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Bloom syndrome helicase (BIm) is a RecQ family helicase involved in DNA repair, cell cycle progression, and development. Pathogenic
variants in human BLM cause the autosomal recessive disorder Bloom Syndrome, characterized by predisposition to numerous types of
cancer. Prior studies of Drosophila Blm mutants lacking helicase activity or protein have shown sensitivity to DNA damaging agents, de-
fects in repairing DNA double-strand breaks (DSBs), female sterility, and improper segregation of chromosomes in meiosis. Blm ortho-
logs have a well-conserved and highly structured RecQ helicase domain, but more than half of the protein, particularly in the N-terminus,
is predicted to be intrinsically disordered. Because this region is poorly conserved across metazoa, we compared closely related species
to identify regions of conservation that might be associated with important functions. We deleted 2 Drosophila-conserved regions in
Drosophila melanogaster using CRISPR/Cas? gene editing and assessed the effects on several Blm functions. Each deletion had distinct
effects. Deletion of either conserved region 1 (CR1) or CR2 compromised DSB repair through synthesis-dependent strand annealing and
resulted in increased mitotic crossovers. In contrast, CR2 is critical for embryonic development, but CR1 is less important. Loss of CR1
leads to defects in meiotic crossover designation and patterning but does not impact meiotic chromosome segregation, whereas de-
letion of CR2 does not result in significant meiotic defects. Thus, while the 2 regions have overlapping functions, there are distinct roles
facilitated by each. These results provide novel insights into functions of the N-terminal region of Blm helicase.
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topoisomerase IlI-alpha (Topllla) (Karow et al. 2000; Van Brabant
et al. 2000; Wu et al. 2000; Bachrati et al. 2006). BLM and Topllla, to-
gether with RMI1 (which Drosophila lacks; Sekelsky 2017), unwind
D-loops to promote dissociation of the invading strand for synthesis-
dependent strand annealing (SDSA) (Van Brabant et al. 2000; Adams
et al. 2003; Cheok et al. 2005; Bachrati et al. 2006) and catalyze dissol-
ution of double Holliday junctions (dHJs) (Karow et al. 2000; Wu and

Introduction

Bloom syndrome helicase (Blm in Drosophila; BLM in humans) is an
ATP-dependent, RecQ family helicase (Ellis et al. 1995; Adams et al.
2003; Larsen and Hickson 2013). Blm is conserved across protists,
plants, fungi, and animals, with roles in homology-directed DNA re-
pair (HDR), cell cycle progression, meiosis, and development
(Dutertre et al. 2000; Imamura et al. 2001; Wu and Hickson 2003;

McVey et al. 2007; Wu 2007; Lafave et al. 2014; Hatkevich et al. 2017;
Hatkevich and Sekelsky 2017; Brady et al. 2018; Cox et al. 2019;
Ruchert et al. 2022). Pathogenic variants in BLM cause Bloom
Syndrome, a rare autosomal recessive disorder characterized by a
high predisposition to a broad range of cancers, sun sensitivity, short
stature, sterility, and immunodeficiency (Ellis et al. 1995; Payne and
Hickson 2009; Ababou 2021). BLM mutations have also been found in
sporadic cancers (Luo et al. 2000; Goss et al. 2002; Gruber et al. 2002;
Lindor et al. 2017). The high predisposition to cancer in individuals
with Bloom Syndrome is associated with genome instability, includ-
ing high rates of exchange between sister chromatids and homolo-
gous chromosomes (Chaganti et al. 1974; German et al. 1977).

One important function of BLM/BIm in HDR is disassembly of
DNA repair intermediates, which is done in concert with

Hickson 2003; Wu et al. 2005; Plank et al. 2006; Raynard et al. 2006).
These 2 functions prevent mitotic crossovers and therefore minim-
ize loss of heterozygosity and chromosome rearrangement. Blm
orthologs also have functions in meiosis, but these include promot-
ing crossovers (reviewed in Hatkevich and Sekelsky 2017). In
Drosophila, loss of Blm results in decreased meiotic crossover rates,
compromised crossover distribution, and increased chromosome
nondisjunction (NDJ) (Hatkevich et al. 2017).

BLM/Blm also has functions in repair of stalled replication forks
to promote efficient S-phase (Bachrati et al. 2006; Wu 2007). BLM
accumulates at stalled forks along with other DNA repair regula-
tors, with in vitro studies suggesting BLM may act to regress
stalled forks behind a DNA lesion to promote lesion removal
by other repair pathways (Ralf et al. 2006; Davies et al. 2007).
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Fig. 1. Blm predicted structural order and alleles used. a) IUPred3 (Cheok et al. 2005) plot predicting the ordered and IDRs of Blm. A schematic of Blm
domainsis placed below for reference, illustrating that conserved regions 1 and 2 (CR1 and CR2) are predicted to be mostly disordered (>0.5). b) Previously
characterized alleles of Blm and their effects on Blm functions relative to wild-type (wt). A null allele, Blm"! (N'1), eliminates all well-characterized Blm
functions, while the separation-of-function allele Blm™? (N2) only moderately affects embryonic development. N1 was shown not to produce transcripts,
and N2 was shown to produce a protein that lacks the first 575 residues of Blm. c) Schematic of Blm deletions used compared to the wt Blm protein. ACR1
deletes amino acids 2-240, preserving residues 241-1487 in frame; ACR2 deletes amino acids 576-720, fusing residues 1-575 and 721-1487 in frame.

Asecond BLM cell cyclerole is to resolve anaphase bridges to allow
proper chromosome segregation during mitosis (Seki et al. 2006;
Chan etal. 2007). In human cells, this activity is mediated through
interaction with topoisomerase Ilo (Toplla) (Russell et al. 2011).
Micronuclei and aneuploidy are more prevalent in BLM-deficient
cells, underscoring the importance of this BLM role to genome sta-
bility (Mann et al. 2005; Naim and Rosselli 2009). In Drosophila, em-
bryos lacking Blm have increased anaphase bridges during rapid
syncytial cell cycles, resulting in high rates of embryonic death
(McVey et al. 2007; Ruchert et al. 2022). These various functions
suggest that BLM/Blm regulation is dependent on cell type and de-
velopmental timing.

While BLM/BlIm is best known by its RecQ helicase domain,
there are intrinsically disordered regions (IDRs) both N- and
C-terminal to this domain (Fig. 1a). These regions, though poorly
conserved in primary sequence, are likely candidates for both

regulatory modifications and protein-protein interactions.
Toplllais thought tobind in atleast one of these regions, and other
protein interactions have been mapped to them as well (Wu et al.
2000; Russell et al. 2011; Grierson et al. 2013). Despite this, the IDRs
have been relatively poorly explored compared to the helicase do-
main, even though they make up more than half of the protein
(Fig. 1a). A study in Drosophila underscores the importance of these
regions, with a Blm mutation that deletes the first 575 amino acids
of the N-terminal IDR (BIm"?) compromising HDR and meiotic
roles while only mildly affecting early embryonic functions
(Fig. 1b) (McVey et al. 2007). This same study also produced alleles
that were predicted to delete the first 236 amino acids of Blm
(BIm™? and Blm™¥), but these were not characterized beyond their
mild effects on embryonic development (McVey et al. 2007).

To further investigate the function of the N-terminal IDR, we
characterized the impacts of deletions of 2 N-terminal regions
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conserved in closely related Drosophila species on embryonic de-
velopment, HDR, and meiosis. We find that while deletion of the
first 240 amino acids does not compromise Blm functions in mei-
otic chromosome segregation, it does affect embryonic develop-
ment, HDR, and meiotic crossover distribution, albeit less
severely than Blm null mutations. A deletion of the 146 amino
acids just prior to the start of the structured RecQ helicase domain
results in severe defects in cell division and development but has
milder effects on HDR and apparently normal meiotic crossover
distribution and segregation. These findings highlight the import-
ance of investigating intrinsically disordered Blm regions to
understanding function.

Materials and methods
CRISPR/Cas9 deletion of CR1 and CR2

The endogenous CR1 and CR2 regions of the Blm gene (chromo-
some 3L, cytological region 86E17; Oztuirk-Colak et al. 2024) were
deleted in-frame using CRISPR/Cas9 genome engineering similar
to that described in Lamb et al. (2017) (Supplementary Fig. 2). A
plasmid containing DNA homologous to 5" and 3’ Blm flanking se-
quence of either CR1 or CR2 (pSL1180 ACR1 5’+3’ Homology Arms
and pSL1180 ACR2 5'+3’ Homology Arms, respectively) and an-
other plasmid containing 5" and 3’ Blm gRNAs for CR1 or CR2
were (pCFD4 Blm 1 + 240 gRNA and pCFD4 Blm 576 + 720 gRNA, re-
spectively) were simultaneously injected into Drosophila embryos
expressing Cas9 in their germline stem cells under control of the
nanos promoter (GenetiVision, Houston, TX). Upon hatching of
these embryos, single male progeny were crossed to TM3,Sb/
TMG6B, Hu Tb females to balance potentially edited chromosomes.
Once balanced, subsequent single male progeny were again ma-
ted to TM3,Sb/TM6B, Hu Tb females. After being allowed to mate
for 3-4 days at 25 °C, these single males were collected, frozen,
and had their genomic DNA isolated to screen for successful dele-
tions by PCR. For vials in which parental males contained the de-
letion (indicated by a smaller DNA band after PCR compared to
wild-type flies), progeny were then mated to siblings to establish
a stock. Each deletion stock was then further screened via genom-
ic extraction, PCR, and sequencing of homozygous flies within the
resulting stock to confirm the deletion resulted in the correct se-
quence and that there were no frameshifts. All homozygotes se-
quenced from each resulting stock contained the correct
deletion, flanking sequence, and were not frameshifted, indicat-
ing that CR1 and CR2 were successfully deleted.

Embryonic hatching assay

Twenty to thirty virgin females homozygous for each Blm allele
were crossed to 15 Oregon-RM (wild-type) males and allowed to
acclimate to grape juice agar plates with yeast paste for 24-36 h
at 25 °C. Plates were then changed and embryos were collected
overnight (16 h) at 25 °C. One hundred and fifty to three hundred
embryos were then transferred to a gridded grape juice agar plate
(10/grid) and scored for hatching after 48 h at 25 °C. Hatch assays
were completed in 3 replicates for each allelic condition, with a
minimum of 550 total embryos assayed per condition.

Mitotic crossover assay

Crossovers were measured in the male germline using the net
dpp®™ dpy b pr cn recessive marker chromosome. Virgin females
with net dpp®™° dpy b pr cn/SM6a and wild-type or various Bim al-
leles (BIm™?, BIm?“®!, or BIm*“*?) balanced over TM6B, Hu Th were
crossed to w; BIm"'/TM3, Sb to generate single males heteroallelic
(e.g. BIm“?/BIm™') for Blm and heterozygous for recessive

phenotypic markers for mitotic crossover analysis. For Blm

only, virgin females were instead crossed to w; BIm”?/TM3, Sb toin-
crease the number of progeny obtained for scoring. Single males
for each genotype were then crossed to homozygous net dpp™°
dpy b pr cn females and scored for mitotic crossovers. Progeny
for each single male was scored as a ratio of crossover progeny
to total progeny to generate a mitotic crossover rate for each
vial. Data for each genotype were pooled from at least 37 vials
and 7,091 progeny to determine the mean mitotic crossover rate.

P{w“} SDSA assay

The P{w“} assay was performed as described previously (Adams
et al. 2003), with minor modifications. First, y* w* P{w“} virgin fe-
males with wild-type or various Blm alleles (BIm“!, Blm"?,
BIm?“R! or BIm”*“??) balanced over TM6B, Hu Th were crossed to st
P{42-3} BIm™? Sb/TM6B, Hu Th males to generate single males that
were heteroallelic for Blm (e.g. BIm"'/BImP?) with the P{w?} inser-
tion and the A2-3 transposase. BlImP? was used because of the
availability of a stock with P transposase on the same chromo-
some. Single males for each genotype were then crossed to y* w?’
P{w"}, and progeny were scored for efficiency of repair by resulting
eye color: red indicating efficient SDSA, white/yellow indicating
end-joining, and apricot indicating no cutting or perfect repair.
Progeny from each single male was scored as a ratio of red-eyed
progeny to total progeny as a measure of SDSA repair rate. Data
for each genotype were pooled from at least 106 vials and 3,860
progeny to determine the mean SDSA repair rate.

Meiotic NDJ assay

Female meiotic NDJ of the X chromosome was measured by first
crossing w; BImN'/TM3, Sb virgin females to Oregon-RM (wild-type)
males or males with the Blm allele of interest (BIm"?, BIm?“®!, or
BIm?“R?) balanced over either TM3, Sb or TM6B, Hu Th to generate
heteroallelic Blm females (e.g. BIm"'/BIm"?). For experiments
with BIm™! only, BIm™! r e P{UASp::Blm }/TM6B Hu Tb virgin females
were crossed to meiP22'% st BImP? ry rect Ubx P{mata::GAL4}/TM6B,
Hu Tb males to generate heteroallelic Blm null females that could
rescue Blm expression after meiotic recombination to prevent
maternal effect lethality in embryos. Heteroallelic Bim females
were then crossed to y sc cu v g f/Dp(1;Y)B® males. The duplication
on the Y chromosome carries a dominant mutation causing bar-
shaped eyes. Normal progeny resulting from this cross are fe-
males whose eyes are normal and males whose eyes are Bar.
Diplo-X ova from NDJ give rise to XXY females with Bar eyes
(and XXX embryos that do not survive). Nondisjoined ova that
are nullo-X resultin X0 males (and Y0 progeny who do not survive)
whose eyes are Bar*. X NDJ is calculated as the percentage of pro-
geny that arose from NDJ (Bar~ females and Bar* males), correcting
for the loss of half of the diplo- and nullo-X ova by multiplying this
percentage by 2. Crosses were set up as 10 females and 4 males/
vial for Oregon-RM (wild-type), BIm?“®?, and Blm" genotypes and
30 females and 8 males/vial for BIm?“*? and BIm"! genotypes.
Data were pooled from between 15 and 60 vials and at least
1,000 total progeny to determine the mean NDJ rate for each
genotype.

Meiotic crossover assay

Meiotic crossovers were measured in the female germline using
the net dpp®"° dpy b pr cn recessive phenotypic marker chromo-
some. Virgin females with net dpp®™ dpy b pr cn/SMéa and wild-
type or various Blm alleles (BIm”®! or BIm?“"?) combined with
P{mata::GAL4} for maternal effect lethality rescue were crossed
to BImM' r e P{UASp::Blm}/TM6B, Hu Tb to generate females
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heteroallelic for Blm and heterozygous for recessive phenotypic
markers for meiotic crossover analysis. For BIm™! only, net dpp®™®
dpy b pr cn/CyO; BIm™? r e P{UASp::Blm}/TM6B, Hu Tb virgin females
were instead crossed to mei-P22'% st BImP? ry rec' Ubx P{mata:
GAL4})/TM6B, Hu Tb to rescue the maternal effect lethality in Blm
null embryos (Hatkevich et al. 2017). Virgin females for each geno-
type were then crossed to homozygous net dpp®™ dpy b pr cn males
and scored for meiotic crossovers indicated by the mixed presence
and/or absence of recessive phenotypic markers in progeny.
Progeny was scored as a ratio of crossover progeny to total
progeny to generate a meiotic crossover rate. Data for each geno-
type were pooled from at least 15 vials and 3,982 progeny.
Crossover density for the entire net-cn interval on chromosome 2
(~27 Mb) was calculated using methods described previously
(Hatkevich et al. 2017).

Structural modeling and analysis of Drosophila
Blm-Topllla interactions

To explore the interactions between the Drosophila Blm (UniProt
ID: Q9VGI8) and DNA Topllla (UniProt ID: QING98), we used
AlphaFold v2.3.0 (Jumper et al. 2021), a state-of-the-art tool for
protein structure prediction. Given the structural relevance and
critical interaction interfaces, we selected 2 templates: the
DHBN domain of human Blm (PDB ID: 5LUP) (Shi et al. 2017) and
Blm in complex with DNA (PDB ID: 4CGZ) (Newman and Cooper
2015). Using these templates, we generated 10 models and se-
lected the top-ranked model based on its predicted scores for sub-
sequent analysis. The model’'s quality was assessed using the
predicted TM-score (pTM) and the interchain pTM (ipTM), yielding
scores of 0.36 and 0.32, respectively. These scores suggest a mod-
erate confidence level in the overall topology and interchain inter-
actions within the complex. To refine this complex and resolve
any steric clashes, we employed the AMBER molecular dynamics
suite (Case et al. 2023), ensuring the structural stability and accur-
acy of the model.

We used the PDBsum tool (Laskowski and Thornton 2022) to
gain deeper insights into the molecular interactions between
Blm-Topllla (Supplementary Fig. 3). This tool provided detailed in-
formation on the specific residues involved in the Blm-Topllla
interaction. We used Chimera-X (Pettersen et al. 2021) for visual-
ization and rendering high-resolution images to illustrate the mo-
lecular interactions within the Blm-Topllla complex.

Results

Identification of N-terminal regions conserved
among Drosophila species and deletion by CRISPR/
Cas9 genome editing

Despite high conservation in the helicase domain of Blm, the
roughly 720 amino acid N-terminal region is not well conserved
among multicellular organisms. This region is predicted to be in-
trinsically disordered (Fig. 1a). Prior studies, the BIm™? allele,
which deletes the first 575 residues of the IDR but retains 146 re-
sidues upstream of the helicase domain, pointed to a potential
role of this helicase-adjacent N-terminal region in embryonic de-
velopment (McVey et al. 2007). To further examine functions of the
N-terminal region, we narrowed our focus to conservation among
more closely related Drosophila species (Supplementary Fig. 1).
Alignment of these species identified 3 regions of high similarity.
One of these, from amino acids ~345-460, corresponds to the di-
merization helical bundle in N-terminal domain (DHBN) (Shi
et al. 2017; Hodson et al. 2022). We focus here on the other 2

regions, which we term CR1 (Fig. 1c, CR1; residues 1-110) and
CR2 (Fig. 1c; CR2; residues 533-720).

We further refined both CR1 and CR2 based on prior data and
additional alignment predictions. We expanded CR1 to amino
acid 240 to correspond with 1 of the 2 regions in human BLM found
to interact with Topllla (Wu et al. 2000). We also narrowed CR2 to
contain only the N-terminal amino acids predicted to be present
in the protein produced by the BIm™? allele (amino acids 576~
720), to compare their functions more directly. Using CRISPR/
Cas9 genome editing, we separately deleted the sequences encod-
ing amino acids 1-240 and 576-720 in the endogenous Blm gene
(Supplementary Fig. 2). We refer to these alleles as BIm*“%! and
BIm?“? (Fig. 10).

Embryonic hatch rates are affected differently
by each N-terminal Blm deletion

The absence of maternally supplied Blm results in frequent ana-
phase bridges during syncytial development and high rates of em-
bryonic lethality (McVey et al. 2007; Ruchert et al. 2022). To
determine the effects of each deletion on Blm function in embry-
onic development, we first conducted embryonic hatching as-
says. In agreement with prior results, embryos from females
homozygous for the BIm"! allele, which does not produce Blm
transcript or protein (McVey et al. 2007), have severely reduced
hatchrates (Fig. 2). In contrast, there is much weaker, though sig-
nificant, reduction in hatching of embryos from Blm™? mothers.
Functionality of the BIm™? protein in embryogenesis likely re-
quires the presence of the helicase, RecQ, and HRDC domains,
but the predicted BIm™? protein also has the last 146 residues
of the N-terminal IDR that may contribute to function. We as-
sessed the effects of deletion of this region (CR2) on embryogen-
esis (Fig. 2). Strikingly, embryos from BIm?“®? females have a
low hatch rate similar to that of embryos from Blm"! mothers,
consistent with this region being critical to Blm function in em-
bryonic development.

The effects of the CR1 deletion are similar to those of BIm"?,
with a modest decrease in hatching. While CR1 does have some
contribution to embryonic development, both BIm?“®! and Blm"?
can be maintained as homozygous stocks.

Mitotic crossovers are moderately elevated
in BIm*“** and BIm““}? mutants

Flies with the BIm™! or BIm™? deletion have elevated spontaneous
mitotic crossovers, probably due at least in part to compromised
SDSA and/or dHJ dissolution (Fig. 1b) (McVey et al. 2007; Lafave
et al. 2014). We assayed BIm““%! and BIm““*? mutants and found
they also have elevated mitotic crossovers (Fig. 3), but at rates
(0.27 and 0.51%, respectively) that are significantly lower than
those of BIm™* and BIm"? alleles (2.3 and 1.1%, respectively).
While BImN?, BIm*“R!, and Blm?“®? were in trans to Blm"! in this as-
say, BIm"! was assayed in trans to another allele, Blm"?, a nonsense
mutation that gives phenotypes identical to those of BIm"* (McVey
etal. 2007). Our results suggest that loss of CR1 or CR2 allows some
noncrossover repair or some other function that prevents lesions
that can be repaired as crossovers.

CR1 and CR2 are required for repair of DSBs
by SDSA

Blm has an important role in SDSA, where it is thought to promote
dissociation of D-loops during or after repair synthesis (Adams
et al. 2003; McVey et al. 2004). To determine whether the lower
number of mitotic crossovers in the BIm?“k! and BIm““*? mutants
relative to null mutants is due to better capabilities of these alleles
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Fig. 2. Hatching of embryos from Blm mutant mothers. Virgin females
homozygous for the Blm alleles indicated on the X-axis were crossed to
Oregon-RM males and allowed to lay overnight on grape juice agar.
Embryos were transferred to fresh grape juice agar plates and scored for
hatching 48 h later. Each experiment was repeated 3 times, with 100-250
embryos transferred each time. Significance was determined between
each allele by Fisher’s exact test. Embryos from Blm“*“*? (ACR2) or Bim™*
(N1) females are rarely able to complete development and are
significantly lower in hatch rate compared to wild-type (wt; ***P < 0.0001),
but not each other (P =0.2890). Embryos from BIm?“*! (ACR1) and Blm"?
(N2) have a modest but significant reduction in hatch rates compared to
wt, but not each other (P =0.3334). All alleles tested had significantly
reduced hatch rates compared to wt. We conclude that the CR2 region is
more critical for embryonic development but the CR1 region contributes
only to a small degree. n =wt: 598; ACR1: 1,080; ACR2: 743; N1: 706; N2:
700. Hatching data are in Supplementary Table 1.

to complete SDSA, we conducted the P{w“} SDSA assay (Adams
et al. 2003; McVey et al. 2004). In this assay, effectiveness of SDSA
in the male germline is determined by scoring progeny for a red
eye color that indicates synthesis of >4,000 bp from each end of a
gap generated by transposase-mediated excision, followed by dis-
sociation of nascent strands and annealing of an internal repeat
(the long terminal repeat of a copia retrotransposon). As reported
previously (Adams et al. 2003; McVey et al. 2007), the red-eye out-
come is greatly reduced in BIm™! and BIm"? mutants, demonstrat-
ing inability to repair through SDSA. A similar reduction of
red-eyed progeny was observed in BIm““*! and BIm*“*? (Fig. 4), re-
vealing a requirement for both CR1 and CR2 in SDSA.

Blm““R! and Blm““®? mutants have distinct meiotic
phenotypes compared to BlmN* null mutants

Loss of Blm causes meiotic NDJ (Fig. 1b) (McVey et al. 2007;
Hatkevich et al. 2017). To assess this function in our Blm deletion
alleles, we performed an X chromosome NDJ assay. The rates of
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Fig. 3. Mitotic crossovers in Blm mutants. We generated males
heterozygous for net dpp®"° dpy b pr cn on chromosome 2 and heteroallelic
for the Blm allele indicated and the amorphic allele BIm"! (BIm"* was
assayed in trans to the BlmP? null allele to avoid making any unknown
lesions on the BIm"* chromosome homozygous). Single males were
crossed to homozygous net dpp®"™ dpy b pr cn virgin females, and progeny
were scored to detect mitotic crossovers that occurred in the father’s
germline. Each dot is a biological replicate showing the percentage of
progeny arising from a mitotic crossover in 1 vial. Bars show means and
standard deviation. Crossovers are extremely rare in wild-type (wt) males
(McVey et al. 2007), so these were excluded from statistical analyses.
While both BIm?“®! (ACR1) and BIm”“*? (ACR2) have mitotic crossovers, the
rates in both mutants are significantly less than that of the Blm"* null
mutants (N1). **P <0.0001 by Kruskal-Wallis with Dunn'’s multiple
comparisons test. Compared to Blm"? separation-of-function mutants,
both ACR1 and ACR2 mutants had significantly fewer mitotic crossovers
(*P <0.01 and *P < 0.05 by Kruskal-Wallis with Dunn’s multiple
comparisons test). n = wt: 37 vials, 7,091 progeny; ACR1: 54 vials, 9,284
progeny; ACR2: 44 vials, 7,174 progeny; N1: 88 vials, 9,368 progeny; N2: 54
vials, 7,390 progeny. Mitotic crossover data are in Supplementary Table 2.

NDJ in BIm“*“K! (0.5%) and Blm““*? females (1.33%) were not signifi-
cantly different from that of wild-type females (Fig. 5), indicating
that the regions deleted in CR1 and CR2 are dispensable for Blm
functions that prevent NDJ. BIm*“** and BIm““*? each also had sig-
nificantly lower NDJ rates than BIm"* and BIm"? females (7.27 and
6.05%, respectively).

Based on the low NDJ observed in BIm?“** and BIm““*? mutants,
we hypothesized that they would have normal meiotic crossovers.
Surprisingly, crossovers were significantly reduced in BIm““k!
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Fig. 4. Repair of DNA gaps by SDSA. Single males with the Blm alleles
indicated on the X-axis (in trans to a Blm”? null allele) and the A2-3
transposase were crossed to homozygous P{w®} virgin females, with each
vial serving as a biological replicate. Progeny that did not inherit the A2-3
transposase were scored for the type of repair that occurred in the
parental male’s germline, with red eyes indicating completed SDSA,
yellow or white eyes indicating end-joining, and apricot eyes indicating
either no excision or repair that restored the complete P{w“}. SDSA
frequency is the percentage of progeny with red eyes. All mutants had
significantly lower numbers of red-eyed progeny than wild-type (wt). ***P
<0.0001 by ANOVA with Tukey’s post hoc and Kruskal-Wallis with
Dunn'’s multiple comparisons. Blm mutants were not significantly
different from one another (P > 0.05 for each comparison). n =wt: 151
vials, 4,675 progeny; ACR1: 145 vials, 6,393 progeny; ACR2: 148 vials, 4,328
progeny; N1: 106 vials, 4,197 progeny; N2: 133 vials, 3,860 progeny. P{w®}
assay dats are in Supplementary Table 3.

mutants (total genetic length of the region assayed was 44.8 cM in
BIm*“R! vs 52.4 cM in wild-type, P <0.0001), particularly in the
middle of the chromosome arm (Fig. 6). Also surprising was that
BIm?“*? mutants had significantly more crossovers (55.3 cM vs
52.4 cM in wild-type females), but with a similar distribution
(Fig. 6). These results suggest that CR1 and CR2 have different
functions in meiosis, contributing to meiotic crossover distribu-
tion in distinct ways.

Structural modeling of CR1, CR2, and the Blm
N-terminal IDR

Using the sequences of Drosophila Blm and Topllla (UniProt IDs:
Q9VG18 and QINGI8), the existing crystal structures of human
BLM with DNA (residues 640-1298) plus the dimerization helical
in N-terminal (DHBN) domains of human BLM [Protein Data
Bank (PDB) codes: 4CGZ and 5LUP, respectively] (Newman and
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Fig. 5. Meiotic NDJ. Virgin females with the Blm alleles indicated on the
X-axis over the BImN! null allele were crossed toy sc cv v g f/Dp(1;Y)B®
males in at least 15 vials, each serving as a biological replicate. Progeny
were scored for NDJ, indicated by bar eyes in daughters (XXY) and nonbar
eyes in sons (X0) genotypes. The number of NDJ progeny was doubled to
correct for genotypes that do not progress to adulthood (XXX and Y0), and
the NDJ rate was determined as a ratio of the number of corrected NDJ
individuals to total progeny for each genotype. Neither BIm*“*! (ACR1) nor
BIm?“®2 (ACR2) had a significant increase in NDJ compared to wild-type
(wt). In agreement with prior studies, both BIm"* and BIm"? females have
significantly elevated NDJ. BIm™! was assayed with an accompanying
P{UASp::Blm} in trans to a chromosome carrying the amorphic allele BImP?
and P{mata::GAL4}. The transgenes provide Blm expression after meiotic
recombination occurs to provide the essential maternal contribution.
This was not necessary for BIm"?. Number of progeny = wt: 6,900; ACR1:
3,593; ACR2: 1,047; N1: 1,403; N2: 2,975. *™*P < 0.0001; ns: P > 0.05 by the
methods described in Zeng et al. (2010). NDJ data are in Supplementary
Table 4.

Savitsky 2015; Shi et al. 2017), and AlphaFold v2.3.0 (Jumper et al.
2021), we were able to generate model to predict structure for
the roughly 720 amino acid N-terminal IDR of Drosophila Blm
bound to Drosophila Topllla. The top-ranked model revealed 2
Blm-Topllla complexes bound to each other along with 2 double-
stranded DNA molecules and 2 ADP molecules, providing a de-
tailed view of the protein-protein and protein-DNA interactions
(Fig. 7b). While the N-terminal IDR of Blm is predicted to have little
structure by itself, this model shows that when in complex with
another Blm molecule and 2 accompanying Topllla molecules,
this region may possess some ordered structure. Notably, our
model indicated that both the N-terminal and C-terminal regions
of Blm interact with Topllle, highlighting key interfaces in the
Blm-Topllla heterodimeric complex (Fig. 7b; Supplementary Fig.
3). DNA was observed to bind specifically to the winged helix
(WH) domain of Blm, where 2 of the strands form a prominent
hairpin. This hairpin is suggested to act as a DNA strand separ-
ation pin, a function that is consistent with what has been ob-
served in other RecQ helicases (Pike et al. 2009; Lucic et al. 2011;
Kitano et al. 2010).

We further sought to focus on the parts of the Blm N-terminal
IDR characterized in this work, CR1 and CR2, to better define
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Fig. 6. Meiotic crossovers in Blm mutants. Virgin females with the Blm alleles indicated on the X-axis (in trans to the Bim"! null allele or, in the case BIm"?, to
BImP?) and heterozygous for the net dpp™ dpy b pr cn chromosome were test crossed, and progeny were scored for recessive phenotypes. Graphs show
crossover density (cM/Mb) for each genetic interval. a) BIm"* (N'1) had a significant reduction in crossovers and an altered distribution, in agreement with
a prior study (Hatkevich et al. 2017) (P < 0.01 by Fisher's exact test). b) Crossovers were significantly reduced in Blm“*“®* (ACR1; P < 0.01 by Fisher's exact
test). ¢) BIm*“*? (ACR2) mutants had a modest but statistically significant increase in crossovers (P < 0.01 by Fisher’s exact test). d) Both Blm?“** and BIm*“*?
mutants had significantly higher crossing over than Blm™? (P < 0.0001 for each, Fisher's exact test for each). BIm““®* and Blm*“*? mutants were analyzed in
the presence of P{UASp::BIm} P{mata::GAL4) to rescue any potential maternal effect lethality after meiosis. BIm"! was assayed with an accompanying
P{UASp::Blm} in trans to a Blm"? allele with an accompanying P{mata::GAL4} to rescue maternal effect lethality after meiosis to obtain enough progeny for
analysis. Comparisons of overall genetic distance (net to cn) were done between each mutant and wild-type, as described previously (Hatkevich et al. 2017).
n =15 vials and 4,173 progeny for wt; 77 vials and 3,982 progeny for BIm"*; 107 vials and 4,059 progeny for BIm““**; 142 vials and 5,087 progeny for BIm““®2,

Meiotic crossover data are in Supplementary Table 5.

function. These regions have some predicted contacts with
Topllla and with the other Blm molecule in the modeled structure.
The first 33 residues of CR1 are predicted to interact with Topllla,
and a significant portion of CR2 (all but the last 20 residues) is pre-
dicted to interact (Supplementary Fig. 3). By removing the ToplIIla
molecules from the modeled structure, we see that CR1 forms a
globular dimer with itself and other slightly downstream regions
(Fig. 7c, magenta highlighted region). This may aid the dimeriza-
tion of DHBN domains of Blm that are slightly C-terminal (ap-
proximately amino acids 370-425 in Drosophila, amino acids 362-
414 in human BLM), supporting a domain shown previously to
be critical to Blm self-association (Shi et al. 2017; Hodson et al.
2022). The CR2 domain, however, is predicted to have very little
contacts with the other Blm molecule (Fig. 7c, turquoise
highlighted region), suggesting a lesser role than CR1 in support-
ing Blm dimerization. Based on this model, both regions are
likely key to supporting Blm function in distinct ways. CR1 largely
appears to have a role in supporting Blm dimerization,
but not interaction with Topllla, while the opposite is the case
for CR2.

Discussion
CR2 is required for embryonic development

We have shown here 2 previously uncharacterized regions of
Drosophila Blm, CR1 and CR2, have distinct functional roles,
summarized in Fig. 7a. Embryos from Blm“*“*? homozygous mu-
tant females show compromised hatching, to a similar degree
as null mutants. This is likely due to the accumulation of ana-
phase bridges resulting from defects in rapid replication and/
or an inability to resolve sister chromatid entanglements during
anaphase. Russell et al. (2011) mapped a Toplla interaction with
human BLM to the region that may correspond to CR2 of
Drosophila Blm. This interaction has not been mapped in
Drosophila Blm.

It is possible that the CR2 region has regulatory sites to pro-
mote or prevent such interaction. Phosphorylation by ataxia-
telangiectasia and Rad3" related and mutated (ATR/ATM) ki-
nases might be one way to promote interaction with Toplla as
part of the DNA damage response, both in stalled fork repair
and resolution of anaphase bridges. Human ATR phosphory-
lates BLM at 2 residues to promote the recovery of replication
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Fig. 7. Summary of CR1 and CR2 effects on Blm functions and model of Blm in complex with Topllla. a) Loss of CR1 compromises most Blm functions
(down arrows), though not meiotic disjunction (checkmark). Loss of CR2 does not affect meiotic disjunction (checkmark) but does have some effect on
SDSA and mitotic crossover prevention (down arrows). Loss of CR2 severely compromises embryonic development (2 down arrows) while slightly
increasing meiotic crossovers (up arrow). b) Modeling predicted interaction of Blm and Topllla using Drosophila Blm and Topllla sequences (UniProt IDs:
Q9VG18 and QINGI8) and from existing crystal structures of human BLM with DNA (residues 640-1,298) and the DHBN domains of human BLM (PDB
codes 4CGZ and 5LUP, respectively). The 2 molecules of Blm are colored light yellow and white, and the 2 molecules of Topllla are light pink and light
purple. CR11is shown in solid magenta and CR2 in solid turquoise for each Blm molecule. While the N-terminus is predicted to be intrinsically disordered
in the Blm protein by itself, it appears to have structure when in complex with another Blm protein and 2 Topllla proteins. CR2 is predicted to interact
extensively with Topllla. ) The same structure as in b) with Topllla removed and Blm rotated 180° around the Y-axis. CR1 is magenta and CR2 is
turquoise. CR1 is predicted to participate in dimerization activity of the N-terminus, while CR2 appears to serve an interaction role.

forks after stalling by hydroxyurea, and mutation of these resi-
dues to alanine results in cell cycle arrest (Davies et al. 2004).
Tangeman et al. (2016) found that additional predicted ATR/
ATM phosphorylation sites are important for BLM nucleolar lo-
calization and Topl interaction. The CR2 region has several S/
T-Qsites that are possible targets of ATR/ATM phosphorylation,
but a Drosophila phosphoproteomic analysis did not identify
any phosphopeptides from this region in embryos (Zhai et al.
2008).

Harris-Behnfeldt et al. (2018) showed a potential require-
ment for phosphorylation of the human BLM region analogous
to Drosophila Blm CR2, identifying several residues that when
mutated to alanine increase ultrafine anaphase bridges and
DNA double-strand breaks while decreasing colocalization of
BLM and Toplla. While some of these residues were predicted
to be phosphorylated by ATR/ATM, others were not, suggest-
ing that regulation may be distinct in different species.
Regardless of the kinase, regulation and specifically phosphor-
ylation of this region are important to BLM-Blm interaction
with Toplla and function in replication fork repair and reso-
lution of anaphase bridges, even if the residues and kinases in-
volved differ.

CR1 and CR2 are required for SDSA
and prevention of mitotic crossovers

Both BIm?“*! and BIm?“*? mutants showed defects in DSB repair
(Fig. 7a, SDSA and Mitotic Crossover Prevention boxes). SDSA rates
were compromised to the same extent as in BIm"! null mutants,
but the frequency of spontaneous mitotic crossovers was not as
high asin null mutants. One possibility is that CR1 and CR2 are re-
quired for SDSA but not for dHJ dissolution. Itis not possible to test
this possibility in vivo due to the lack of a dHJ dissolution assay. In
addition to conservation, we further chose to study CR1 because it
may be analogous to the major Topllla-interacting region of hu-
man BLM (Wu et al. 2000). In vitro, dHJ dissolution requires
Toplllo, which might suggest that Blm*“*! mutants would be de-
fective for dissolution; however, human Topllla also interacts
with the C-terminus of BLM (Wu et al. 2000). Interactions between
Drosophila Blm and Topllla have not been mapped. Furthermore,
although BLM can disassemble short D-loops in vitro, it is likely
that disassembly of D-loops in vivo, where the ends are not free
to rotate, requires topoisomerase activity, so loss of this inter-
action may impair both SDSA and dHJ dissolution.

How then might each of the Blm deletions studied lead to com-
promised SDSA? For CR1, it may be that Blm-Topllla interaction
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with both N- and C-terminal regions of Blm together is necessary
for effective SDSA, with loss of either leading to disrupted repair.
This could be further explored with a C-terminal deletion in
examination of SDSA and mitotic crossovers. Based on the Blm-
Topllla modeled structure, the CR1-ToplIla interaction (33 CR1 re-
sidues, Fig. 7b; Supplementary Fig. 3) could still be important to
full activity Blm in SDSA, with the CR1 also supporting efficient
Blm dimerization in this process (Fig. 7c). Future studies could
also target ATR/ATM predicted phosphorylation residues within
CR1 to attempt to characterize the role of regulation of this region
in effective SDSA.

As fortherole of CR21in SDSA, it may be that an interaction with
both Topll and Toplllais required for this process. While Toplllais
likely the primary topoisomerase involved in dissolution of
D-loopsin SDSA, Topll may be necessary to decatenate more com-
plex DNA structures resulting from errors or disrupted repair. The
structural model supports extensive interaction with Topllla by
the CR2 (124 residues, Fig. 7b; Supplementary Fig. 3), and this re-
gion may be key to facilitating interactions with other topoisome-
rases as needed (e.g. Topll), depending on the complexity of the
DNA structures present during repair. Future directions will also
work to characterize the effects of regulation of CR2 on SDSA,
with positive regulation potentially promoting additional inter-
action and/or stabilization.

CR1 and CR2 contribute to distinct meiotic
processes

The 2 deletions caused different meiotic phenotypes (Fig. 7a,
Meiotic Disjunction and Meiotic Crossovers boxes). BIm“*“* mu-
tants had a significant reduction in meiotic COs, whereas Blm?“*?
mutants had an increase. Neither mutant had increased NDJ.
These are both different from Blm null mutants, which have de-
creased meiotic COs, altered CO distribution, and elevated NDJ.

CR1 appears to play a role in meiotic CO distribution, but in a
way thatis notrequired for proper segregation of meiotic chromo-
somes. How loss of this region impacts crossovers but not segrega-
tion is unknown. While many of the components involved in
meiotic and mitotic DNA repair are conserved, their regulation
does often differ in each process. CR1 would be hypothesized to
be involved in the resolution of meiotic DSBs as COs, but not in
their repair as NCOs. This would be explained by a higher inci-
dence of meiotic NCOs in BIm*“*! mutants. This might be detect-
able in whole-genome sequencing of progeny to quantify NCOs.
Ability of BIm*“®! to resolve any bridged chromosomes during
meiotic anaphases could explain the normal NDJ numbers. We
should note too that while BIm?“*! CO numbers were significantly
lower than wild-type, they were much higher than Blm null mu-
tants, so the effects on COs may be mild enough to lead to normal
meiotic chromosome segregation.

BIm*“R? meiotic activities are also unusual, with a significant
increase of meiotic COs yet normal meiotic disjunction. We specu-
late that this may be due to an inability of BIm*“?? to resolve DSBs
as NCOs, sending more of them into a CO pathway. This would be
consistent with CR2, but not CR1, being required for meiotic SDSA
and/or dHJ dissolution. In agreement with this hypothesis, overall
numbers and patterning of crossovers would not be disrupted,
possibly due to BIm*“® having an intact CR1.

Model of Blm-Topllla complex may suggest how

CR1 and CR2 function

How does this predicted structure relate to the functions of CR1
and CR2? From the regions of Blm shown in the model to contact
Topllle, it would seem CR2 is more important than CR1, with a

significant portion (124 residues) interacting with the topoisomer-
ase compared to just 33 residues for CR1. From the predicted mod-
el and our results from deleting CR2, the CR2-TopllIla interaction
appears to be critical to Blm roles in rapid replication fork progres-
sion during embryonic development and SDSA, but less important
in preventing mitotic crossovers, meiotic disjunction, and meiotic
crossover promotion. One potential explanation for thisis that the
rapid nature by which replication forks progress in this unique
embryonic phase require the CR2-Topllla interaction to support
the necessary speedy resolution of any stalls, blocks, or damage,
which if unrepaired can lead to the characteristic nuclear dropout
phenotype seen in Blm mutant embryos (McVey et al. 2007;
Ruchert et al. 2022). This interaction would not be as important
at other timepoints and for other Blm-TopllIla roles. For example,
replication fork repair in a typical cell cycle would not be predicted
to be affected because checkpoints exist to halt the cell cycle and
the cell is not under the pressure to divide rapidly.

While CR1 would appear to be mostly dispensable for inter-
action of Blm with Topllla in this model, its interaction with
Toplllo may still be required in some processes. CR11is likely some-
what important for homodimerization of Blm, as there are exten-
sive contacts shown between CR1 regions in the Blm homodimer
(Fig. 7c), indicating that CR1 may support the DHBN domains’ di-
merization function. However, given the relatively mild pheno-
types for many Blm functions when CR1 is deleted, this
dimerization role is probably secondary to the DHBN domains,
which are likely the main facilitator of dimerization.

Differences in ACR1 and N2 results provide
insights into DHBN function

While BIm““®! and BIm"? mutants have very similar phenotypes in
most of the assays reported here, these alleles differ substantially
in their effects on meiotic NDJ. A key difference between these al-
leles is the presence (in BIm*“*?) or absence (in BIm™?) of the pre-
dicted DHBN domain, suggesting the DHBN contributes to
appropriate meiotic chromosome segregation in Drosophila. This
NDJ may result from a loss of proper meiotic crossover distribu-
tion. While this study did not perform a meiotic crossover assay
with BIm™2, McVey et al. (2007) showed a significant decrease
(46%) in meiotic crossovers relative to wild-type over the same
net-cn interval used in this study, additionally indicating the
DHBN may also be important to meiotic crossover patterning
and distribution. These results would also suggest that the meiot-
ic crossover patterning defect is much more severe in BIm™? (46%
decrease vs wild-type, McVey et al. 2007) compared to BIm*“*! (15%
decrease vs wild-type, this study). Deletion of the DHBN may al-
low confirmation of these roles.

Conclusion

We have assessed genetic functions of N-terminal, unstructured
regions of Drosophila Blm helicase. We show that deletion of the
first 240 amino acids (CR1) does not impair embryonic develop-
ment or meiotic chromosome segregation but disrupts mitotic
DNA repair and meiotic crossover distribution. Deletion of the
146 amino acids upstream of the helicase domain (CR2) leads to
severely disrupted embryonic development and aberrant mitotic
DNA repair but allows normal meiotic crossover distribution
and chromosome segregation. Through this characterization, we
have begun to assign distinct Blm functions to different regions
of the N-terminus, leading to a better understanding of how this
complex protein works to promote development, meiosis, and
genome stability.
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