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ABSTRACT The core promoters of protein-encoding genes play a central role in
regulating transcription. M1BP is a transcriptional activator that associates with a
core promoter element known as Motif 1 that resides at thousands of genes in Dro-
sophila. To gain insight into how M1BP functions, we identified an interacting pro-
tein called GFZF. GFZF had been previously identified in genetic screens for factors
involved in maintenance of hybrid inviability, the G2-M DNA damage checkpoint,
and RAS/mitogen-activated protein kinase (MAPK) signaling, but its contribution to
these processes was unknown. Here, we show that GFZF resides in the nucleus and
functions as a transcriptional coactivator. In addition, we show that GFZF is a gluta-
thione S-transferase (GST). Thus, GFZF is the first transcriptional coactivator with in-
trinsic GST activity, and its identification as a transcriptional coactivator provides an
explanation for its role in numerous biological processes.
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Regulation of RNA polymerase II (Pol II)-transcribed genes is one of the primary
mechanisms by which cells coordinate the myriad of processes required for sur-

vival, proliferation, and development. The core promoter, defined as the 80- to 100-bp
region centered on the transcription start site (TSS), is the hub of transcription regu-
lation (1). Transcription initiates when general transcription factors (GTFs) bind ele-
ments within the core promoter region, forming a complex consisting of Pol II and
other highly conserved Pol II-associated transcription factors (2). In recent years, our
understanding has advanced from a model where the core promoter and the GTFs act
as static integrators of signals from sequence-specific transcription factors that bind
enhancer regions and modulate transcription levels to one where the core promoter
and its machinery constitute a more dynamic assembly with different enhancer spec-
ificities (3, 4) and intrinsic regulatory properties (1).

One particular core promoter element that provides a clear contrast to the models
arising from canonical promoters has emerged. The element, named Motif 1 (5, 6), is
present in the promoter regions of thousands of genes in Drosophila. We identified and
characterized a factor that binds this conserved element and named it M1BP (7). M1BP
is enriched at housekeeping gene promoters, and M1BP-bound genes tend to have
moderate to high levels of paused Pol II, are constitutively expressed, and show little
spatiotemporal fluctuation in transcription levels (7). Additionally, Motif 1 and, by
extension, M1BP-bound promoters tend to lack many of the elements once thought to
be essential for initiation, such as the TATA box and initiator (6), so how initiation occurs
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at these promoters remains a mystery. Thus, the study of M1BP promoters might
provide insights into previously unknown mechanisms of transcription initiation and
activation.

Here we characterized a factor called GFZF that M1BP recruits to promoters. GFZF
turns out to be a novel transcriptional coactivator that has glutathione S-transferase
(GST) activity. GFZF has been identified in many genetic screens since its initial
characterization (8). These screens have implicated GFZF in a wide variety of processes,
including regulation of the cell cycle (9), DNA damage checkpoints during the transition
from G2 to M phase (10), transcriptional and splicing control of RAS/mitogen-activated
protein kinase (MAPK) signaling (11), response to oxidative stress (12), three-
dimensional organization of polycomb complexes (13), and speciation (14), among
other processes (15–17). Despite its involvement in these critical cellular processes, little
is known about the mechanism by which it carries out these seemingly disparate
functions. Early work reported that GFZF resides in the cytoplasm (8). Here, we present
data supporting a parsimonious conclusion that GFZF is a transcription factor required
for expression of the many factors that carry out the functions described in the
above-mentioned screens.

Historically, GSTs have been studied for their role in cellular detoxification (18).
However, there are notable examples of GSTs performing additional cellular functions,
which include the regulation of signal transduction (19), inhibition of apoptosis (20),
and the response to oxidative stress (21). Thus, it seems that GSTs play a critical, and
perhaps underappreciated, role in cellular function and homeostasis. Our unprece-
dented finding of a transcription factor with GST activity raises the possibility of
additional layers of complexity to the already-complex process of metazoan transcrip-
tional regulation.

RESULTS AND DISCUSSION
M1BP associates with GFZF. In order to understand the function of the core

promoter, it is essential to know what factors associate with it. To identify factors that
associate with Motif 1-containing core promoters, we immobilized promoter DNA from
a mitochondrial ribosomal protein subunit gene (mRpS30) with a strong consensus
Motif 1 and incubated this with Drosophila embryo nuclear extract. As a negative
control, we also incubated extract with a mutant version of the promoter DNA that no
longer binds M1BP. Bound proteins were then detected by SDS-PAGE and identified by
mass spectrometry. Comparison of the factors bound to these two promoters identified
several factors, including Putzig and GFZF (Fig. 1A). The identification of Putzig is
consistent with previous findings that Putzig exists in a complex with TRF2 (22) and that
TRF2 interacts with M1BP (23).

To determine if GFZF interacts directly with M1BP, we performed the immobilized
template pulldown analysis with recombinant proteins expressed in and purified from
Escherichia coli. The data are consistent with our results from extracts and show, as
expected, that neither of the two factors associated with the mutated Motif 1 template
(Fig. 1B, lanes 3, 5, and 7). In contrast, M1BP was able to associate with the wild-type
(wt) motif 1 template regardless of whether GFZF was present in the reaction (Fig. 1B,
cf. lanes 4 and 8). Conversely, GFZF was able to associate with the wild-type Motif 1
template only in the presence of M1BP (Fig. 1B, cf. lanes 6 and 8). Thus, direct
interaction between M1BP and GFZF is likely to be involved in recruiting GFZF to
promoter DNA.

To determine if M1BP and GFZF interact in the absence of a DNA template, we
performed pulldowns with purified maltose binding protein (Mal) fusions. Using either
the alpha fragment of LacZ as a control or full-length M1BP fused to Mal, we deter-
mined that GFZF interacts specifically with M1BP (Fig. 1C, cf. lanes 3 and 5). Notably, the
immobilized template pulldown (Fig. 1B) showed a roughly stoichiometric recovery of
both GFZF and M1BP, whereas in the case of the Mal fusion pulldowns, GFZF is
recovered substoichiometrically. This suggests that GFZF may have a greater propen-
sity to bind M1BP in a DNA-templated context.
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GFZF associates with chromosomes. While GFZF was originally reported to be
primarily a cytoplasmic protein (8), the results of our immobilized template pulldown
experiments indicated that GFZF might associate with chromosomes. To test this, we
used immunofluorescence microscopy with GFZF antibody to detect GFZF on polytene
chromosomes. Antibody against GFZF localized it to distinct bands broadly distributed
across each chromosome (Fig. 2A). Since our pulldown analysis indicated that M1BP
and GFZF associate with each other, we compared their distributions on chromosomes.
A comparison of M1BP and GFZF staining patterns on different polytene chromosome
spreads revealed very similar staining patterns (Fig. 2B). However, since both M1BP and
GFZF antisera were prepared in rabbits, we could not detect both proteins at the same
time on the same specimens. To circumvent this problem, we constructed a transgenic
fly line that expresses FLAG-tagged M1BP (Fig. 2C and D) and localized the two proteins
with a mouse monoclonal antibody targeting the FLAG epitope on M1BP and rabbit
antibody targeting GFZF. This revealed significant overlap in staining for the two factors
(Fig. 2E), suggesting that M1BP and GFZF bind the same genomic regions.

GFZF colocalizes with M1BP at many promoters. To gain further insights into
GFZF’s role, we mapped the distribution of GFZF on the genome using chromatin
immunoprecipitation with exonuclease (ChIP-exo). In ChIP-exo, chromatin is isolated
from cross-linked cells, an immunoprecipitation is performed, and libraries are gener-
ated. In the course of library preparation, lambda exonuclease is applied to the
immunoprecipitates and digests DNA in the 5=-to-3= direction until its progression is
stopped, typically when it encounters a cross-link point that prevents its continued
digestion. This provides a snapshot of the 5= cross-link borders of factors present at the
time of cross-linking (24). We applied this to both M1BP and GFZF and found that GFZF
was present on over 1,000 promoters in proliferating Drosophila S2R� cells (Fig. 3A). A
composite plot shows that the ChIP-exo signal for GFZF largely overlaps with M1BP and
is concentrated in a 100-bp region just upstream from the transcription start site (Fig.
3B). Additionally, after calling peaks for both factors, we identified genes that have an
M1BP or GFZF peak within 100 bp of the TSS. A total of 3,013 genes are bound by M1BP,
while 1,885 are bound by GFZF. Furthermore, both factors are bound almost exclusively
to the promoter regions of active genes (Fig. 3C). Gene ontology analysis of genes with
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FIG 1 GFZF is a nuclear protein recruited to promoter DNA by M1BP. (A) Silver-stained SDS-PAGE analysis of eluates from immobilized template
pulldowns using the mRpS30 promoter DNA with either the wild-type Motif 1 sequence (wt Motif 1) or the Motif 1 sequence with 3 mutated
nucleotides (Δ Motif 1). wt and Δ Motif 1 sequences for the mRpS30 promoter are shown below the gel. Nuclear extracts were incubated with
the immobilized templates, and bound proteins were recovered and analyzed by 8% SDS-PAGE. (B) Coomassie blue-stained SDS-PAGE analysis
of immobilized template pulldown experiments using the RpLP1 promoter sequence performed with recombinant, purified His-M1BP and
His-GFZF. wt and Δ Motif 1 sequences for the RpLP1 promoter are shown below the gel. (C) Coomassie blue-stained SDS-PAGE analysis of Mal
fusion pulldown experiments performed with recombinant, purified Mal-lacZ� or Mal-M1BP fusion proteins immobilized on amylose beads and
His-GFZF.
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a GFZF peak within 100 bp of the TSS revealed that, like M1BP (7), GFZF is highly
enriched at the promoters of genes that perform housekeeping functions (i.e., metab-
olism, organization, and cellular physiology) (Fig. 3D). Thus, we conclude that GFZF and
M1BP show remarkable overlap throughout the genome.

GFZF is a transcriptional coactivator. The extensive colocalization of GFZF with
M1BP, a known transcription factor (7), raises the possibility that GFZF is a transcription
factor. To test whether GFZF activates transcription, we performed a dual-luciferase
reporter assay following GFZF depletion in S2R� cells (Illustrated in Fig. 4A). We used
the GFZF-associated promoters for the ribosomal protein gene RpLP1, sex-lethal (Sxl)
gene, roX2 gene, or abnormal wing disc gene (awd) to drive transcription of a firefly
luciferase reporter. These promoters were chosen because previous studies had linked
GFZF to processes and pathways in which their genes or gene products are involved
(14, 15). As an internal control for the transfection efficiency, we used the RpIII128
promoter, which lacks M1BP and GFZF, to drive expression of a sequence coding Renilla
luciferase. Both firefly and Renilla luciferase-encoding plasmids were transfected with
either an empty expression vector or one that expressed a FLAG-tagged version of
GFZF. Cells were treated for 1 day with double-stranded RNA (dsRNA) targeting either
lacZ as a control, exon 2 of GFZF, or the 5= untranslated region (5= UTR) of GFZF and
subsequently transfected with reporter plasmids. Two days later, cells were lysed and
assayed for firefly and Renilla luciferase activity. Ectopically expressed FLAG-GFZF
activated each of the promoters in the presence of the lacZ RNA interference (RNAi)
control (Fig. 4B to E, cf. bars 1 and 2). This suggests that GFZF levels in the cell are
limiting. RNAi targeting exon 2 of both the endogenous and ectopic GFZF inhibited
GFZF-dependent activation (Fig. 4B to E, cf. bars 2 and 4). In contrast, RNAi targeting
the 5= UTR of endogenous GFZF, which is different from the 5= UTR of ectopic GFZF,
did not inhibit activation by FLAG-GFZF (Fig. 4B to E, cf. bars 2 and 6). Instead, the
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FIG 2 GFZF is associated with polytene chromosomes. (A) Polytene chromosomes from third-instar
larvae were spread and stained with antibody against GFZF. (B) Comparison of M1BP and GFZF staining
patterns at the end of chromosome 2R on separately stained samples. White lines guide an alignment
of the patterns. (C and D) Polytene chromosomes from third-instar larvae expressing M1BP with
N-terminal double FLAG and single HA tags under the control of the Hsp83 promoter were spread and
stained with rabbit antibody against M1BP (C) and mouse monoclonal antibody against the FLAG
epitope (D). (E) Polytene chromosomes from flies expressing 2�FLAG-HA-M1BP were spread and stained
with mouse antibody against the FLAG epitope and rabbit antibody against GFZF. For ease of compar-
ison, the images were split and aligned so that GFZF is to the left of the thin white line and FLAG-M1BP
is to the right.
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level of expression mediated by endogenous GFZF was diminished (Fig. 4B to E, cf.
bars 1 and 5).

To determine if GFZF is involved in activation of endogenous genes, we knocked
down the level of GFZF and used ChIP to monitor the association of GFZF, M1BP, and
Pol II with the same promoters that were tested in our transient-expression assay. RNAi
targeting GFZF caused significant decreases in the level of GFZF associated with the
RpLP1, Sxl, roX2, and awd promoters (Fig. 5A). These results confirm that our ChIP-exo
analysis with the GFZF antibody indeed monitors GFZF. Furthermore, the ChIP analysis
also confirmed our ChIP-exo data showing that little if any GFZF associates with the
hsp70 promoter. Knockdown of GFZF also caused decreases in the level of M1BP
associating with the promoters (Fig. 5B). This was unexpected since our biochemical
analysis showed that M1BP bound a promoter fragment independently of GFZF
(Fig. 1B). Western blot analysis showed that the knockdown of GFZF does not affect the
level of M1BP (Fig. 5D). Thus, the contribution GFZF to M1BP promoter occupancy must
reflect some role for GFZF contributing to M1BP in the cellular context. GFZF might be
stabilizing the binding of M1BP or inducing some conformational change that affects
the cross-linking efficiency. In accordance with the transient-expression data, the
knockdown of GFZF caused a marked decrease in the level of a Pol II subunit, Rpb3,
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detected at GFZF-associated promoters but had an insignificant impact on Rpb3
associated with the hsp70 promoter (Fig. 5C). Taken together, the transient expression
data and the ChIP analysis establish that GFZF is a transcriptional coactivator.

GFZF has GST activity. An intriguing feature of GFZF is its glutathione S-transferase
(GST) homology region, which is unprecedented for a transcription factor. A previous
study demonstrated that GFZF binds a glutathione (GSH) column and can be eluted
with GSH in a dose-dependent fashion (8). To test whether GFZF functions as a
glutathione S-transferase and to measure its affinity for GSH, we expressed the GST
domain of GFZF with a His tag in E. coli and purified it using metal affinity and
ion-exchange chromatography (Fig. 6A). At the same time, we designed and expressed
a catalytic mutant (S876A) of GFZF using the structure of a related GST in silkworm for
reference (25). We next assayed GST activity by monitoring the increase in absorbance
at 340 nm that results when GSH is conjugated to 1-chloro-2,4-dinitrobenzene (CDNB).
Based on initial reaction velocities, the Kms for glutathione for the wild-type (wt) and
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the S876A mutant were determined to be 0.07 mM and 3.28 mM, respectively (Fig. 6B).
The Km of wt GFZF falls well below the physiological range of GSH concentrations,
which has been reported to be between 1 and 10 mM (26), though it has been reported
that GSH concentrations are lower in the nucleus (27). Thus, GFZF’s high affinity for GSH
suggests that it is probably almost always bound in a cellular context.

To determine if the GST activity was involved in transcriptional activation, we
measured activation of the luciferase reporter genes in the presence of a wild-type
GFZF, a mutant GFZF (S876A), or a truncated GFZF which has the GST domain deleted
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(Fig. 7A). The wt and S876A mutant activated transcription to similar extents, while the
truncated GST-less mutant had approximately half as much activity (Fig. 7B). While wt
GFZF activates transcription more robustly than the GST-less mutant in the luciferase
assay, it was critical to assess whether differences in protein expression could account
for the differences between those samples. To that end, we performed Western blotting
against the FLAG epitope to quantify ectopic GFZF expression in cells (representative
Western blots are shown in Fig. 7C). Upon comparing the fold increase in luciferase
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FIG 7 GFZF’s GST domain is not required for transcription activation of transfected DNA. (A) Schematic
of GFZF and mutations used to test the function of GFZF’s GST domain in transcription activation. FWZF
stands for FLYWCH zinc finger domain. (B) Normalized firefly/Renilla luciferase activities are displayed for
four different reporter promoters with wt, ΔGST, and S876A mutant versions of GFZF ectopically
expressed (n � 3). (C) Representative Western blots of luciferase lysates following ectopic expression of
wt, ΔGST, or S876A GFZF. Western blots from 5 of 12 independent experiments are shown. The upper
and lower band in each blot correspond to full-length (wt or S876A) and truncated (ΔGST) GFZF,
respectively. The wt and ΔGST bands were quantified with ImageJ to determine the fold difference in
ectopic expression. (D) Fold differences in luciferase activity and ectopic GFZF expression are compared
for the wt and ΔGST GFZF samples after combining the data for all four of the tested promoters.
Calculation of the ratio of activation by wild-type and ΔGST GZF was made by subtracting the
endogenous (empty vector) luciferase values from the values for ectopically expressed GFZF samples and
then taking the ratio of the wt to ΔGST adjusted values. Calculation of the ratio of levels of ectopically
expressed wild-type and ΔGST GFZF was made by measuring the intensities of anti-FLAG Western blot
signals. There is no significant difference between the fold increase in luciferase activity and the fold
increase in ectopic expression for the wt versus ΔGST samples (P � 0.78). Error bars represent standard
deviation; n � 12 (3 replicates from 4 promoters).
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activity with the fold increase in ectopic protein expression, we conclude that the GST
portion of GFZF does not contribute to its ability to activate transcription in this assay
(Fig. 7D) (P � 0.78 [two-tailed t test, assuming equal variance, comparing difference in
fold activation for the wt and ΔGST mutant for the luciferase assay and ectopic GFZF
expression]; n � 12).

Identification of GFZF as a transcription factor provides insights into its roles
in a broad spectrum of biological processes. Since its initial discovery, GFZF has

appeared as a “hit” in numerous screens (10, 11, 13–15). While possible explanations for
GFZF’s appearance in these screens have been put forth, they have lacked a unifying
cellular function that could explain GFZF’s seemingly disparate roles. Here we show
that GFZF binds approximately 1,800 genes and functions as a transcriptional coacti-
vator. This new information can explain the broad functionality of GFZF. The GFZF gene
was first identified in Drosophila as a suppressor of a gene called killer of prune (also
known as awd). Mutations in awd alone cause no phenotype, but these mutations
cause lethality in flies that are homozygous for nonlethal mutations in another gene,
called prune. It was proposed that mutations in the GFZF gene suppressed the lethality
caused by the combination of mutations in awd and prune because wild-type GFZF was
generating something toxic by conjugating glutathione to a metabolic product derived
from the activities of mutant prune (encoding a cyclic AMP phosphodiesterase) and
mutant awd (encoding a nucleoside diphosphate kinase) (15). However, our data
provide a simpler explanation: GFZF associates with the awd promoter and activates
transcription (Fig. 4E, 5A to C, and 8A). Hence, mutations in the GFZF gene would
reduce the level of expression of mutant awd so there would no longer be sufficient
mutant Awd protein to cause lethality with mutant Prune protein. In another case,
GFZF’s appearance in a screen for RAS-mediated MAPK activation can be explained
by GFZF’s binding to the core promoter region of mek (Fig. 8B, Dsor1). In accordance
with GFZF’s function as a transcriptional coactivator, the authors demonstrated that
knockdown of GFZF results in reduced levels of mek transcripts (11). Likewise, GFZF’s
appearance in the G2-M DNA damage checkpoint screen could be simply explained by
GFZF being required for the transcription of other factors involved in this DNA
damage checkpoint. Our ChIP-exo analysis indicates that GFZF associates with 22 of
the 64 genes that were identified in this screen, including the promoters of factors
known to have roles in this DNA damage checkpoint, including myt1, 14-3-3�, and
tefu (10) (Fig. 9).

GFZF was also identified in a screen for mutations that affect hybrid inviability (14).
When female Drosophila melanogaster organisms are mated to male Drosophila simu-
lans organisms, no male progeny are produced. Mutations in GFZF in male D. simulans
allowed production of male progeny in this interspecies mating. GFZF binds to the
promoters of three (msl-1, msl-2, and mle) out of five subunits that comprise the
male-specific lethal (MSL) complex in flies. Additionally, it binds to the promoter region
of roX2, one of the noncoding RNAs (ncRNAs) that is part of the MSL complex (Fig. 10).
The MSL complex functions in dosage compensation in male flies by doubling the
amount of transcription arising from genes on the X chromosome; disrupting the
function of the MSL complex causes male lethality. Since GFZF is a transcriptional
coactivator and binds the promoters of several genes encoding the MSL complex, we
speculate that hybrid-specific GFZF-mediated misregulation of MSL components might
be contributing to male lethality. This would be consistent with the work of others who
have provided evidence that defects in dosage compensation contribute to hybrid
inviability (28–30). However, a follow-up study which tested the hypothesis that defects
in the MSL complex contribute to hybrid inviability concluded that defects in MSL
function cannot fully explain hybrid inviability (31). It could be that GFZF’s role in hybrid
inviability is more nuanced than misregulation of MSL complex components and might
involve misexpression of other factors involved in maintaining incompatibility. What-
ever the case, it is reasonable to speculate that GFZF’s role will involve misregulation
of genes required for maintenance of hybrid inviability.
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The GST activity of GFZF. GFZF is unusual because of its unique combination of
zinc fingers and a functional GST domain. Our search for homologous genes in other
organisms indicates that genes sharing homology to the entirety of GFZF are limited to
Schizophora, the section of true flies which includes the common housefly. Since other
neopterans, including mosquitoes, have GST proteins that share homology with GFZF’s
GST domain but lack GFZF’s zinc fingers, it is likely that GFZF evolved recently as a result
of a gene fusion (see the Clustal alignments in Fig. S1 in the supplemental material and
the cladogram in Fig. S2 in the supplemental material). In accordance with this
hypothesis, mRNA expression data show that there is a second promoter in the intron
that immediately precedes the GST domain of the full-length GFZF gene, and the
resulting transcript is predicted to encode a functional GST. This transcript is detected
from 14-h-old embryos to adults, whereas the full-length GFZF is detected throughout
development beginning with 0- to 2-h-old embryos (32).

At this point, the function of the GST domain is unclear. We observed that deletion
of this domain reduced the level of expression of the remainder of the protein and that
the remaining part still activated transcription. Since we assayed for function only on
transiently transfected DNA, it remains possible that the GST activity is important in a
natural chromatin context, which is not formed on transiently transfected DNA. Muta-

A

B

FIG 8 GFZF binds the promoters of genes integral to genetic screens in which GFZF was a “hit.” (A) UCSC
genome browser shot showing the association of GFZF and M1BP with the promoter of the gene awd.
awd is also known as killer of prune. Mutations in awd alone cause no phenotype, but such mutations
cause lethality in flies that are homozygous for nonlethal mutations in another gene, called prune (15).
The reads above and below the horizontal line correspond to ChIP-exo reads from the forward (�) and
reverse (�) strands, respectively. (B) UCSC genome browser shot showing GFZF’s association with the
promoter of Dsor1, which is critical for the RAS/MAPK signaling pathway (11). Dsor1 encodes the MEK
kinase. Shown are forward (�)- and reverse (�)-strand ChIP-exo reads for M1BP, GFZF, or a no-IgG ChIP
control. Black bars show the genomic location of MultiGPS-generated peaks for either GFZF or M1BP.
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tions in the GST domain of GFZF that cause larval lethality have been identified, so the
domain appears to be essential (15).

It is possible that the gene fusion resulting in GFZF is fortuitous and that the GST
domain’s function is not linked to gene regulation. On the other hand, this fusion raises
the intriguing possibility that GST activity is important for gene expression and that
other organisms bring GST activity to a gene’s promoter through protein-protein
interactions. GST proteins are best known for their roles in protecting cells from toxic
endogenous and xenobiotic compounds, so GST might function at promoters to inhibit
DNA damage (21). Another possibility is that GFZF serves as a sensor of the redox

FIG 9 GFZF binds the promoters of genes involved in the G-to-M DNA damage checkpoint. Based on an
RNAi screen, Myt1, 14-3-3�, and tefu were among the top genes to affect the G2-to-M DNA damage
checkpoint (10). UCSC Genome browser shots of ChIP-exo data show that GFZF associates with the
promoters of all three genes. Shown are forward (�)- and reverse (�)-strand ChIP-exo reads for M1BP,
GFZF, or a no-IgG ChIP control. Bars in black show the genomic location of MultiGPS-generated peaks for
either GFZF or M1BP.
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potential of the cell. Having a GST transcription factor act as a nuclear sensor of the
redox state of the cell could ensure that cells can quickly alter their transcriptional
program in response to stress and chemical insult. There is precedent for redox
regulation of transcription factors, both directly (33) and through signal transduction
(19). Brf2, a Pol III core transcription factor, has a single oxidation-prone cysteine residue
that when oxidized inhibits Brf2’s ability to form a complex with TATA binding protein
(TBP) at some Pol III-dependent promoters. In cells, oxidative stress caused a sharp
decline in Brf2-dependent gene transcripts (34). In an example of redox regulation
through signal transduction, a GST protein acts to inhibit c-Jun N-terminal kinase (JNK)
activity under normal physiological conditions. However, when cells are treated with
hydrogen peroxide or UV irradiation, the GST dimerizes and no longer inhibits JNK, thus
allowing the signaling cascade to commence (19). As further evidence of redox-driven
transcriptional regulation, sublethal levels of hydrogen peroxide globally reduce the
turnover rate of Pol II paused in the promoter-proximal regions of genes (35). Finally,
PrfA, a protein in the intracellular pathogenic bacterium Listeria monocytogenes, ap-
pears to be allosterically regulated by glutathione (36). If, as in the above examples,
such a molecular switch regulates GFZF function in response to redox perturbations, it
would represent an elegant means of quickly altering the expression of a multitude of
genes in response to stress.

MATERIALS AND METHODS
Nuclear extracts. Nuclear extracts were prepared from 0- to 12-h Oregon R embryos as previously

described (37).
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FIG 10 GFZF binds the promoter region of male-specific lethal (MSL) complex genes. UCSC Genome browser shots of genes encoding components of the MSL
complex are shown. GFZF’s appearance in a screen for hybrid inviability, which leads to male lethality, could pertain to its role in expression of components
of the MSL complex. Shown are forward (�)- and reverse (�)-strand ChIP-exo reads for M1BP, GFZF, or a no-IgG ChIP control. Bars in black show the genomic
location of MultiGPS-generated peaks for either GFZF or M1BP.
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Immobilized-template pulldowns. Immobilized-template pulldowns were performed by annealing
oligonucleotides (sequences are listed in the supplemental material) corresponding to the core promoter
sequence of mRpS30 (�32 to �18) or RpLP1 (�37 to �13) and gel purifying the annealed templates from
a polyacrylamide gel. One strand of the annealed template was biotinylated at the 5= end. Oligonucle-
otides used for pulldowns from nuclear extracts have an inverted 3= dT to inhibit degradation by 3=
exonuclease present in the nuclear extracts. For immobilized-template pulldowns from nuclear extracts,
3.5 �g of wt or mutant Motif 1 mRpS30 template was immobilized on 100-�l streptavidin Dynabeads
(Thermo Fisher, 11205D) according to the manufacturer’s instructions. Template-bound beads were
equilibrated in 0.18 M HEMGN (180 mM KCl, 25 mM HEPES [pH 7.6], 12.5 mM MgCl2, 0.1 mM EDTA [pH
7.9], 10% glycerol, 0.1% NP-40, and 1 mM dithiothreitol [DTT]). The beads were then incubated at room
temperature for 45 min with 250 �l of nuclear extract and 40 �g of HaeIII-digested E. coli DNA. Beads
were washed 5 times at room temperature for 10 min each with 0.18 M HEMGN. Finally, beads were
transferred to a new tube and boiled in gel loading buffer, and the resulting proteins were analyzed
on an 8% SDS-polyacrylamide gel.

For immobilized-template pulldowns using purified factors, 800 ng wt or mutant Motif 1 RpLP1
template was immobilized on 20-�l streptavidin Dynabeads. Binding reaction mixtures (150 �l) had the
following composition: 25 mM HEPES (pH 7.6), 200 mM NaCl, 40 mM KCl, 10% glycerol, 10 �M ZnCl2, 0.1%
NP-40, 1 mM DTT, 3.5 �g His-GFZF (or dialysis buffer), 3.5 �g His-M1BP (purification previously described
[23]), and 25 �g sonicated salmon sperm DNA. Samples were incubated at room temperature for 1 h,
washed 3 times with wash buffer consisting of 25 mM HEPES (pH 7.6), 200 mM NaCl, 40 mM KCl, 10%
glycerol, 10 �M ZnCl2, 0.1% NP-40, and 1 mM DTT, and then transferred to a new tube and eluted with
15 �l gel loading buffer for 10 min at 75°C. Samples were loaded on an 8% SDS-polyacrylamide gel and
stained with Coomassie brilliant blue. Ten percent (15 �l) of the unbound fractions was also analyzed by
SDS-PAGE as described above.

Purification of Mal fusions. One liter of BL21(DE3) E. coli culture transformed with plasmids
encoding N-terminal maltose binding protein (Mal) fused with a rigid linker to the lacZ� fragment or
M1BP was grown at 37°C to an optical density at 600 nm (OD600) of 0.8. Expression of the Mal fusion
protein was induced by addition of IPTG (isopropyl-�-D-thiogalactopyranoside) to a final concentration
of 300 �M. Cultures were incubated at 37°C for an additional 2 h and then placed on ice and harvested
by centrifugation for 10 min at 7,500 � g. The pellet was frozen in liquid nitrogen and then resuspended
in 125 ml Mal lysis buffer (25 mM HEPES [pH 7.6], 500 mM NaCl, 10% glycerol, 0.1% NP-40, 1 mM DTT,
0.4 mM phenylmethylsulfonyl fluoride [PMSF], and a protease inhibitor cocktail). All subsequent steps
were performed at 4°C. Cells were lysed by passing the cell suspension 3 times through a Microfluidizer.
Lysates were cleared by ultracentrifugation for 1 h in a Beckman type 70 Ti rotor at 35,000 rpm. Fifty
milliliters of supernatant was passed through 0.5 ml of amylose resin (NEB E8021) packed in a Poly-Prep
gravity column (Bio-Rad, 7311550). The resin was washed with 12 column volumes of Mal lysis buffer and
finally with 4 column volumes of Mal lysis buffer with 180 mM NaCl. Protein-bound resin was stored at
4°C.

Mal protein fusion pulldowns with His-GFZF. Binding reaction mixtures totaling 500 �l consisted
of 25 mM HEPES (pH 7.6), 180 mM NaCl, 10% glycerol, 0.1% NP-40, 1 mM DTT, 0.4 mM PMSF, 2 �l
Mal-bound amylose resin (�9 �g Mal fusion protein), and 3.5 �g His-GFZF. Reaction mixtures were
incubated at 4°C for 2 h with end-over-end rotation and then washed with 25 mM HEPES (pH 7.6), 180
mM NaCl, 10% glycerol, 0.1% NP-40, 1 mM DTT, and 0.4 mM PMSF at 4°C for 2 h with end-over-end
rotation. The resin was transferred to a new tube, and material was eluted in 20 �l gel loading buffer by
heating to 75°C for 10 min. The material was analyzed by 10% SDS-PAGE and stained with Coomassie
brilliant blue.

Polytene chromosome squashes and immunofluorescence. Salivary glands were dissected from
third-instar larvae and stained with antibody against GFZF (8) or M1BP (7) or with anti-FLAG M2 antibody
(Sigma, F1804) as previously described (38).

Purification of full-length His-GFZF. The coding sequence of GFZF was cloned from S2R� cDNA
into the NheI and EcoRI restriction sites of the pET28 expression vector. Rosetta (DE3)pLysS cells were
grown in 1 liter of LB medium at 37°C to an OD600 of 0.4. IPTG was added to a final concentration of 1
mM, and cells were incubated at 18°C for 24 h. Cells were collected, lysed in lysis buffer (50 mM HEPES
[pH 7.6], 500 mM NaCl, 10 mM imidazole, 10% glycerol, 0.1% Triton X-100, 2 mM PMSF, and 20 mM
2-mercaptoethanol), sonicated, and centrifuged at 20,000 � g for 20 min. Lysates were applied to 300
�l Ni-nitrilotriacetic acid (NTA) resin (Qiagen, 30210) and bound in batch at 4°C for 1 h. Resin was
collected and washed in batch at 4°C for 15 min with 30 ml lysis buffer. Resin was packed in a column,
washed with an additional 5 ml lysis buffer, and eluted with 50 mM HEPES (pH 7.6), 150 mM NaCl, 10%
glycerol, 200 mM imidazole, 0.1% Triton X-100, 2 mM PMSF, and 20 mM 2-mercaptoethanol. The eluates
were further purified through Mono Q using a buffer consisting of 50 mM HEPES (pH 7.6), 10% glycerol,
0.1 mM ZnCl2, 0.1% Triton X-100, and 1 mM DTT with a NaCl gradient from 150 mM to 550 mM.

Generation of FLAG- and HA-tagged M1BP-transgenic flies. The M1BP-coding sequence was
amplified from the plasmid described previously (7) and inserted downstream of the hsp83 promoter in
pCaSpeR-hs83 (39). The resulting plasmid encoded M1BP with two consecutive FLAG tags and a
hemagglutinin (HA) tag at the N terminus. Drosophila transformation was performed by Rainbow
Transgenic Flies, Inc.

ChIP-exo. ChIP-exo was performed with antibodies against GFZF (8) and M1BP (7) essentially as
described in reference 23 with minor modifications. Libraries were quantified by quantitative PCR (qPCR)
and sequenced on an Illumina NextSeq 500. Base calls were performed using Bcl2FastQ version 2.16.0.
Sequenced reads were masked for low-quality sequence and then mapped to the D. melanogaster dm3
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whole genome using bwa mem (versions 0.7.9a, 0.7.12) with the default parameters. Heat maps were
generated with HOMER bioinformatics software (47) and java Treeview (48). Tables for composite plots
were generated with HOMER, and plots were visualized using R (49). Based on the knowledge that M1BP
mediates GFZF’s association with chromatin, we reasoned that we might be able to boost GFZF’s
ChIP-exo signal intensity by using additional cross-linking reagents which would increase the likelihood
that GFZF and M1BP form protein-protein cross-links. To test this, we cross-linked cells first with dimethyl
adipimidate and ethylene glycol bis(succinimidyl succinate) for 10 min and then with formaldehyde
for an additional 10 min. We performed ChIP-exo with this material and compared this additionally
cross-linked material with our formaldehyde-only material and found a good correlation (Pearson r2 �
0.87 for summed reads surrounding gene promoters) between the data sets and also noticed increased
signal intensities using the chromatin with extra cross-linkers. Thus, we used the data from this chromatin
preparation for our GFZF analysis. Genome browser images were generated with the UCSC genome
browser (40).

Peak calling. The 5= ends of reads were obtained, and MultiGPS (41) was used to call peaks using
the default settings with Preimmune ChIP-exo libraries serving as control samples. A list of genes with
a GFZF peak within 100 bp of its TSS was used for gene ontology (GO) analysis. GO analysis was
performed using DAVID with the GOTERM_BP_1 list (42, 43). The Venn diagram was generated with
BioVenn (44). The active gene list was derived from reference 45 as described in reference 7.

Luciferase reporter assays. S2R� cells were grown in M3�BPYE containing 10% FBS and at 25°C.
For luciferase assays without dsRNA treatment (Fig. 7), 1.7 million S2R� cells in 600 �l of medium were
seeded per well in 24-well plates (Corning, 353047) and incubated overnight. The following day, cells in
a well were transfected with a mixture of 25 ng pGL3-(RpLP1 [�500 to �50], Sxl [�500 to �53], roX2
[�258 to �60], or awd [�500 to �25]), 25 ng pRL-polIII-Renilla (46), 50 ng pAc5.1 (empty or 2XFLAG-
GFZF wt, ΔGST, or S876A mutant), 20 �l serum-free medium, and 0.2 �l FuGENE HD (Promega, E2311).
The plasmids and medium were premixed prior to the addition of FuGENE HD as indicated in the
manufacturer’s protocol. Two days after transfection, cells were lysed and assayed for luciferase activity
using the dual-luciferase reporter assay system (Promega, E1910) according to the manufacturer’s
protocol. To monitor relative levels of transiently expressed derivatives of GFZF, a portion of cell lysate
from the dual-luciferase assay containing 20 �g of total protein (as determined with the Bio-Rad Bradford
assay 5000006) was subjected to Western blot analysis with M2 anti-FLAG antibody (Sigma, F1804). For
luciferase assays with dsRNA treatment (Fig. 4), dsRNA was generated by in vitro transcription with T7
polymerase on PCR-generated templates flanked by T7 promoter sequences (the primer sequences used
to generate each PCR template are included in Table S1). A total of 1.7 million cells in 300 �l serum-free
medium were seeded per well in 24-well plates. The cells were then treated with 3 �g of dsRNA for 1
h, after which 300 �l of medium supplemented with 20% fetal bovine serum (FBS) and 2� antibiotic plus
antifungal (Corning, 30-004-CI) was added. dsRNA-treated cells were then incubated overnight and
transfected with DNA on the following day as described above.

RNAi depletion of GFZF followed by ChIP. S2R� cells were maintained in M3�BPYE containing
10% FBS and grown at 25°C. Ten milliliters of cells at 2.8 million cells per ml was plated in a 10-cm dish
and incubated overnight. The following day, the medium was removed, the cells were rinsed with
phosphate-buffered saline (PBS), and 6 ml of serum-free medium was added. Sixty micrograms of dsRNA
targeting either lacZ or exon 2 of GFZF was added to the culture and incubated for 1 h. Six milliliters of
medium containing 20% FBS and 2� antibiotic plus antifungal (Corning, 30-004-CI) was added, and cells
were incubated for an additional 3 days. Chromatin immunoprecipitation (ChIP) experiments were
performed as described previously (7) using rabbit polyclonal antisera against GFZF, M1BP, or Rpb3.
Primers used to quantify percent recovery are listed in Table S1. For Western blots, cells were lysed in
lithium dodecyl sulfate (LDS) sample buffer, and material equivalent to 2 million lysed cells was subjected
to SDS-PAGE, transferred to nitrocellulose, and probed with antibodies against GFZF, M1BP, or NELF-E.

Expression and purification of the GFZF GST domain. For the purification of the His-tagged GST
domain of GFZF, the DNA sequence encoding residues 800 to 1045 of GFZF was cloned into pET28 using
the NheI and EcoRI restriction sites. The S876A mutation was introduced using the In-Fusion cloning kit
(Clontech, 638910) with primers bearing the desired mutations. Rosetta (DE3)pLysS cells were trans-
formed, and cells were grown at 37°C in 4 liters of LB medium to an OD600 of 0.8 to 0.9 and induced with
0.5 mM IPTG. Following induction, cells were incubated at 15°C for 24 h. Cell were harvested and
resuspended in 150 ml of lysis buffer (25 mM HEPES [pH 7.6], 500 mM NaCl, 5 mM imidazole, 10%
glycerol, 0.1% Nonidet P-40, 1 �M ZnCl2, 0.1 mM PMSF, 20 mM 2-mercaptoethanol, and a protease
inhibitor cocktail). The cells were lysed by passing the cell suspension through a Microfluidizer three
times and then ultracentrifuged at 125,000 � g for 30 min. The cleared lysate was bound in batch with
1.5 ml of Talon resin at 4°C for 1 h and washed in batch with 45 ml of lysis buffer for 30 min at 4°C. The
Talon resin was packed into a column, washed with an additional 5 column volumes, and eluted with
buffer consisting of 50 mM HEPES (pH 7.6), 100 mM NaCl, 200 mM imidazole, 10% glycerol, 0.1% Nonidet
P-40, 1 �M ZnCl2, 0.1 mM PMSF, and 20 mM 2-mercaptoethanol. The eluates were dialyzed overnight at
4°C in a buffer consisting of 25 mM HEPES (pH 7.6), 100 mM NaCl, 10% glycerol, 0.1% Nonidet P-40, 0.1
mM PMSF, and 2 mM DTT. Purified proteins were flash frozen in liquid nitrogen and stored at �80°C.

GST activity assay. One-milliliter reaction mixtures consisting of 100 mM potassium phosphate (pH
6.5), 1 mM 1-chloro-2,4-dinitrobenzene (CDNB), 130 nM (8 �g) purified His-GFZF truncations, and various
amounts of glutathione were assayed for absorbance at 340 nm every 20 s for 10 min. Automated
readings were taken on a Pharmacia Biotech Ultrospec 3000. The slope for the linear part of the curve
(typically 0 to 240 s) was taken as the initial velocity. R was used to generate the graph and determine
the Vmax and Km using nonlinear least-squares regression.
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Accession number(s). Sequence data are in the Gene Expression Omnibus (GEO) database under
accession number GSE105009.
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