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ABSTRACT

CRISPR-Cas systems are widespread bacterial adap-
tive defence mechanisms that provide protec-
tion against bacteriophages. In response, phages
have evolved anti-CRISPR proteins that inactivate
CRISPR-Cas systems of their hosts, enabling suc-
cessful infection. Anti-CRISPR genes are frequently
found in operons with genes encoding putative tran-
scriptional regulators. The role, if any, of these anti-
CRISPR-associated (aca) genes in anti-CRISPR reg-
ulation is unclear. Here, we show that Aca2, en-
coded by the Pectobacterium carotovorum temper-
ate phage ZF40, is an autoregulator that represses
the anti-CRISPR-aca2 operon. Aca2 is a helix-turn-
helix domain protein that forms a homodimer and in-
teracts with two inverted repeats in the anti-CRISPR
promoter. The inverted repeats are similar in se-
quence but differ in their Aca2 affinity, and we pro-
pose that they have evolved to fine-tune, and down-
regulate, anti-CRISPR production at different stages
of the phage life cycle. Specific, high-affinity bind-
ing of Aca2 to the first inverted repeat blocks the
promoter and induces DNA bending. The second in-
verted repeat only contributes to repression at high
Aca2 concentrations in vivo, and no DNA binding
was detectable in vitro. Our investigation reveals the
mechanism by which an Aca protein regulates ex-
pression of its associated anti-CRISPR.

INTRODUCTION

Among the mechanisms that bacteria possess to protect
themselves against bacteriophages (phages) and other mo-
bile genetic elements (MGEs), CRISPR-Cas systems are
the only known adaptive means of defence (1,2). CRISPR-
Cas systems are subdivided into two classes and multiple

types and subtypes (3). Most types acquire short sequences
from an invader and store them as ‘spacers’ in loci termed
clustered regularly interspaced short palindromic repeats
(CRISPRs) (4,5). Transcription and processing of CRISPR
loci generates short CRISPR RNAs (crRNAs), each con-
taining a spacer which guides CRISPR-associated (Cas)
proteins to the complementary sequence within the invad-
ing MGE and triggering nucleolytic cleavage of the target
(6).

Recently, phages and MGEs have been shown to encode
anti-CRISPR proteins (Acrs) that they use to inactivate the
CRISPR-Cas systems of their hosts (7). Since the discovery
of Acrs, significant effort has been directed towards the elu-
cidation of their structures and mechanisms of action (8),
their applicability in Cas9- or Casl2-mediated genome edit-
ing (9) and their evolutionary and ecological implications
(10-12). Since the targets of Acrs include a broad variety of
CRISPR-Cas subtypes and proteins, they are diverse, mak-
ing it difficult to identify new acr genes based on sequence
similarity alone. However, acrs were originally found imme-
diately next to a highly conserved gene, later termed anti-
CRISPR-associated 1 (acal) (7,13). Based on this finding,
gene synteny became a major strategy to identify novel acrs
that were highly divergent in sequence but encoded next
to the same aca gene (13-16). This led to the further dis-
covery of genes encoding the associated proteins Aca2-7
(13,15,17). Despite their role in anti-CRISPR discovery, the
function of Aca proteins is unclear. All known Aca proteins
contain predicted helix-turn-helix motifs (13,15,17), which
led to the proposal that they may regulate their respective
operons containing acr and aca genes, and thus control Acr
levels (14). However, whether Aca proteins are autoregula-
tors and regulators of anti-CRISPRs remains untested.

Aca2 is an anti-CRISPR-associated protein found with
various anti-CRISPRs (13). For example, in the prophage
ZF40 of Pectobacterium carotovorum str. ZM1 (18,19), the
aca? gene is associated with acrlF8 in an acrlFS8-aca2
operon (Figure 1). AcrlF8 is an anti-CRISPR that inac-
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Figure 1. Inverted repeat pairs are conserved in acr—aca2 operon promoters. (A) Genomic context of the acrlF§8-aca2 locus of phage ZF40 with inverted
repeat pairs (shades of orange; bold bars illustrate symmetry and distance between each half-site of the respective repeat). Predicted regulatory sequences
(-35 and -10 sites, and ribosome binding site (RBS)) in green, predicted transcription start site (+1) indicated by an arrow. (B) Alignment (24) of acr-aca2
operon promoters with inverted repeats displayed as in (A). Invariant residues are indicated by an asterisk and the acr genes encoded downstream are given
where known. Question marks indicate genes that have no matches among known acr genes.

tivates the type I-F CRISPR-Cas systems of both Pseu-
domonas aeruginosa and Pectobacterium atrosepticum (13),
two important model organisms for the elucidation of type
I-F system function (20-23). Here, we show that Aca2 is
a dimer that represses the expression of the acrlF8—aca2
operon, and that this autoregulation is mediated through
binding to inverted repeats in the promoter region.

MATERIALS AND METHODS
Bacterial strains and growth conditions

Strains used in this study are listed in Supplementary Table
S1. Unless otherwise noted, P. carotovorum and Escherichia
colistrains were grown at 30°C and 37°C, respectively, either
in Lysogeny Broth (LB) at 180 rpm or on LB-agar plates
containing 1.5% (w/v) agar. When required, media were
supplemented with ampicillin (100 pwg/ml), chlorampheni-
col (25 pwg/ml), L-arabinose (as noted) and/or isopropyl B-
D-1-thiogalactopyranoside (IPTG) (as noted). Growth was
monitored as the optical density at 600 nm (ODgp) in a Jen-
way 6300 Spectrophotometer or in a Varioskan LUX Mi-
croplate Reader.

DNA isolation and manipulation

Oligonucleotides used in this study are listed in Supple-
mentary Table S2. Plasmid DNA was isolated using the
Zyppy Plasmid Miniprep Kit (Zymo Research) and all plas-
mids were confirmed by DNA sequencing. Plasmids used in
this study are listed in Supplementary Table S3 and their
construction is outlined in the Supplementary Methods.
Restriction digests, ligations, E. coli transformations and
agarose gel electrophoresis were performed using standard
techniques. Transformation of P. carotovorum strains was
carried out by electroporation using a Bio-Rad GenePulser
Xecell system (set to 1800 V, 25 nF, 200 ©2) in Bio-Rad elec-
troporation cuvettes with a 0.1 cm electrode gap, followed

by 2 h recovery in LB medium at 30°C at 180 rpm. DNA
from PCR and agarose gels was purified using the Illus-
tra GFX PCR DNA and Gel Band Purification Kit (GE
Healthcare). Polymerases, restriction enzymes and T4 lig-
ase were obtained from New England Biolabs or Thermo
Scientific.

Structural modelling and sequence analysis

DNA sequence analyses were performed using Geneious
10.0.7 software (https://www.geneious.com) and Clustal2
was used for sequence alignments (24). Protein BLAST
(https://blast.ncbi.nlm.nih.gov) was used for identification
of Aca2 homologs. The Aca2 structural model was gen-
erated by homology modelling using Phyre2 (25) with the
MgsA structure bound to DNA (PDB: 309X) (26). The
DNA-bound Aca2 dimer model was generated by aligning
copies of the Phyre2 Aca2 model with each of the DNA-
bound MgsA subunits using Pymol. The genome similar-
ity of P. carotovorum strains RC5297 and ZM1 was com-
pared using the ChunLab’s online Average Nucleotide Iden-
tity (ANI) Calculator (27). Strengths of ribosome binding
sites were calculated using the De Novo DNA RBS Calcu-
lator (Salis Lab, https://salislab.net/software/).

Reporter assays

Reporter assays for measuring acrlF§—aca? promoter ac-
tivity involved arabinose-inducible aca? expression plas-
mids and/or reporter plasmids with epfp under control
of the acrlF8—aca2 promoter. To determine the effect of
aca2 expression on acrlF8—aca2 expression, each eyfp re-
porter plasmid was tested with an aca? expression plas-
mid (+Aca2; pPF1532) as well as the corresponding empty
vector (—Aca2; pBAD30). Overnight starter cultures of P.
carotovorum strains containing plasmids were grown in 96-
well plates in an IncuMix incubator shaker (Select BioProd-
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ucts) at 1200 rpm at 30°C. The ODyg for each was adjusted
to 0.05 in LB medium containing the appropriate antibi-
otics, and if required, arabinose and IPTG were added to
final concentrations of 0.05% (w/v) and 50 wM, respec-
tively, unless otherwise noted. After 20 h of growth, fluo-
rescence of plasmid-encoded mCherry and eYFP was mea-
sured by flow cytometry using a BD LSRFortessa cell ana-
lyzer. Cells were first gated based on forward and side scat-
ter area, and mCherry-positive cells, as detected using a
610/20-nm bandpass filter with a detector gain of 606 V,
were further analysed for eYFP levels using a 530/30-nm
bandpass filter and detector at 600 V. Median fluorescence
intensity of eYFP was measured for at least three replicates.
Measurements for a control strain containing empty vec-
tors were subtracted from the other samples to account for
background fluorescence.

Aca?2 expression and purification

An overnight culture of E. coli BL21(DE3) carrying the
aca2 expression plasmids pPF1575 (wild-type Aca2) or
pPF1857 (Aca2®3%A) was diluted 1:100 in 500 mL LB sup-
plemented with ampicillin. The culture was incubated at
25°C and 200 rpm until it reached an ODgy of ~0.5,
at which point IPTG was added to a final concentration
of 1 mM. The culture was incubated at 18°C for 18 h
and pelleted by centrifugation (10 000 g, 4°C, 10 min).
For protein purification, 0.5 g of wet cell pellet was resus-
pended in 20 ml binding buffer (25 mM HEPES-NaOH,
pH 7.5, 300 mM NaCl and 25 mM imidazole, 0.1 mM
tris(2-carboxyethyl)phosphine (TCEP)) supplemented with
one cOmplete Protease Inhibitor Cocktail tablet (Roche),
20 pwg/ml DNase [ and 1 mM phenylmethylsulfonyl fluoride
(PMSF). Cells were lysed by two cycles through a French
Press at 10 000 psi. The lysate was cleared by centrifugation
(10 000 g, 4°C, 10 min), followed by the addition of more
PMSF (1 mM) and a second centrifugation step (10 000 g,
4°C, 10 min).

The clarified lysate was loaded, using an FPLC system
(AKTA pure, GE Healthcare), onto a I ml HisTrap FF col-
umn (GE Healthcare) that was pre-equilibrated with bind-
ing buffer. The column was washed with binding buffer and
5 column volumes (CV) of 10% elution buffer (0.1 mM
TCEP, 25 mM HEPES-NaOH, pH 7.5, 300 mM NaCl and
500 mM imidazole). Aca2 was eluted using a linear imi-
dazole gradient to 100% elution buffer over 10 CV. Frac-
tions containing Aca2, as determined using NuPAGE 4-
12% Bis-Tris Protein Gels (Thermo Scientific), were pooled
into dialysis tubing (SnakeSkin 3.5 kDa MWCO, Thermo
Scientific) and TEV protease was added. The sample was
dialyzed overnight at 4°C in size-exclusion chromatography
(SEC) buffer (0.1 mM TCEP, 25 mM HEPES-NaOH, pH
7.5 and 300 mM NacCl). Reverse-IMAC was performed to
separate the cleaved Aca2 from the rest of the sample. The
dialyzed sample was centrifuged (15 000 g, 4°C, 5 min) and
soluble protein loaded onto an IMAC column. The column
was washed with 10 CV binding buffer and 10 CV elution
buffer. Cleaved Aca2 was collected in the unbound fraction
and peak fractions were pooled and further purified by size-
exclusion chromatography using a Superose 12 10/300 GL
column (GE Healthcare) pre-equilibrated in SEC buffer.

Fractions containing Aca2 were pooled and glycerol was
added to a final concentration of 5% (v/v). Protein concen-
trations were determined using the Qubit Protein Assay Kit
(Thermo Scientific). Aliquots were snap-frozen using dry
ice and ethanol and stored at -80°C.

Electrophoretic mobility shift assays (EMSAs)

DNA probes for EMSAs were PCR-amplified using the
primers listed in Supplementary Table S2 from the plasmids
listed in Supplementary Table S3. Probes were fluorescently
labelled with IRDye-700 on their 5’ ends, whereas for bind-
ing specificity controls, unlabelled primers of the same se-
quence were used.

EMSAs involved 20 wl reactions containing 20 mM
HEPES-NaOH, pH 7.5, 100 mM NacCl, 0.1 mM TCEP,
5 mM MgCl, 0.1 pg/pl BSA, 0.01 pg/pl poly(dledC),
0.05 pg/ml poly-L-lysine, labelled DNA probe (final con-
centration 0.25 nM) and purified Aca2 to final concen-
trations as indicated. For competition assays, excess un-
labelled probe (final concentration 50 nM) was incubated
with Aca2 for 15 min prior to addition of the labelled
probe. All binding reactions were incubated for 15 min at
room temperature in the dark. Next, 5 pl loading dye (0.5x
TBE (45 mM Tris, pH 8.3, ~45 mM boric acid and 1 mM
EDTA), 34% glycerol (v/v), 0.2% bromophenol blue (w/v))
was added and samples were loaded on 8% polyacrylamide
gels (19:1 acrylamide/bis-acrylamide (Bio-Rad), 0.5x TBE,
2.5% (v/v) glycerol, 0.6 mg/ml ammonium persulfate and
0.05% (v/v) tetramethylethylenediamine) which had been
pre-run for at least 30 min at 4°C. Gel electrophoresis was
performed at 100 V and 4°C in the dark for ~1 h. DNA
was imaged at 700 nm using the LI-COR Odyssey Fc imag-
ing system and Image Studio software. Image Studio was
used to quantitate band shifts from at least three indepen-
dent assays, and dissociation constants were determined us-
ing GraphPad Prism (Version 7.00).

DNA bending assays

DNA bending assays were based on (28). Probes for bend-
ing assays were generated by PCR using the IRDye700-
labelled oligonucleotides and the templates indicated in
Supplementary Table S2. Probes were characterized by
varying flexure displacement, defined as the ratio of (a) the
distance from the centre of the putative protein binding site
to the 5" end of the probe, and (b) the total length of the
probe. The DNA-binding reactions were assembled accord-
ing to EMSA conditions with 20 nM Aca2 and probe con-
centrations of 1 nM. After imaging, mobility of shifted and
unshifted DNA probes (Rpound and Ry, respectively) was
determined as the distance between the probe and the gel
well. The ratio Ryound/ Reree Was plotted as a function of flex-
ure displacement, and a quadratic equation of the form y =
ax? + bx + ¢ describing the best-fit curve was used to deter-
mine the bending angle according to the formula apepg =
cos '[(2¢ — a)/2¢] = cos [(2¢ + b)/2c], as described in (29).
The bending angle was calculated as the mean + standard
deviation of at least three independent DNA bending as-
says.
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Figure 2. Aca2 represses the acrlFS8—aca2 operon. (A) Schematic of the
plasmid setup for the assay to measure autoregulation of the acrlF§8-aca2

Nucleic Acids Research, 2019, Vol. 47, No. 18 9661

RESULTS

The acrIF8—aca2 promoter contains conserved inverted re-
peats

To elucidate whether Aca proteins autoregulate and also
control their associated anti-CRISPR genes, we first
searched the acrlF§8—aca2 promoter of phage ZF40 for po-
tential protein binding sites. We identified two pairs of in-
verted repeats (IR 1 and IR2) upstream of acrIF8, within the
promoter and 5 UTR, indicative of binding sites for regu-
latory proteins (Figure 1A). IR1 and IR2 share the same
core inverted nucleotides (5-TTCG-3') but differ in the se-
quence and spacing (Ng or Ng for IR1 and IR2, respectively)
of the region between these core complementary halves.
Interestingly, we found these IRs conserved in most aca2-
associated loci that were identified previously (13), and in
other aca2-positive species such as Pseudomonas alcaliphila
and Edwardsiella piscicida (Figure 1B). Generally, IR1 ap-
pears more conserved than IR2, with all examined species
displaying near-perfect IR1 symmetry, whereas IR2 sym-
metry was often disrupted due to some non-complementary
nucleotide pairs. We hypothesized that Aca2 might autoreg-
ulate the acrlF8—aca2 operon by binding these IRs within
the promoter region.

Aca?2 represses the acrlF8—aca2 operon

To determine whether Aca2 influences expression from the
acrlF8-aca2 locus, we used a plasmid-based fluorescent re-
porter autoregulation assay in P. carotovorum RC5297, a
strain closely related to ZM1 (95.5% average nucleotide
identity). RC5297 lacks the ZF40 prophage and therefore
endogenous aca? expression, and will hence hereafter be
called Pca ZF40~ (Figure 2). The acrlFS—aca2 promoter
from phage ZF40 was inserted into an eyfp transcriptional
reporter plasmid and aca? was expressed from a second
plasmid under control of the arabinose-inducible araBAD
promoter (Figure 2A). In the absence of Aca2, we observed
robust expression from the acrlFS—aca? promoter. This
strong promoter activity is consistent with the presence of a
predicted perfect consensus -10 sequence (TATAAT) with
the optimal spacing of N7 to a -35 sequence (TTGCTT).
In agreement, mutation of the predicted -10 sequence abol-
ished activity of the promoter (Supplementary Figure S1A

promoter by Aca2 in a Pca ZF40™ host (Pca RC5297). (B) Activity of
acrlF8—aca2 promoter variants in Pca ZF40™ in the presence and absence
of Aca2, determined as the median eYFP fluorescence. The IR sites were
mutated as indicated; sc: scrambled or A: deleted. (C) Schematic of the
acrlF8-aca2 promoter assay in the ZF40* strain (Pca lysogen ZM1). (D)
Activity of acrIFS-aca2 promoter variants in the Pca ZF40" strain, de-
termined as the median eYFP fluorescence. The Pca ZF40~ control strain
lacks aca2 and in the Pca ZF40" strain aca2 is expressed natively from the
ZF40 prophage. (E) Activity of acrlF8—aca2 promoter variants in the Pca
ZF40~ strain in the presence of different concentrations of arabinose to
induce aca2 expression. In (B) and (D), data are presented as the mean +
standard deviation of four biological replicates and statistical significance
was tested by two-tailed unpaired #-tests (*P < 0.05, ***P < 0.001). In (E),
data are presented as the mean =+ standard deviation of six biological repli-
cates and statistical significance compared to the wtIR1-wtIR2 promoter
was tested by two-way ANOVA with Dunnett’s Multiple Comparisons Test
(***P < 0.001, ns: P > 0.05).
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and B). Expression was repressed by Aca2, demonstrating
a role for Aca2 in operon repression (Figure 2B). To deter-
mine whether the repression was due to Aca2 binding to
the inverted repeats, we tested promoter mutants with ei-
ther IR1 or IR2 sequences scrambled (Supplementary Fig-
ure 1A). Scrambling the IR 1 site (scIR 1) did not affect Aca2
regulation in Pca ZF40  cells (Figure 2B). The scrambled
IR2 (scIR2) mutant attenuated expression of the acrlF8—
aca2 promoter in the absence of Aca2, preventing analyses
of Aca2 regulation (Supplementary Figure S1C, D). To cir-
cumvent this effect, we deleted IR2 (AIR2), which did not
affect basal promoter activity or Aca2-dependent repres-
sion (Figure 2B). Therefore, either IR1 or IR2 alone were
sufficient for repression in vivo. By contrast, Aca2 was in-
capable of repressing the double IR mutant, scIR1-AIR2.

The ZF40 prophage produces sufficient Aca2 to repress the
acrlF8-aca? promoter

Next, we examined Aca2 regulation in the ZF40 lysogen,
P. carotovorum str. ZM1 (hereafter Pca ZF40%), by intro-
ducing the acrlFS—aca2 promoter reporters in the absence
of the aca2 expression plasmids (Figure 2C). We observed
strong repression of the wild-type promoter in the presence
of the ZF40 prophage, which contains the native aca2 gene,
in contrast to the Pca ZF40~ control strain (Figure 2D).
These data demonstrate that there is basal expression of
aca2 from the ZF40 prophage in stable lysogens, and that
this is able to repress the acrlF§—aca2 operon. Surprisingly,
repression of the acrlF8—aca2 promoter was impaired by
disruption of IR1, both IR1 and IR2, but not IR2 alone
(Figure 2D). These data contrast the results obtained with
our heterologous aca? regulation assay in the ZF40™ strain,
where either IR1 or IR2 were sufficient for repression. We
hypothesized that IR1 and IR2 have different affinities for
Aca2 and that this difference is masked by an increased
concentration of Aca2 in the heterologous system. To test
this, we performed an arabinose dose-response experiment
to generate a range of Aca2 concentrations in the Pca ZF40~
autoregulation system (Figure 2E). While the wild-type and
AIR2 promoters responded similarly to Aca2 abundance,
the scIR1 promoter required a higher Aca2 concentration
for the same level of repression (Figure 2E). Our results sug-
gest that IR1 is a higher-affinity site than IR2 for Aca2 re-
pression and that in the prophage stage, acrlFS—aca?2 repres-
sion is predominantly mediated via IR 1.

Aca2 binds tightly to an inverted repeat in the acrIF8-aca2
promoter

We next investigated whether the repression of the acrlF§—
aca2 promoter was due to direct DNA binding by Aca2
to the IRs. We performed electrophoretic mobility shift as-
says (EMSAs) using purified Aca2 and fluorescently la-
belled DNA probes covering 152 bp upstream of the acrIF8
start codon. Upon incubation of Aca2 with the wild-
type promoter, a concentration-dependent shift was appar-
ent, demonstrating direct binding between Aca2 and the
acrlF8—aca2 promoter DNA (Figure 3A). DNA binding
specificity by Aca2 was demonstrated by competition with
excess unlabelled DNA of the specific (S) sequence, but not
with a non-specific (NS) sequence (Figure 3A).
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Figure 3. Aca2 binds tightly to IR1 in the acrlF8-aca2 promoter. (A-D)
Representative mobility shifts of indicated DNA probes with increasing
Aca2 concentrations. Specific and non-specific controls (200-fold excess)
are denoted S and NS, respectively. N and 1 indicate non-shifted and single-
shifted bands, respectively. (E, F) Dose-response curves of the proportion
of shifted probe (+ standard deviation) as a function of Aca2 concentra-
tion and the resulting apparent dissociation constants (Kp) based on three
independent assays.

To examine Aca2 binding at the individual IRs, we used
probes containing scrambled IR sites. Scrambling IR1 ab-
rogated the Aca2-dependent shift, whereas scrambling IR2
did not, indicating that IR1 is requisite for Aca2 binding
in this assay (Figure 3B and C). As expected, scrambling
both sites abolished Aca2 binding (Figure 3D). Since our in
vivo experiments suggested that Aca2 has a lower affinity
for IR2 than IR 1, we increased the Aca2 concentration in
the EMSA. However, we still did not observe any additional
shifts, indicating that IR2 is not bound by Aca2 under these
in vitro conditions with up to 128 nM Aca2 (Supplementary
Figure S2) or 1000 nM Aca2 (data not shown). Quantifica-
tion of Aca2 binding to both the wild-type and the wtIR1-
scIR2 promoter regions revealed strong DNA binding with
1.43 and 1.07 nM dissociation constants, respectively (Fig-
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Figure 4. Aca2 is a dimeric HTH protein. (A) Predicted secondary structures of Aca2 from phage ZF40, with a-helices displayed as blue ribbons and
a B-strand as a green arrow and their amino acid positions indicated by numbers. The predicted HTH motif is highlighted in light blue. The yellow box
highlights the part of the protein used for modelling in panel (C). (B) Alignment of Aca2 HTH motifs from various bacterial species, with highly conserved
residues indicated by an asterisk. Residues mutated in Aca2 point mutants are highlighted in orange. Numbers indicate amino acid positions in the ZF40
homolog. (C) An Aca2 dimer (region highlighted in panel A) modeled with a DNA template, based on the published structure of MgsA in complex
with DNA. The residues R30 and Q33 are highlighted. (D) Median eYFP fluorescence, as measured during a reporter assay, for different Aca2 point
mutants. Data presented are the mean =+ standard deviation of four biological replicates and statistical significance was calculated by one-way ANOVA
with Dunnett’s Multiple Comparisons Test (***P < 0.001, ns: P > 0.05). (E) SEC elution profile of wild-type Aca2 (blue) and Aca2R30A (red), with size

standards indicated by dashed lines for comparison.

ure 3E and F). These results show that, in vitro, IR1 is es-
sential for high affinity DNA binding between Aca2 and the
acrlF8—aca2 promoter, whereas IR 2 is dispensable for DNA
binding.

Regulation by Aca2 is mediated by the helix-turn-helix do-
main

Our data demonstrates that Aca2 functions as a transcrip-
tional repressor by binding to the acrlF8—aca2 promoter.
Phyre2 (25) secondary structure predictions suggested the
presence of multiple a-helices in the Aca2 sequence, two
of which are predicted to constitute the helix-turn-helix
(HTH) motif in the N-terminal domain of Aca2 (Figure
4A). Several residues in this region are highly conserved
across Aca2 homologs from various species (Figure 4B).
We further identified proteins with similarity to Aca2 whose
structures were known. The N-terminal domain of Aca2
matched the antitoxin and transcriptional repressor MqsA
from E. coli (23% amino acid identity), which binds inverted
repeats as a dimer (26). Based on the published structure of
MgsA in complex with its DNA template (PDB: 309X), we

used protein structural homology modelling to generate a
model for the N-terminal domain of Aca2 bound to DNA
(Figure 4C). In support of our DNA-bound Aca2 model,
two residues in the MqsA major HTH recognition helix that
contribute to DNA binding (26), N97 and R101, align with
the conserved residues R30 and Q33 in Aca2, respectively
(Figure 4C). Moreover, mutation of R30, but not Q33, to
alanine disrupted Aca2 repression of the acrlF8—aca2 pro-
moter (Figure 4D). During size-exclusion chromatography,
wild-type Aca2 eluted at a volume corresponding to a dimer
(an Aca2 monomer is ~13.7 kDa), which was unaffected
by the R30A mutation (Figure 4E). Taken together, these
findings strongly support that Aca2 is a dimeric HTH tran-
scriptional repressor that binds IRs in the acrlF§—aca2 pro-
moter. Based on the homology with MgsR, we propose that
each half of an IR is recognized by each Aca2 subunit.

Aca2 binding bends the acrIF8—aca?2 promoter DNA

DNA binding by MgsA induces a bend in the DNA of
approximately 55° (26). Transcriptional repressors com-
monly bend DNA to interfere with transcription initiation
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Figure 5. Aca2 binding bends the acrlF8-aca2 promoter DNA. (A, B)
Mobility shifts of DNA probes with varying flexure displacement (as indi-
cated by the binding site schematics) in the absence or presence of Aca2.
B and F indicate the positions of bound and free DNA, respectively. (C,
D) DNA bending curves used to determine bending angles (apeng) + stan-
dard deviation based on the difference of mobility for bound and unbound
DNA (Rpound/ Riree) at varying flexure displacements of the probes, based
on three independent replicates.

by RNA polymerase (30). To determine whether Aca2 may
use a similar mechanism, we measured changes to the acr—
aca2 promoter topology by bound Aca2 using a DNA bend-
ing assay. The assay uses a series of probes with varying flex-
ure displacement (i.e. with different positions of the Aca2
binding site relative to the centre of the probe). We observed
that the magnitude of the DNA shift was dependent on flex-
ure displacement, indicating that Aca2 bends its template
upon binding (Figure SA, B). Indeed, we determined the
bending angle of the IR1+IR2 probe to be ~37.5° (Fig-
ure 5C). Using probes containing only IR1 led to a similar
bending angle (~36.6°), further supporting the notion that
IR1 is the only DNA site bound by Aca2 in these in vitro
assays (Figure 5D). In conclusion, we show that binding of
Aca?2 to IR1 involves topological changes in the DNA tem-
plate, which we predict to be an important factor in tran-
scriptional repression.

DISCUSSION

Genes encoding Aca proteins are frequently associated with
anti-CRISPR genes, and their conservation implies that
they fulfil an important role in Acr function. Here we show
that the Aca2 dimer is involved in repression of the anti-
CRISPR operon through two inverted repeat binding sites,

leading to the downregulation of both the anti-CRISPR
and Aca? itself. Based on our data, we propose the following
model. The acrlF8—aca2 promoter is strong, with promoter
elements close to the consensus for the housekeeping sigma
factor (¢7°). In our model, this promoter enables ZF40 to
produce large quantities of anti-CRISPR immediately upon
infection that are sufficient to suppress the host CRISPR-
Cas system and allow viral replication and host cell lysis,
or lysogeny. Note that neither AcrIF8 nor Aca2 are com-
ponents of the ZF40 virion (31) and therefore must be pro-
duced upon genome injection. We predict that a constantly
high rate of Acr production could cause a fitness cost and
be toxic, which is supported by toxicity observed upon Acr
overexpression (13). Moreover, since prophage success is
tied to lysogen survival, significant CRISPR-Cas immuno-
suppression is likely to be unfavourable by reducing defence
against other (un)related phages (11,12,32). Therefore, we
propose that it is beneficial for the prophage to repress the
anti-CRISPR operon once sufficient Acr has inactivated the
CRISPR-Cas complexes. In support of this model, Aca2
proteins are typically encoded as the second gene in acr
operons. Therefore, a pulse of Acr will be produced, fol-
lowed by production of Aca, which we show is able to re-
duce expression of the operon. We predict that the levels
of Aca2 relative to AcrIF8 will accumulate more slowly,
due to a weaker ribosome-binding site for aca2 compared
with acrlIF8, which helps establish an initial Acr pulse (Sup-
plementary Figure S3). Importantly, we show that in ZF40
lysogens Aca2 activity is detectable, albeit low compared to
the plasmid overexpression system, which means that the
prophage does not entirely shut off the anti-CRISPR prop-
erties. This suggests that anti-CRISPR levels might be fine-
tuned to balance the benefits of the host maintaining some
CRISPR-Cas activity (preventing superinfection) against
potential recognition of the integrated prophage by existing
spacers.

The two IRs in the acrlF8-aca2 promoter responded to
different levels of the Aca2 dimer. Each monomer of Aca2
is predicted to bind one half-site of the IR and the spac-
ing between the IR half-sites is likely to influence the bind-
ing strength. Aca2 binds to IR1 with a high affinity and
induces bending by 37°, directly blocking the -35 and -10
promoter region. In contrast, IR2 does not seem to play a
role for repression once lysogeny is established but can me-
diate repression at higher Aca2 concentrations. This sug-
gests that IR2 might function shortly after phage infection
when expression of the acrlF§8—aca2 operon is presumably
high, potentially allowing modulation of anti-CRISPR ex-
pression in the transition between infection and establish-
ment of the prophage. Furthermore, based on our in vitro
data, it is possible that an additional factor is required for
IR2 to be recognized by Aca2. According to the predicted
location of the transcriptional start site (Figure 1A), IR2 is
part of the 5" UTR of the acrlF8—aca2 transcript. As such,
the palindromic sequence could create a hairpin loop and
have a posttranscriptional role in fine-tuning anti-CRISPR
expression. In any case, the roles of the two inverted repeats
are likely to be similar across many aca2-positive strains, be-
cause the symmetry and the spacing between the half-sites
of the individual IRs are largely conserved. In conclusion,
we have revealed the DNA binding mechanism of repres-



sion by the Aca2 protein in the control of anti-CRISPR ex-
pression. Based on the common occurrence of helix-turn-
helix motifs in Aca proteins, our model for the Aca2 regu-
latory mechanism is likely to be conserved across other Aca
proteins.
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Supplementary Data are available at NAR Online.
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