by Southern (DNA) blotting with probes
corresponding to the promoter region (promoter
probe) or a region of the plasmid 1000 base
pairs away from the promoter (distal probe).
Remodeling was indicated by a loss of periodic
nucleosome spacing. Promoter proximal nu-
cleosome remodeling was observed with the
crude fraction in an ATP- and activator-depen-
dent manner (Fig. 1B). Furthermore, this re-
modeling occurred only in the vicinity of the
promoter because reprobing with a distal probe
revealed periodically spaced nucleosomes.

We used both the abortive initiation assay
and the nucleosome-remodeling assay to purify
the factor that facilitates activator-dependent
transcription initiation on chromatin templates
(17). Both activities coeluted through four chro-
matographic steps. The active fractions from
the final step of purification (Superose 12 gel
filtration column) contained two polypeptides,
a 325-kD polypeptide (p325) and a 135-kD
polypeptide (p135), that eluted with a native
molecular mass of 400 to 500 kD, suggesting
that they form a heterodimer (Fig. 1C). A sim-
ilar size was estimated for the complex when it
was subjected to sucrose gradient sedimentation
(18). As shown in Fig. 1, D and E, the tran-
scription initiation activity and the nucleosome-

remodeling activity coeluted during the last step

Fig. 1. (A) Abortive transcription initiation with A

purified chromatin templates, GAL4, ;,-VP16, and
the reconstituted transcription system is dependent
on a crude fraction (DEAE-52 fraction). Reactions

Polll+GTFs — + - +
Crude Fraction = = & +
- ApC

were reconstituted on chromatin templates with
additions as indicated. The GTFs and RNAPII used SR AT
were highly purified as depicted in Fig. 3. "ApC”

denotes the dinucleotide product formed. (B) Nu- g

- . A 5 e + + + Crude Fraction = - +
cleosome-remodeling assay. Various combinations S a ATP 4 e
of GAL4,.,-VP16, ATP, and the crude fraction + - + 4+ GALLVPIE + - &

(DEAE-52 fraction) were incubated with purified
chromatin, followed by limited Mnase digestion and
Southern blot analysis with a promoter probe (left)
or distal probe (right). In this as in all other exper-
iments that use Mnase, the reaction samples were
split and digested with two different concentrations
of Mnase, as indicated by the arrow on the top of
the panel. The location of the promoter and distal
probes in relation to the GAL4 DNA-binding sites
and TATA box is shown below. (C) Coomassie blue
staining of a polyacrylamide-SDS gel loaded with
fractions derived from the last step of RSF purifica-

¥2- -84 3.8 78

tion (Superose 12 column). Protein molecular mass

markers were loaded on the first lane, and their
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of purification. The nucleosome-remodeling ac-
tivity of the purified factor is ATP-dependent
(Fig. 2A) and specific for the promoter region
because reprobing with a distal probe revealed
regular periodic nucleosome spacing. We also
found that the transcription initiation activity of
RSF is nucleosome specific, because it does not
stimulate transcription initiation reconstituted
on naked DNA templates (/8).

We found that addition of the remodeling
factor and ATP substantially improved the reg-
ularity of bulk nucleosome spacing. Therefore,
we tested the remodeling factor in a nucleo-
some-spacing assay (/9, 20) that measures the
conversion of irregularly spaced chromatin into
nucleosome arrays with regular periodic spac-
ing. The substrate for this assay was chromatin
formed in S-190 assembly extract with an ex-
cess of core histones in the absence of ATP,
Sarkosyl-treated and purified by gel filtration.
As shown in Fig. 2B, the remodeling factor in
the presence of ATP converted irregularly
spaced chromatin (lanes 1 to 4) into arrays of
nucleosomes with periodic spacing (lanes 5 and
6). The addition of ATP alone to the irregularly
spaced chromatin did not alter the nucleosome
spacing (lanes 1 and 2). Because the remodel-
ing factor also exhibits nucleosome-spacing ac-
tivity, we named it RSF for remodeling and
spacing factor. The nucleosome-spacing activ-
ity of RSF was similar to that reported for the
Drosophila factors ACF (6) and CHRAC (20).

SDS—polyacrylamide gel electrophoresis
(SDS-PAGE) and silver staining of purified
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masses are expressed in kilodaltons on the left side

of the figure. IP denotes the input sample loaded onto the Superose 12 gel filtration column. MW, molecular
weights. (D) Abortive initiation assay on chromatin templates with fractions from the Superose 12 column. The

Promoter Probe
- P 4 7 10 13 16 18 22 25

reaction loaded in the first lane was reconstituted with the Superose 12 column input, although TFIID was omitted.
(E) Nucleosome-remodeling assay with fractions from the Superose 12 column, ATP, and GAL4, ,,-VP16. Promoter

proximal nucleosome-remodeling activity is shown in the top panel. Periodic nucleosome spacing observed with

the distal probe is shown in the bottom panel.
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RSF (Superose 12 columm, fraction 16) re-
vealed that it is composed of two subunits, a
325-kD polypeptide and a 135-kD polypeptide
(Fig. 2C). We identified the subunits of RSF by
sequencing peptides generated by in-gel tryptic
digestion using microcapillary high-performance
liquid chromatography (HPLC) directly coupled
to an ion trap mass spectrometer (27). Thirty-
four peptide sequences revealed that the 135-kD
subunit is hSNF2h, a human homolog of Dro-

Fig. 2. The purified A
factor exhibits ATP-
dependent nucleosome
remodeling and spacing Mnase . .
activities. (A) The re- &
modeling activity of
RSF is ATP-dependent.
Purified chromatin tem-
plates and GAL4, g,-
VP16 were incubated
with various combina-
tions of RSF and ATP, as
indicated on the figure.

RSF - + +
ATP + - +

The reactions were
then subjected to par-
tial digestion with

Mnase and Southern
blot hybridization with
the promoter probe
(tanes 1 to 6} or distal

1234586
Promoter Probe

probe (lanes 7 to 12). c D

(B) RSF exhibits ATP-
dependent nucleosome
spacing activity. Irregu-
larly spaced chromatin
was incubated with ATP
alone (lanes 1 and 2), 97—
RSF alone (lanes 3 and
4), or RSF and ATP 67—
(lanes 5 and 6) followed
by limited Mnase diges-
tion and Southem blot 43-
analysis. (C) Silver stain-
ing of a polyacryl-

—  «—pl13

Drosophia 1sW1 |
human SNFL |

human SNF2h [
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sophila ISWI. hSNF2h is a newly identified
member of the SNF2 family (22). On the basis of
computer comparisons, hSNF2L is a human
ISWI homolog (23, 24) having 74.9% identity to
Drosophila ISWI (Fig. 2D). The hSNF2L and
hSNF2h proteins share 85.9% identity (Fig. 2D),
suggesting that they have evolved from a gene
duplication event. Fifteen tryptic peptide se-
quences revealed that there are no ¢cDNAs that
correspond to the 325-kD polypeptide deposited

RSF — s +
AR
Mnase ¥ . W

78 9101112
Distal Probe

74.9%

976 aa. 73.1%

85.9%

1052 a.a.

amide-SDS gel containing a portion of RSF derived from the last step of purification (Superose 12).
Peptide sequencing by microcapillary HPLC—ion trap mass spectrometry identified the 135-kD
polypeptide as human SNF2zh. (D) Schematic comparison of the identity between Drosophila ISWI,
human SNF2L, and human SNF2h; a.a., amino acid.

in the GenBank database. The 325-kD subunit
may be susceptible to degradation because the
sequences of peptides derived from a few minor
polypeptides of about 180 kD revealed that they
matched identical expressed sequence tags as the
325-kD polypeptide.

Next, we used a reconstituted transcription
system to determine whether the ability of RSF
to direct transcription initiation using a recon-
stituted transcription system was dependent on
an activator. The reconstituted transcription
system used was composed of the highly puri-
fied recombinant GTFs TFIIB, TFIIE, and
TFIIF and the affinity-purified multisubunit
mammalian factors TFIID, TFIIH, and RNAPII
(Fig. 3). In addition, the system also contained
the highly purified recombinant factor GAL4-
VP16 and the coactivators, PC4 and TFIIA
(Fig. 3), that are minimally required for activa-
tion (25). The chromatin used for transcription
assays was assembled in Drosophila S-190 ex-
tract, Sarkosyl-treated, and purified by gel fil-
tration. SDS-PAGE followed by silver staining
of the purified chromatin templates revealed
that they are greater than 95% pure (Fig. 3).
Transcription initiation on chromatin templates
requires both RSF and an activator (Fig. 4A,
lane 7). GALA4-VP16 did not promote initiation
in the absence of RSF (lane 4). Also, the addi-
tion of RSF in the absence of GAL4-VP16
(lane 5) or in the presence of GALA4, ,, (lane 6),
which lacks an activation domain, did not result
in initiation. Only the combination of RSF and
GALA4-VP16 resulted in strong initiation (lane
7). This initiation was RNAPII-specific because
no initiation product was detected in an identi-
cal reaction where GTFs were omitted (lane 8).

Next, we determined whether these initiated
polymerases could elongate their transcripts. As
shown in Fig. 4B (lane 9), the reconstituted
system was not capable of full-length produc-
tive transcription in the presence of RSF and an
activator. Under identical conditions, transcrip-
tion initiation was observed (Fig. 4A, lane 7).

Purified
TFIB TFIE TFIIF RNAPII TFIIH TFIA PC4 GAL4-VP16 RSF FACT Chromatin
— RPB1 - B E
—nR . i &
] e " —encca - 4
k;» S — ERcc2 $
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—— ; “ it hSNF2h
- w0 i p — s (hISWI)
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5 E S p52
*) Y i — Fre i —pad
.— P34 n
B — RAP30 : B — cok b o
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Fig. 3. Silver staining of polyacrylamide-SDS gels containing the factors used to reconstitute transcription on chromatin templates. The labels on the
right side of each panel denote the factor or its subunits.
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We have previously demonstrated that the fail-
ure of the reconstituted transcription system to
elongate its transcripts on remodeled templates
is due to nucleosome-induced stalling (26).
Productive transcription through nucleosomes
requires a factor termed FACT (facilitates chro-
matin transcription) (26). FACT is a het-
erodimeric factor of 140- and 80-kD polypep-
tides (Fig. 3), whose subunits have recently
been identified (27). The addition of FACT in
the presence of RSF and an activator facilitated
the production of a 390-nucleotide (nt), full-
length transcript (Fig. 4B, lane 7). However,
FACT did not promote transcription in the ab-
sence of RSF, even when an activator was
present (lane 4). Consistent with the results
from our initiation assays, strong transcription
was not observed in the absence of an activator
(lanes 2 and 5) or in the presence of the
GALA4, ,, DNA-binding domain alone (lanes 3
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Fig. 4. Activator-dependent reconstituted tran-
scription on chromatin templates minimally re-
quires GTFs, RSF, and FACT. (A) Initiation of tran-
scription with the reconstituted system on chro-
matin templates requires both an activator and
RSF. The presence or absence of RSF and the
addition of GAL4, o,-VP16 or GAL4, g, are indi-
cated on the figure. GTFs were omitted in lane 8.
Lane 1 is transcription initiation reconstituted on
naked DNA. (B) Productive full-length transcrip-
tion on chromatin templates requires RSF and
FACT. Transcription was reconstituted under the
same conditions used for initiation assays, except
that the reactions were provided with a nucleo-
tide mixture sufficient to generate a 390-nt tran-
script. RSF, FACT, and GAL4, ,,-VP16 or GAL4, ,,
were added as indicated in the figure. GTFs were
omitted from the reaction loaded in lane 8. Lane
1 is full-length transcription reconstituted on na-
ked DNA.
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and 6). The activator-dependent transcription
observed in the presence of RSF and FACT
was RNAPII-specific, because no product was
detected when GTFs were omitted (Fig. 4B,
lane 8).

This report describes a system that is capable
of reconstituting both the initiation and elonga-
tion phases of transcription from chromatin tem-
plates in vitro. Previous studies that reconstituted
transcription from chromatin templates used
crude systems with many unidentified proteins
(3). RSF is capable of directing activator-depen-
dent transcription initiation on chromatin tem-
plates. We believe that RSF facilitates transcrip-
tion initiation by remodeling nucleosomes in the
promoter region to allow the formation of preini-
tiation complexes. However, the activities of
RSF are not sufficient to allow polymerases to
extend their transcripts. Elongation through nu-
cleosomes requires FACT, a chromatin-specific
elongation factor (26). Although we did not use
the Drosophila NURF complex in our assays, we
expect it will substitute for RSF. Also, because
the activities of the Drosophila ACF complex are
similar to those of RSF, it may also facilitate
transcription initiation in our system. We do not
believe that the SWI/SNF complex or the Dro-
sophila CHRAC complex will substitute for RSF
in our assays because a recent study found that
these complexes could not substitute for NURF
in an in vitro transcription assay (3).

In this study, we have defined the minimal
factor requirements for activator-dependent
transcription on chromatin templates. It is likely
that there are other activities present in HeLa
cells that will function in reconstituted chroma-
tin franscription assays. Additional coactivators
or mediator type complexes may be required
for high levels of transcriptional activation.
Also, histone acetyltransferase complexes may
stimulate transcription from chromatin tem-
plates. The use of chromatin transcription as-
says will provide a more natural environment to
study transcription factors in vitro.
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Patterning of Cortical Efferent
Projections by
Semaphorin-Neuropilin
Interactions

Franck Polleux, Roman ). Giger, David D. Ginty, Alex L. Kolodkin,
Anirvan Ghosh*

Cortical neurons communicate with various cortical and subcortical targets by
way of stereotyped axon projections through the white matter. Slice overlay
experiments indicate that the initial growth of cortical axons toward the white
matter is regulated by a diffusible chemorepulsive signal localized near the
marginal zone. Semaphorin lil is a major component of this diffusible signal, and
cortical neurons transduce this signal by way of the neuropilin-1receptor. These
observations indicate that semaphorin-neuropilin interactions play a critical
role in the initial patterning of projections in the developing cortex.

The directed growth of cortical efferent axons
toward the white matter suggests that they
might be guided by extracellular signals (/). To
detect the presence and distribution of such
signals, we developed a slice overlay assay that
would allow us to assess the effect of local
extracellular signals on axon growth and guid-
ance. In this assay Dil-labeled cortical neurons
were plated onto slices of cortex that provided a
substrate for axon growth (2). When embryonic
day 18 (E18) neurons were plated onto E18 or
postnatal day 3 (P3) cortical slices, over 85% of
the labeled cells had extended axons by 3 hours
after plating that could be clearly scored for
length and orientation (3). This analysis re-
vealed marked differences in the pattern of
axon outgrowth across the cerebral wall
Whereas labeled cells plated over the interme-
diate zone of EI18 slices and over the white
matter of the P3 slices did not show oriented
axon outgrowth, virtually all of the cells plated
over the cortical plate had an axon that was
directed toward the ventricular surface (Fig. 1,
A and B) (4). Quantitative analysis of the axons
growing over the cortical plate indicated that
almost 80% were directed toward the ventricu-
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lar surface (ventricle) and less than 10% were
directed toward the pia (Fig. 1C). Thus, an
extracellular signal locally detectable in the
cortical plate is responsible for the directed
outgrowth of cortical axons on cortical slices.

Although the slice overlay experiments re-
vealed that the cortical plate contains a signal
that directs axon outgrowth, they did not reveal
the nature and source of the signal. To deter-
mine if this signal could act at a distance to
influence the cortical axon orientation, we ex-
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amined whether a second slice of cortex placed
next to the white matter could affect the behav-
ior of labeled cells plated over the white matter.
Cells plated over the white matter normally do
not show oriented axon growth (Fig. 2, A, F,
and G). When a second slice of cortex was
placed immediately adjacent to the white mat-
ter, the cells plated over the white matter ex-
tended axons directed away from the second
slice (Fig. 2, A, C, and G). This result was
particularly striking because cells on either side
of the marginal zone of the second slice had
axons directed away from the marginal zone
(Fig. 2, C and D). Therefore, cortical neurons
are repelled by a diffusible signal present at
high concentrations near the marginal zone.
Because semaphorin III (Semalll) and its
orthologs (semaphorin D and collapsin-1)
have been extensively characterized as dif-
fusible chemorepulsive molecules (5), and
because Semalll is expressed in the cortical
plate and marginal zone both at E18 and P3
(6), we examined the role of Semalll in
cortical axon guidance. If Semalll is involved
in orienting axon growth in the cortical plate,
then perturbation of a putative Semalll gra-
dient should lead to disoriented axon growth.
To test this possibility, we incubated cortical
slices with 293T cell-derived recombinant
Semalll (7) to reduce or abolish any Semalll
gradient before plating labeled cortical neu-
rons onto the slices. In control slices (incu-
bated with conditioned media from untrans-

Fig. 1. A signal in the cortical plate (CP)
directs axons toward the white matter
(WM). (A) Axon orientations of E18
cortical neurons plated over the CP (box
1) or WM (box 2) of P3 cortical slices.
MZ, marginal zone; V-VI, cortical layers
V and VI. Bar, 25 pm. (B) Video image
of E18 neurons growing over the CP of
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a P3 slice. The growth cones are direct-
ed toward the WM (arrowhead). Bar, 10
pm. (C) Axon orientation histograms of
E18 neurons plated over P3 slices. The
horizontal line in this and other histo-
grams indicates expected distribution
for random orientation. Statistically sig-
nificant differences (P < 0.001) are in-
dicated by an asterisk (3).
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