Published online 03 March 2015

Nucleic Acids Research, 2014, Vol. 43, No. 6 3033-3045
doi: 10.1093/narlgkv015

Multimerization of Drosophila sperm protein Mst77F
causes a unique condensed chromatin structure

Nils Kost'!, Sophie Kaiser?', Yogesh Ostwal'-, Dietmar Riedel®, Alexandra Stiitzer’,
Miroslav Nikolov', Christina Rathke?, Renate Renkawitz-Pohl?> and Wolfgang Fischle'”’

Laboratory of Chromatin Biochemistry, Max Planck Institute for Biophysical Chemistry, 37077 Géttingen, Germany,
2Developmental Biology, FB17, Philipps University, 35037 Marburg, Germany and 3Electron Microscopy Group, Max
Planck Institute for Biophysical Chemistry, 37077 Géttingen, Germany

Received November 03, 2014; Revised December 11, 2014; Accepted January 08, 2015

ABSTRACT

Despite insights on the cellular level, the molecu-
lar details of chromatin reorganization in sperm de-
velopment, which involves replacement of histone
proteins by specialized factors to allow ultra most
condensation of the genome, are not well under-
stood. Protamines are dispensable for DNA con-
densation during Drosophila post-meiotic spermato-
genesis. Therefore, we analyzed the interaction of
Mst77F, another very basic testis-specific protein
with chromatin and DNA as well as studied the molec-
ular consequences of such binding. We show that
Mst77F on its own causes severe chromatin and DNA
aggregation. An intrinsically unstructured domain in
the C-terminus of Mst77F binds DNA via electrostatic
interaction. This binding results in structural reor-
ganization of the domain, which induces interaction
with an N-terminal region of the protein. Via putative
cooperative effects Mst77F is induced to multimerize
in this state causing DNA aggregation. In agreement,
overexpression of Mst77F results in chromatin ag-
gregation in fly sperm. Based on these findings we
postulate that Mst77F is crucial for sperm develop-
ment by giving rise to a unique condensed chromatin
structure.

INTRODUCTION

Spermatogenesis encompasses differentiation of male go-
nadial stem cells into highly functionalized spermatozoa,
which are capable to fertilize an oocyte (1). In particular,
after meiosis dramatic cellular reorganization takes place
to build a motile sperm with highly condensed paternal
chromatin. This differentiation process is named spermio-
genesis. Transcription is essentially shut down. Original

roundish cells are transformed into slim cells with con-
densed nuclei and flagella in mammals and needle-shaped
nuclei with heavily elongated flagella in flies (2). The DNA
undergoes tight condensation, which is caused by struc-
tural reorganization of chromatin into unique, mostly non-
histone DNA-protein complexes.

Two classes of testis specific, highly positive charged,
genome-organizing proteins are thought to accomplish
tight DNA packaging in sperm cells independent of histone
proteins. In a first step the classical chromatin organiza-
tion is dissolved and histones are evicted from the DNA.
Instead, transition proteins become the short-term orga-
nizers of the genome. Subsequently, these proteins are re-
placed by protamines, the major nuclear proteins found in
late spermatids and spermatozoa. Protamines are thought
to be linked by disulfide bridges and cause a unique tight
chromatin structure by intercalating into DNA (3,4).

While the general framework of sperm chromatin reorga-
nization appears conserved in different species and model
systems, such as mice and Drosophila, the exact molecu-
lar pathways of this stepwise process are still unclear. Nu-
merous histone modifications, such as hyperacetylation of
histone H4, ubiquitination of histone H2A and methyla-
tion of H3K79, precede histone eviction in mammals and
flies and are thought to be necessary but not sufficient for
the transition from nucleosomal to protamine-based chro-
matin (5-8). In mice, histone crotonylation and Lysine 2-
hydroxyisobutyrylation characterize the transcriptionally
active post-meiotic round spermatids as well as transcrip-
tionally silent elongating spermatids shortly before histone
eviction (9,10). Hyperacetylation of histone H4 and methy-
lation of H3K79 are not overlapping with the zytologically
detectable level of active RNA Polymerase II in this or-
ganism (7). Whereas transition proteins and protamines are
indispensable for DNA condensation and fertility in mice
(11,12), protamines, their loading factors CAF1-p75 and
Tpl94D as well as two transiently expressed chromatin com-
ponents tHMG-1 and tHMG-2 appear to be non-essential
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in Drosophila (2,13-15). In their absence DNA condensa-
tion is largely normal and mutant male flies are fertile. Obvi-
ously, other factors are essential for genome reorganization
in this organism.

The testis-specific protein, Mst77F is crucial for male fly
fertility (16,17). Its nuclear expression coincides with the re-
moval of histone proteins from chromatin and immunocy-
tological studies in developing spermatids have shown that
Mst77F globally colocalizes with DNA and microtubules
responsible for nuclear shaping (17). In contrast to transi-
tion proteins, Mst77F is retained in sperm as a nuclear com-
ponent in distinct areas of differentiated spermatozoa (17).
However, it is unclear whether Mst77F has a causal role in
histone removal or chromatin compaction.

Mst77F is related to HILS1 of mammals (homology
of 41%, see Supplementary Figure S1), which has been
suggested to be a linker histone variant implicated in
chromatin remodeling during spermiogenesis (18,19). In
mice, HILS]1 is expressed in spermatids and forms part of
histone-based chromatin. It is lost later than histones but
is unlike Drosophila Mst77F not present in mature sperm
(17,19). In Saccharomyces cerevisiae, the nucleus is com-
pacted 10-fold in spores, which requires the linker histone
Hhol (20).

Due to the distant sequence similarity with linker his-
tones of the H1 type (Supplementary Figure S1) it has been
proposed that Mst77F has DNA-associated functions (21).
As so-called architectural proteins linker histones act as
major components of somatic chromatin mediating higher
order folding via binding to nucleosomal DNA (22). His-
tone H1 proteins are characterized by a tripartite domain
organization (23,24) (Figure 1A). A globular winged-helix
fold that specifically binds the nucleosome at the dyad axis
is flanked by short N-terminal and long C-terminal un-
structured domains. These regions unspecifically interact
with DNA through their high content of positively charged
amino acids (23,25). Whether Mst77F functions analogous
to linker histones or has different properties is unclear,
since its molecular working mechanism and cellular func-
tion have not been investigated.

Here, we examined a putative role of Mst77F as
DNA /chromatin architectural protein. We analyzed struc-
tural effects on chromatin in vitro and in vivo and deduced
the consequences of elevated levels of Mst77F in spermatids
and sperm. Furthermore, we conducted biochemical, bio-
physical as well as single molecule experiments to analyze its
interaction with DNA. Our results show that Mst77F binds
DNA through an intrinsically unstructured C-terminal do-
main (CTD) via unspecific electrostatic interactions with
the sugar-phosphate backbone of the nucleic acid. How-
ever, in contrast to linker histones, Mst77F is induced to
multimerize upon binding of DNA. This process involves
the N-terminal region, which contains a putative coiled
coil domain. The result of these events is major conden-
sation of DNA in vitro and aberrant chromatin aggrega-
tion in vivo. We propose that cooperativity between intra-
and intermolecular interaction of Mst77F and its DNA-
binding properties results in a novel mode of tight DNA
packing that is involved in chromatin reorganization in
spermiogenesis.
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Figure 1. Mst77F chromatin association is independent of protamines. (A)
Top: domain architecture of Mst77F according to SMART prediction: N-
terminal coiled coil motif (red) as a possible protein-protein interaction
module and C-terminal low compositional complexity regions (green) with
undefined structure and function. Two putative nuclear localization signals
(NLS) in the C-terminal domain are indicated. Numbers indicate bound-
aries of different regions. The C-terminal part of the protein is enriched in
positively charged amino acids (lysine, arginine). Bottom: generic domain
architecture of a linker histone H1 protein. The N-terminal (NTD) and
C-terminal (CTD) domains are considered unstructured and are enriched
in positively charged amino acids. The globular domain (GD) consists of a
winged-helix fold. (B) Expression of Mst77F in individualized Drosophila
sperm was analyzed by anti-Mst77F antibody staining in W7 and Aprotl
mutant flies. Hoechst staining marks the DNA.

MATERIALS AND METHODS
Reagents

Details of plasmids, antibodies, DNA templates and recom-
binant chromatin can be found in Supplementary Materials
and Methods.

Protein expression and purification

Mst77F and hH1.4 proteins were expressed in Escherichia
coli BL21RIL (NEB). Bacterial cells were lysed at 4°C in
20 mM HEPES-NaOH pH = 7.4, 1 M NacCl, 50 mM im-
idazole, 1 mM B-mercaptoethanol, 1 mM PMSF using an
EmulsiFlex-CS5 cell disrupter (Avestin). Proteins were puri-
fied on HisPur Cobalt Resin (Thermo Scientific), dialyzed
against storage buffer (50 mM imidazole pH = 6.4, 300 mM
NaCl, 10% (v/v) glycerol, 1 mM B-mercaptoethanol) and
stored at —80°C.

Micrococcus nuclease digestion

MNase digests of isolated nuclei were done as described
(26). The procedure was further adapted to recombinant
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mono- and oligonucleosomes as described in Supplemen-
tary Materials and Methods.

Fluorescence polarization (FP)

FP assays were essentially carried out and analyzed as de-
scribed using FP buffer (10 mM triethanolamine-HCI pH
= 7.4, 150 mM NacCl) (27).

Protein cross-linking

Cross-linking of Mst77F was carried out in 10 mM
triethanolamine-HCl pH = 7.4, 150 mM NaCl, | mM
DTT at a concentration of 20 wM in 10 pl reaction vol-
ume. A 2434 bp DNA fragment isolated from pUC18 was
titrated to the protein in 2-fold increments from 0.5 to 8
wg/reaction. Reactions were allowed to equilibrate for 30
min at room temperature (RT) prior to addition of BS?
(Bis[sulfosuccinimidyl]suberate) (Thermo Scientific) to a fi-
nal concentration of 400 wM. After 30 min reactions were
quenched by addition of 100 mM Tris-HCI pH = 7.4.

Centrifugation fractionation assay

Assays were essentially carried out as described with slight
modifications (28). Details can be found in Supplementary
Materials and Methods.

Analytical ultra centrifugation

Analysis was carried out at OD,gp = 0.8 of recombinant
Mst77F in 400 wl triethanolamine-HCl pH = 7.4, 150
mM NaCl, 1 mM B-mercaptoethanol with samples equi-
librated to 20°C for 1 h. During runs (35.000 revolutions
per minute), scans (200 total) were continuously acquired.
Data analysis was performed using the SEDFIT software
and a partial specific volume of Mst77F calculated from the
amino acid composition (SEDNTERP) (29). Generally, af-
ter positioning the meniscus and the bottom, a simplex fit
for the meniscus position was performed at a resolution of
50-100. The frictional ratio was fitted with the simplex algo-
rithm. The initial fits were further refined by the simulated
annealing algorithm until the root mean square deviation
converged at a minimum.

Atomic force microscopy

DNA and proteins were extensively dialyzed against sample
deposition buffer (10 mM triethanolamine-HCI pH = 7.4,
150 mM NaCl, | mM MgCl, and | mM DTT). For analy-
sis of 2434 bp DNA, 3.71 fmol (0.3 ng/pl) DNA were incu-
bated with varying amounts of Mst77F and control proteins
(4-, 20- and 100-fold molar excess of protein over DNA) in
a total volume of 20 wl at RT for 30 min. Samples were de-
posited on mica (Plano), incubated for 10 min and washed
with 2 ml of ddH,O. For analysis of 12 bp random DNA,
0.04 .M were incubated with 0.04 or 0.64 puM Mst77F in
a final volume of 50 wl. After 1:10 dilution in deposition
buffer aliquots of 20 wl were pipetted onto mica and pro-
cessed as before. Prior to imaging samples were dried for
20 min in a stream of filtered compressed air. Images of
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the different protein-DNA complexes were recorded on a
Nanoscope V instrument (Bruker) using tapping mode in
air and a NSC15/no Al cantilever (wMasch, resonance fre-
quency of 325 kHz and force constant of 40 N/m). Scans
were recorded at a rate of 0.996 Hz with a resolution of 512
x 512 pixels. Post-imaging flattening of data files was con-
ducted with the Nanoscope software.

Circular dichroism (CD)

Protein samples were dialyzed into 10 mM triethanolamine-
HCI pH = 7.4, 150 mM sodium fluoride and concentrated
to 30 wM. CD spectra (260 to 180 nm, step size of 0.5 nm,
bandwidth of 1 nm, dwell-time per data point of 3 s) were
recorded on a ChiraScan spectrometer in terms of elliptic-
ity ® at 20°Cin a | mm Quartz CD cell (Hellma). Curves of
replicate measurements were smoothened using the instru-
ment software. Data points were exported and plotted with
the Kaleidagraph software.

Electrophoretic mobility shift assay (EMSA)

20 nM to 1.28 uM Mst77F were added to 250 ng nucle-
osome core particles in EMSA buffer (10 mM HEPES-
NaOH pH = 7.4, 50 mM KCl, 0.25 mg/ml bovine serum
albumin, 5 mM DTT, 5% (v/v) glycerol) to a final volume
of 15 wl. Reactions were incubated at RT for 20 min and
subsequently loaded onto 5% 0.5x TBE — polyacrylamide
gel electrophoresis (PAGE) gels. Gels were run at constant
100 V in the cold room for 90 min. DNA was stained with
0.5 pg/ml EtBr in running buffer for 20 min and visualized
on a Biorad UV imager.

Ectopic expression of Mst77F-eGFP

For ectopic expression in testes we used previously estab-
lished transgenic Mst77F-eGFP flies (16). Mst77F deletion
constructs were generated by polymerase chain reaction
(PCR) using genomic DNA from wild-type (WT) flies and
the following primers containing different restriction sites:
Mst77FA20C-eGFP, Mst77F-Pr-Kpn (5 GATGGTACC-
CGCGTTACTCAG 3') and Mst77FA20C-Spe (5 GAT-
ACTAGTGCCGCATTCCATC 3'); Mst77FA40C+NLS-
eGFP, Mst77F-Pr-Kpn and MstFA40CNLS-Spe (5 GAT-
ACTAGTCTTCCGGGGTCGCTTCGGTTTGCCG 3);
Mst77FAIOON-eGFP, Mst77F-Pr-Kpn and  Mst77F-Pr-
Sacll2 (5 GATCCGCGGTTTGCAACCAATTC 3) to
amplify the regulatory region and Mst77FAIOONSacll
(8 GATCCGCGGATGCATGTAGAGCCC 3) and
Mst77FStopBamHI (5 GATGGATCCTTACATCGAG-
CACTTG 3') to amplify the shortened open reading
frame. The PCR products were restriction digested with
Kpn I and Spe I, Kpn I and Sac II, or Sacll and BamH
I and cloned into pCR®II-TOPO® (Invitrogen). cDNAs
were subcloned into the germ line transformation vector
pChabASalALacZ, which supplies an in-frame C-terminal
e¢GFP and the 3UTR from SV40 (30). Independent trans-
genic Drosophila lines were established by injection of
DNA as described (31). At least five independent strains
were analyzed.

Adult testes were dissected. eGFP and Hoechst signals as
well as immunofluorescence staining were examined (Zeiss
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AxioPlan2). Images were individually recorded and pro-
cessed (Adobe Photoshop CS2/CS5). Anti-Mst77F and
anti-histone staining was performed as described previ-
ously. The Mst77F-eGFP and protamine-deficient strains
have already been reported (17). Sterility tests were per-
formed at least 10 times per genotype.

RESULTS

Mst77F has features similar to but also distinct from linker
histones

To clarify a possible role of the Mst77F protein in DNA re-
organization during post-meiotic differentiation processes
of Drosophila spermiogenesis, we first performed bioinfor-
matic analysis of the protein sequence to identify conserved
regions corresponding to putative functional domains. Mo-
tif prediction analyses of Mst77F did not reveal a conserved
winged-helix fold characteristic of linker histones, includ-
ing HILS1 but projected a coiled coil domain in the first
half of the protein (Figure 1A). Similar to histone H1 pro-
teins, a short N-terminal region and the vast majority of
the C-terminus (second half of the primary sequence) were
predicted to be in random coil conformation. The later in-
cluded regions of low compositional complexity, nuclear lo-
calization signals (NLS) and a very high content of basic
amino acids (30% of residues in the CTD are Arg or Lys)
(Supplementary Figure S1).

Mst77F is deposited to the sperm chromatin independent of
protamines

In Drosophila, protamines A and B as well as Mst77F lo-
calize to sperm chromatin (16,17). We asked if the localiza-
tion of Mst77F in mature sperm is dependent on the pres-
ence of protamines. We previously obtained evidence that
Mst77F is synthesized independent of protamines and is
distributed in distinct speckles in sperm chromatin (17). In
mature sperm of wild-type (WT) and Aprotl males no obvi-
ous difference in Mst77F distribution was seen (Figure 1B).

Mst77F induces chromatin compaction in vitro

To analyze whether Mst77F has autonomous effects on
chromatin or requires cellular cofactors, we set up in vitro
systems. First, we analyzed interaction of Mst77F with re-
combinant oligonucleosomal arrays reconstituted on the 12
x 200 bp x 601 DNA sequence (Figure 2A) (32). In co-
precipitation experiments we detected association of the
protein with chromatin that could not be saturated at 4-
fold molar excess of the protein compared to histone oc-
tamers. We also noted that binding of increasing amounts
of Mst77F did not cause eviction of any core histone from
the chromatin fiber. Next, we analyzed the consequence of
Mst77F binding for chromatin conformation. Addition of
Mst77F was sufficient to impair MNase digestion of recom-
binant oligonucleosomal arrays (Figure 2B). While the ef-
fect was weaker compared to linker histone hH1.4, imaging
of the oligonucleosomal arrays by atomic force microscopy
clearly indicated significant chromatin compaction and ag-
gregation induced by Mst77F (Figure 2C).

We then asked whether Mst77F could also affect cellular
chromatin. Since overexpression of the protein in S2 cells
induced apoptosis (data not shown), we resorted to an ex
vivo system. As Figure 2D shows, addition of Mst77F to
intact nuclei isolated form S2 cells was sufficient to induce
chromatin compaction, which was reflected in resistance to
MNase digestion. The effect in this assay was comparable
to that of linker histone hH1.4. Overall, the results implied
that Mst77F has direct effects on chromatin conformation
reminiscent of architectural proteins.

Mst77F functions differently from linker histones

Since Mst77F bound DNA simultaneous with core histones
and also had chromatin effects reminiscent of linker hi-
stones, we tested whether it could function as a special-
ized Drosophila testis restricted H1. Within the nucleosome
linker histones occupy the entry/exit point of DNA on the
histone octamer thereby protecting linker DNA (22,23). We
performed MNase digestion assays of nucleosome core par-
ticles reconstituted on 187 bp x 601 DNA in the presence of
Mst77F or hH1.4 (Figure 2E). Whereas the linker histone
clearly protected linker DNA from degradation thereby
slowing down transition of nucleosomes to 147 bp nucle-
osome core particles, Mst77F failed to do so. Compared
to control mono-nucleosomes increased amounts of inter-
mediate length DNA could be observed in the reactions
containing Mst77F. These might be due to association of
the protein with more distal regions of linker DNA, which
might impede digest by MNase. However, in gel shift exper-
iments we found Mst77F capable of associating with DNA
on the surface of nucleosome core particles (Supplementary
Figure S2). We deduced that binding to free linker DNA is
preferred in the context of nucleosomes due to higher nega-
tive charge density. In comparison, the charge of DNA that
is wrapped around the histone octamer in the nucleosome
core particle is more shielded.

Association of Mst77F with recombinant chromatin dif-
ferent from linker histones, the distinct spatio-temporal ex-
pression pattern as well as the distinct domain architecture
implied that Mst77F does not act as an H1 homolog. While
a pivotal role of the globular winged-helix domain of linker
histones is nucleosome targeting (24,33), the function of the
Mst77F putative coiled coil domain is unclear. To under-
stand the functional role of Mst77F and especially its N-
terminal region during post-meiotic spermatid maturation,
we analyzed the complexes the factor forms with DNA in
more detail.

Mst77F binds DNA via its CTD

We prepared a series of deletion mutants for in vitro bind-
ing studies to explore Mst77F interaction with DNA (Fig-
ure 3A, Supplementary Figures S1 and S3A). These were
analyzed in qualitative pull-down experiments (Supplemen-
tary Figure S3B) and quantitative FP binding assays (Fig-
ure 3B-E) with short, random sequence 12 bp DNA. The
WT protein showed robust binding to the double-stranded
oligonucleotide template with a K4 of 0.09 £+ 0.02 pM.
This interaction was dependent on the CTD as sequential
deletion of residues from the C-terminus (Mst77F A20C,
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Figure 2. Recombinant Mst77F binds chromatin and induces aggregation. (A) 12 x 200 bp x 601 DNA-based oligonucleosomal arrays were incubated
with increasing amounts of Mst77F (none, 0.23-3.71 molar excess over histone octamers). Clustering of protein-chromatin complexes was triggered by
addition of MgCl,. Complexes were recovered by centrifugation and analyzed by sodium dodecyl sulphate-PAGE (SDS-PAGE) stained with Coomassie
Blue. Input, chromatin and Mst77F (highest concentration) before precipitation. (B) Recombinant 12-mer oligonucleosomal arrays were incubated with
the indicated proteins and digested with MNase. DNA was isolated and analyzed on a 1% TBE-agarose gel that was stained with EtBr. Mock, no protein
added; input, no MNase added; time, digest for 1, 2, 4 or 8 min. The asterisks mark major (bottom) and minor (top) scavenger DNA species used in the
chromatin assembly procedure. (C) AFM images of 12-mer oligonucleosomal arrays in absence (mock) or presence of Mst77F (4-fold molar excess over
DNA). Images were recorded in tapping mode; scale bar represents 100 nm. (D) The indicted recombinant proteins were added to nuclei isolated from S2
cells. MNase digest was performed and analyzed as in (B). Mock, no exogenous protein added. (E) MNase digest of 187 bp x 601 DNA-based nucleosome
core particles in presence of the indicated recombinant proteins. Mock, no protein added; input, no MNase added; time, digest for 1, 2, 4 or 8 min. DNA

was extracted and analyzed on a 5% TBE-PAGE gel that was stained with EtBr.

Mst77F A40C, Mst77F A60C) resulted in successive loss of
binding affinity. Consequentially, the Mst77F A110C mu-
tant displayed no interaction. Deletion of the N-terminus
(Mst77F A100N), in contrast, had no effect on Mst77F
binding to DNA.. Since the CTD does not contain any struc-
tural motifs but has a high density of positive charge, we
reasoned that unspecific electrostatic interaction is the pre-
dominant mechanism of DNA binding.

To test this idea, we first analyzed a mutant Mst77F
protein where the sequence of the CTD was randomized
(Mst77F CTD#*). In FP experiments with the random se-
quence 12 bp DNA this protein displayed binding strength

that was at K4 = 0.06 £ 0.01 M even slightly enhanced
compared to the WT factor (Figure 3B and C). Next, we
measured the interaction of Mst77F WT with DNA at dif-
ferent salt concentrations. As Figure 3B and D show, DNA
binding was severely reduced when going from 20 (Kyq =
0.11 £ 0.05 wM) to 450 mM NaCl (Kq = 17.9 £ 7.5 pM).
Finally, we analyzed DNA templates of different properties.
Poly-GC and poly-AT 12 bp DNA showed at K4 = 0.17 +
0.06 pM and K4 = 0.07 £ 0.03 wM, respectively, binding
strength comparable to the randomly chosen sequence. In-
cubation of DNA with ethidium bromide that unwinds B-
DNA also had no effect. Finally, interaction with a single-
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Figure 3. Mst77F binds DNA electrostatically. (A) Schematic representation of different mutant Mst77F proteins used in this study. Purity of recombinant
proteins is shown in Supplementary Figure S3A. For analysis of transgenic flies an artificial NLS was added to Mst77F A40C-eGFP and Mst77F A60C-
eGFP. (B-E) Analysis of binding of Mst77F WT and mutant proteins to different DNA templates and under different conditions using FP. Average signals
of at least three independent experiments are plotted. Error bars represent standard deviation. (B) Dissociation constants (Ky in micromolar concentration)
derived from the equilibrium binding analyses. (C) Binding curves of interaction of the indicated Mst77F proteins with 12 bp random DNA. (D) Binding
curves of interaction of Mst77F WT with 12 bp random DNA at the indicated salt concentrations. (E) Binding curves of interaction of Mst77F WT with

the indicated DNA probes.

stranded template was at Kg = 0.06 & 0.03 wM similar to
binding to double-stranded DNA (Figure 3B and E). Based
on these experiments we concluded that the CTD is neces-
sary and sufficient for electrostatically driven, unspecific in-
teraction of Mst77F with DNA.

Mst77F aggregates DNA

Based on the direct binding of Mst77F to DNA as well as
the observed condensing and aggregating effects on chro-
matin, we tested whether Mst77F has a direct impact on
DNA. Precipitation analysis was performed according to

the scheme in Figure 4A with constant amounts of the ran-
dom sequence 12 bp DNA used for binding studies and in-
creasing Mst77F WT (pI = 9.86) or Mst77F A100N (pl =
10.57) protein concentrations. hH1.4 (pI = 11.03) and the
similarly positively charged xPR-Set7 (pI = 9.52) served as
control. In this assay, Mst77F WT protein efficiently pre-
cipitated all DNA from solution at 1.28 pwM protein con-
centration (ICsyp = 0.5 wM), suggesting the formation of
massive protein-DNA complexes. In contrast, the Mst77F
A 100N mutant protein, but also hH1.4 did only induce very
limited DNA aggregation in the tested concentration range.
xPP-Set7 had no effect (Figure 4B).
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Figure 4. Mst77F causes DNA aggregation. (A) Scheme of centrifugation-fractionation experiment. (B) 12 bp DNA was incubated with the indicated
proteins (0.04-1.28 wM in 2-fold increments). Average ratios of DNA in the output sample (i.e. supernatant after centrifugation) to total DNA (input
sample) of three independent experiments are blotted. Error bars represent standard deviation. (C) Mst77F WT and Mst77FA 100N were complexed with
2434 bp DNA at 4-, 20- and 100-fold molar excess of the protein over DNA. AFM images were recorded in tapping mode and flattened by the instrument

software. Scale bar represents 50 nm.

To corroborate the data of the hydrodynamic analysis,
we analyzed Mst77F WT and Mst77F A100N complexes
with the 12 bp DNA by atomic force microscopy (Supple-
mentary Figure S4A). In good agreement with the hydro-
dynamic assay, the WT protein aggregated the DNA and
at higher concentration induced formation of massive com-
plexes. No such effects were observed with Mst77F A100N,
which lacks the region containing the putative coiled coil
domain.

We analyzed the impact of Mst77F onto much longer
2432 bp linear DNA, to exclude that the observed effects are
uniquely caused by the short 12 bp fragment (Figure 4C).
Atomic force microscopy showed at low DNA to protein
ratios (1:4) intramolecular DNA bending and local forma-
tion of dense ‘hubs’. Higher DNA to protein ratios (1:20) re-
sulted in formation of tightly condensed structures exhibit-
ing multiple interconnected, tightly packed DNA molecules
with protruding free fibers. Further increase in protein con-
centration (1:100) enhanced this condensation effect. In the
same experiment the Mst77F A100N mutant protein did
not have the same DNA condensing properties. The CTD
alone formed fibrillar, branched and network-like struc-
tures in a concentration-dependent manner. These resem-
bled ‘tram track’-like complexes formed by DNA in com-
plex with histone H1.4 (Supplementary Figure S4B) and
might reflect the structural impact of highly charged un-
structured domains on DNA (34,35). No effects of Mst77F
A60C or xPR-Set7 on aggregating DNA were observed in

these assays (Supplementary Figure S4B). The results to
this point indicated that the charged CTD of MST77F me-
diates unspecific DNA binding, whereas the N-terminal re-
gion containing the putative coiled coil domain is required
for aggregating DNA.

DNA-binding induces multimerization of Mst77F

To obtain insights into the molecular mechanism of the
DNA aggregation effect, we analyzed the multimerization
status of the Mst77F protein. Coiled coil motifs are pro-
tein interaction domains allowing formation of dimers and
higher order assemblies (36). We reasoned that the protein
might interact with itself via this region. However, sedimen-
tation velocity analytical ultracentrifugation analysis indi-
cated that Mst77F itself is plainly monomeric (95%) with
a small fraction of the protein (5%) representing a dimeric
state (Figure 5A).

The strong DNA aggregating effect of Mst77F can hardly
be ascribed to the minor dimeric form of the protein. A
fundamental feature of unstructured domains is the poten-
tial to stably adopt ordered conformations upon interac-
tion with bona fide binding partners (37,38). Therefore, we
asked whether the conformation of Mst77F upon binding
of the CTD to DNA is changed in a manner that possi-
bly induces multimerization. Therefore, we first performed
protein-protein cross-linking experiments in the presence
of increasing DNA concentrations (Figure 5B). In agree-
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Figure 5. Recognition of DNA induces multimerization of Mst77F. (A) Sedimentation velocity analytical ultracentrifugation of recombinant Mst77F WT.
Molecular weights (MW) were calculated from the SEDFIT program by fitting (bottom) the sedimentation raw data (top). Derived protein masses are
within the accepted 10% error margin of the method. (B) Cross-linking of Mst77F WT or Mst77F A100N proteins (20 pM) was carried out with the
amine cross linker BS? in the presence of increasing amounts of DNA (0.3-4.8 QM)' Proteins were analyzed on a 15% Tris-glycine SDS-PAGE gel stained
with Coomassie Blue. Native, without cross-link; x-linked, cross-linked with BS-. Asterisks indicate dimers (*), tetramers (**) and octamers (***). (C) CD
spectroscopy of the indicated proteins under aqueous conditions. (D) Comparison of Mst77F A100N CD spectra under aqueous conditions (H,O) and
in 50% trifluorethanol (TFE) as secondary structure stabilizing reagent. (E) Biotinylated random 12 bp DNA immobilized on streptavidin-functionalized
paramagnetic particles was incubated with Mst77F A100N and Mst77F A110C (pull-down). Proteins recovered on the beads were analyzed by 15%

Tris-glycine SDS-PAGE stained with Coomassie Blue. Input, 100%; mock, pull-down using beads only without DNA.

ment with the results of analytical ultracentrifugation, the
free form of the protein was monomeric in this assay. Upon
addition of DNA to the reaction dose-dependent forma-
tion of Mst77F dimers, tetramers and oligomers could be
observed. In contrast, the Mst77F A100N mutant did not
multimerize under the same conditions. We deduced that
the CTD of Mst77F does not interact with itself even
in presence of DNA. It might, however, be structurally
reorganized/stabilized after binding to DNA thereby me-
diating protein multimerization via the N-terminus.

To test this idea, we investigated possible induced struc-
tural reorganization of the Mst77F CTD using CD far
ultraviolet spectroscopy. In agreement with the bioinfor-
matical protein motif and secondary structure predictions,
the N-terminal domain displayed a folded conformation in
aqueous solution with a-helical content (Figure 5C, pur-
ple curve, indicative minima at 208 and 222 nm and max-
imum at 190 nm). Under the same conditions the CTD es-
sentially showed highly flexible random coil properties. The
mean residue molar ellipticity at 222 nm ([022,]) taken as
diagnostic of helix formation was negligible. Nevertheless,

the typical small positive peak at 215 nm characteristic of
a pure random coil was not observed suggesting existence
of small areas of ordered secondary structure (Figure 5C,
turquois curve). The CD fingerprint of the full-length pro-
tein reflected the sum of the individual domain signals with
some helical content but overall flexible random coil con-
formation dominating (Figure 5C, black curve). To imitate
the DNA bound state, another CD spectrum of the Mst77F
CTD was recorded in presence of 50% trifluoroethanol,
which stabilizes secondary structures (39). Indeed, under
these conditions an increase in negative ellipticity at 222 and
208 nm as well as appearance of a peak at 190 nm was ob-
served (Figure 5D).

We then analyzed whether CTD and N-terminus of
Mst77F could interact in presence of DNA. In pull-down
experiments Mst77F A110C by itself did not bind immobi-
lized DNA (Supplementary Figure S3B). However, it could
be recovered on the DNA-bound matrix when Mst77F
A100N was added (Figure 5E). Since we detected only mi-
nor multimerization of Mst77F alone, we deduced from
these experiments that DNA binding of the CTD induces

202 UoIBIN 0Z U0 189nB Aq 221G HZ/EE0E/9/Ev/a1o1LE IBU/WO00"dNO"dlWapede//:sdny Wolj papeojumoq



conformational stabilization, which enables this region to
interact with the a-helical N-terminus.

Increased Mst77F levels cause chromatin aggregation in
sperm

Our in vitro experiments indicated that Mst77F interacts
with DNA and can multimerize, thereby inducing DNA
and chromatin aggregation. Thus, we wanted to analyze
Mst77F in Drosophila cells and in particular in salivary
glands with polytene chromosomes, which allow a high res-
olution of chromatin. However, we could not establish good
expression of Mst77F using the binary UAS/GAL4 (UAS-
Mst77F and sgs4-GAL4) system (data not shown). This
might be due to spermatid specific translational activation
or low protein stability (40).

We therefore focused our experiments on spermatogene-
sis and moderately elevated expression levels. We reasoned
that additional copies of Mst77F-eGFP (as transgenes un-
der native transcriptional control) in the WT background
might interfere with spermiogenesis at the level of chro-
matin organization. Like endogenous Mst77F we found the
Mst77F-eGFP fusion protein expressed under the control
of its native promoter and 5 UTR present in sperm chro-
matin (Figure 6A and C). We analyzed several independent
transgenic lines with random integration into the genome
bearing different copy numbers (one or two) of Mst77F-
eGFP either on the second or third chromosome. With
two copies of Mst77F-eGFP we observed disturbed nuclear
morphology in about 20% of spermatids. These spermatids
were characterized by aggregated DNA in sperm heads
shortly before or during individualization (marked by ar-
rows in Figure 6B and D). We also observed small round
nuclei (Figure 6E, arrow head), where DNA and Mst77F-
eGFP appeared concentrated in dot-like structures. Flies
with three or four additional Mst77F genes did not show
an enhanced phenotype (see Table 1 for summary of the ex-
periments). We have shown previously that Mst77F-eGFP
is biologically functional and the C-terminal eGFP-tag does
not interfere with its DNA binding properties, as it can res-
cue the Mst77F mutant phenotype (ms(3)nc3/DF3L)ri-79c,
deletion over a point mutation, same line as used in Fig-
ure 6). No aggregated DNA in sperm heads was seen in
these flies (16). Thus, deleting one WT Mst77F gene copy
suppressed the sperm defects. These results indicated that
additional copies of Mst77 F-eGFP in part interfere with the
organization of the DNA into a needle shape form of the
nucleus likely by causing chromatin aggregation. However,
we found only normal sperm in the seminal vesicles (Fig-
ure 7B), as we had observed previously for defective sper-
matid heads in protamine deletion mutants (17). In agree-
ment, one or two additional copies of Mst77F-eGFP did not
interfere with fertility (Table 1).

We then asked if the chromatin aggregation proper-
ties of Mst77F seen in nuclei before and during indi-
vidualization are dependent on the N-terminal multimer-
ization and the C-terminal DNA interaction domains.
We established transgenic Drosophila lines expressing
Mst77F A20C-eGFP, Mst77F A40C-eGFP, Mst77F A60C-
eGFP and Mst77FA100N-eGFP and analyzed males con-
taining two copies of these constructs in addition to the
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internal WT genes (Figure 7A and B). Expression of
Mst77F A20C-eGFP, which showed in vitro DNA-binding
similar to the WT protein, caused defects identical to those
seen when the full-length fusion protein was overexpressed
(Figure 7A and B). Deletion of the C-terminal 40 or 60
amino acids (Mst77FA40C-eGFP, Mst77FA60C-eGFP)
caused loss of nuclear localization (data not shown), likely
since two NLS are lacking in these constructs (see scheme
in Figure 1A and B). Artificial addition of one of both
NLS to the C-terminus of Mst77F A40C-eGFP partially re-
stored nuclear localization. Consistent with impaired DNA
binding of this mutant protein in vitro, no aggregation of
chromatin was observed. Importantly, the Mst77F A100N-
eGFP mutant lacking the region containing the putative
coiled coil region showed nuclear localization but did not
cause aggregation (Table 1). The results indicated that both,
DNA-binding by the CTD as well as multimerization me-
diated by the N-terminal region are required for the chro-
matin aggregation effect of overexpressed Mst77F.

DISCUSSION

Our results shed light on the molecular function of the
Mst77F protein and provide new insights into the mecha-
nisms of chromatin organization in sperm development. We
provide evidence that Mst77F binds DNA directly via un-
specific, electrostatic interaction of its CTD. DNA binding
induces multimerization of the protein via the N-terminal
domain. As a consequence, free as well as nucleosomal
DNA is aggregated and compacted. We think this func-
tionality, first, is important during stepwise reorganization
of chromatin in spermiogenesis and, second, directly con-
tributes to the compacted DNA state of Drosophila mature
sperm.

Mst77F is a unique chromatin architectural protein

We show that Mst77F associates with DNA and chromatin
through sequence-unspecific electrostatic interactions of a
highly charged CTD with the sugar-phosphate backbone
of the nucleic acid. We propose that this region belongs to
the growing group of intrinsically unstructured protein do-
mains. Structure prediction algorithms (data not shown) as
well as CD analysis fail to detect any secondary structure
elements of this region. Intrinsically unstructured domains
frequently are involved in macromolecular recognition pro-
cesses (41,42). These often contain an elevated number of
charged residues, which suggests strong electrostatic con-
tributions in binding events (43). Intrinsically disordered
domains with high charge density seem to be generally in-
volved in recognition and organization of DNA on a lo-
cal and genome-wide level. These are present in several
proteins that alter chromatin folding and compaction. The
CTD of H1 that shows high affinity binding to the nucle-
osomal linker DNA is a paradigm example (24,44). Also,
the HMG-D protein that is associated with condensed chro-
matin during developmental processes binds unspecifically
to DNA, in part via its highly charged, unstructured C-
terminus (45,46). Moreover, the repressive function of Poly-
comb Repressive Complex 1 that compacts chromatin and
inhibits remodeling processes relies on one of its subunits
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Figure 6. Ectopic expression of Mst77-eGFP during spermiogenesis results in aberrant sperm nuclei. (A-D) Individualizing sperm from males heterozygous
(A and C) or homozygous (B and D) for Mst77F-eGFP with insertion on the second chromosome (A and B) or on the third chromosome (C and D). Signals
for eGFP (top) and DNA stained with Hoechst are shown. Arrows point to deformed nuclei. (E) Representative images of a small round nucleus, which is
histone-negative (arrow), and a young elongating nucleus, which is histone-positive (arrow head). Signals for eGFP, core-histones stained with antibodies
and DNA labeled with Hoechst are shown. Merged, overlay of the fluorescence signals. Scale bar of all images represents 5 pm.

Table 1 Summary of in vitro and in vivo analysis of Mst77F wt and mutant proteins

in vitro in vivo
DNA DNA fertility nuclear overexpression (wildtype background)
binding aggregation localization

WT (1 copy) homogeneous nuclear distribution of DNA

++ + +++ + + .
—_——0-0 and eGFP signal
WT (2 -4 copies) aggregation of DNA and eGFP signal in

++ + +++ + +
e () e | e areas of the nucleus
A100N (2 copies) homogeneous nuclear distribution of DNA

+++ - + + .

— = and eGFP signal

A20C (2 copies) aggregation of DNA and eGFP signal in

+ + nd + +
—_—— areas of the nucleus
A40C+NLS (2 copies) homogeneous nuclear distribution of DNA

- nd + +/— and eGFP signal; also eGFP signal in
([ e |
cytoplams
A60C+NLS (2 copies)
_ - + - no nuclear eGFP signal (data not shown)

—_——

NLS: RPRK sequence, indicated by light blue box; nd, not determined.

that interacts with DNA through an intrinsically unstruc-
tured, highly charged domain (47).

Intrinsically unstructured domains transition from disor-
dered to ordered conformations upon recognition of their
respective binding partners (37). Two short, discontinued
subdomains within the CTD of histone H1 proteins adopt
a-helical structures upon binding to DNA. The formation

of these local secondary structural elements is essential for
protein function even though the initial protein-DNA in-
teraction is considered to be purely electrostatic (34,48-49).
We propose a similar mode of DNA binding by the CTD
of Mst77F, which we think becomes at least partially struc-
tured upon DNA-binding. First, we see increased struc-
tural organization in stabilizing solvents. Second, the CTD
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Figure 7. Increased Mst77F levels cause chromatin aggregation. Analysis of testes squash preparations of transgenic flies expressing the indicated WT and
mutant Mst77F-eGFP fusion proteins. An artificial NLS sequence was added to the C-terminus of Mst77F A40C. Representative results obtained for five
independent strains of each condition with random integration into the genome are shown. (A) Nuclei during individualization. Arrows mark disturbed
nuclear morphology of spermatids. DNA was stained with Hoechst. Scale bar represents 5 wm. (B) Nuclei of individualized sperm stained with Hoechst
to mark the DNA. Scale bar represents 20 pwm. (C) Model of Mst77F function. Mst77F A100N (blue) unspecifically interacts with DNA, which in turn
stabilizes structural motifs in the Mst77F C-terminus (yellow). Since Mst77F A100N cannot multimerize due to a missing partner interface, this results
in aligned DNA molecules that resemble ‘tram track’-like structures. Mst77F WT protein forms homo-multimers through interaction of the N-terminal
coiled coil (red) motif with the DNA-induced structures of the C-terminus. Functionally, Mst77F multimerization is guided by cooperativity between the
individual molecules resulting in interconnection and compaction of individual Mst77F-bound DNA molecules.

of Mst77F only interacts with the N-terminus when in the
DNA-bound state (Figure 5). Since the N-terminus alone
has no DNA-binding affinity (Figure 3), this interaction is
not mediated via a bridging effect of DNA but indicates
structural changes in the CTD.

Communication between the CTD and N-terminus is
pivotal for the strong DNA aggregating effect of Mst77F.
While the CTD alone has DNA-organizing ability simi-
lar to histone HI1, the N-terminus is essential for induc-
ing higher order, clustering effects. Since Mst77F in iso-
lation behaves monomeric but forms multimers in pres-
ence of DNA, we hypothesize that the DNA-induced in-
teraction of the CTD with this region results in conforma-
tional changes that allows protein-protein interaction via
the coiled coil motif (36). Alternatively, the partially struc-
tured CTD might serve as glue connecting the N-terminal
regions of different Mst77F molecules. Since the stabiliz-
ing amino acids in the coiled coil are predominantly nega-
tively charged, we think electrostatic repulsion prevents pro-
tein multimerization in the free state. The very dense struc-
tures observed in atomic force microscopy further sustain
a cooperative effect between the CTD and N-terminus of

Mst77F generating a locally very high Mst77F concentra-
tion that interconnects individual DNA molecules and re-
strains their flexibility and motion. In this context the high
positive charge density of the CTD might eliminate electro-
static repulsion between neighboring DNA molecules (Fig-
ure 7C).

As consequence of the intramolecular crosstalk of the
CTD and N-terminus Mst77F can induce massive conden-
sation and aggregation when binding short or longer pieces
of DNA. In contrast, H1 has no effect on short pieces of
DNA and was shown to align long DNA strands in a paral-
lel, ‘tram track’-like manner (34,35). The globular winged-
helix motif of linker histones mediates specific nucleosome
positioning, but does not induce chromatin higher order
folding (22-23,50). In contrast, Mst77F lacks a globular
winged-helix motif but contains a N-terminal coiled coil
motif. This predicted domain appears to mediate multi-
merization but does not function in a targeted nucleosome
recognition process. As consequence Mst77F does not bind
nucleosomes at the entry/exit point of DNA but associates
in a seemingly random way with linker DNA and the sur-
face of the nucleosome (Figure 2) (24).
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Function of Mst77F in spermatogenesis

Mst77F is first detectable at the onset of the young elongat-
ing nuclei stage, where it is associated with microtubules ad-
jacent to the nucleus and might be involved in nuclear shap-
ing (17). Thereafter, Mst77F enters the nucleus, for which
its NLS in the CTD are essential (40). Since histones are
present until later stages of spermatid maturation between
early and late canoe stage (2), a direct role of Mst77F in
evicting histones is unlikely. In agreement, we do not detect
such activity in vitro (see Figure 2 and data not shown).

Since Mst77F can interact with DNA while associated
with histones and as it has severe chromatin aggregation
effects, we think the protein might play an important role
in initiating chromatin condensation during sperm matura-
tion. Besides, a structural effect that is important for nuclear
reshaping, this might be important for shutting down the
low level of post-meiotic transcription (15,51,52).

In late post-meiotic spermatids and mature sperm
Mst77F is found at distinct spots on the chromatin (17).
Since we show sequence unspecific DNA-binding of the
protein, other factors must contribute to establishing and
maintaining such patterning. Protamines are obviously not
involved. Mst77F distribution is not changed in sperm cells
of protamine deficient flies (Figure 1B). Since male flies
are fertile in the absence of protamines, the major ‘de-
fault’ proteins organizing sperm DNA (17), we think that
Mst77F might be sufficient for adequate DNA condensa-
tion. Whether Mst77F is causal for DNA condensation in
sperm or rather provides a safeguard mechanism in case
other systems fail, needs to be analyzed. Additional factors
might interplay with Mst77F in this process. Future work
will also need to find out whether Mst77F cooperates or
competes with protamines in certain functions.

When overexpressed, Mst77F causes aberrant chromatin
condensation in developing sperm. The fact that such flies
are nevertheless fertile might be caused by the high level of
DNA compaction already achieved by protamines . Further
compaction might not be possible or have no detrimental
effect. Based on the exclusive distribution and its unique
DNA architectural properties we hypothesize that Mst77F
gives rise to a so far completely unknown condensed chro-
matin structure.
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