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Abstract

Nearly fifty protein families have been identified that inhibit CRISPR (Clustered Regularly
Interspaced Short Palindromic Repeats)-Cas mediated adaptive immune systems. Here, we
analyze the available anti-CRISPR (Acr) structures and describe common themes and unique
mechanisms of stoichiometric and enzymatic suppressors of CRISPR-Cas. Stoichiometric
inhibitors sterically block interactions with DNA or prevent conformational changes that recruit or
activate Cas nucleases, whereas enzymatic inhibitors covalently modify Cas proteins or cleave the
CRISPR RNA. Here, we discuss some of the trade-offs associated with each of these strategies
and highlight mechanistic insights revealed by atomic-resolution structures of Acrs.
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INTRODUCTION

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRS) and associated cas
genes are essential components of diverse adaptive immune systems that defend bacteria and
archaea from infection by foreign genetic elements. These immune systems are partitioned
into two classes that have evolved independently but have been exchanged horizontally
across taxa (39; 42). Class1 systems are divided into three types (1, I, IV) and 18 subtypes
(A, B, C, etc.), but all class 1 systems consist of a multi-subunit RNA-guided surveillance
complex (42; 43). Similarly, class 2 systems are divided into three types (1, V, VI) and 26
subtypes, but all class 2 systems consist of a single-protein effector that is guided by a
CRISPR RNA (crRNA) (42; 43). Despite the phylogenetic and functional diversity of these
systems, they all seem to participate in defense.

Considerable effort has been dedicated to understanding how Cas proteins integrate
fragments of foreign DNA at one end of the CRISPR locus, and how CRISPR DNA is
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transcribed and processed into short crRNAs that guide Cas nucleases to the DNA or RNA
of invading parasites (Figure 1). Progress in this field has been frenetic and numerous
reviews dedicated to mechanisms of CRISPR adaptation (1; 31; 44; 69), crRNA biogenesis
(13; 14) and interference (26; 36; 53) are available. As sophisticated and diverse as these
immune systems are, phages and other genetic parasites have evolved mechanisms to
neutralize these immune systems. Originally discovered in 2013, anti-CRISPRs (Acr) appear
to mirror the diversity of the CRISPR systems themselves (7; 8; 48). Much like CRISPR
systems, anti-CRISPRs have attracted considerable attention and several reviews have
recently been published that address Acr function, evolution, and methods of discovery (9;
28; 49; 66). Here we complement existing reviews by first introducing recent work on the
expression and regulation of Acrs. The implications of acrregulation are discussed in the
context of CRISPR-Cas expression, before we move on to a discussion focused on the
structures of Acr proteins and what they have taught us about the vulnerabilities of CRISPR
RNA-guided defense systems.

Timing is everything

How do crRNA-guided surveillance complexes find complementary targets in a crowded
intracellular environment, and on a time scale that affords protection from an invading virus
that will (in some cases) program the cell for lysis (i.e., death) in the first few minutes after
infection? The mechanism(s) that explain effective surveillance are complicated, but we
know that detection of a complementary DNA target does not initially rely on unwinding the
dsDNA duplex, which would be slow and energetically expensive (60; 68). Instead,
detection of invading dsSDNA (crRNA-guided detection of RNA relies on alternative
mechanisms), starts with the identification of a short-duplexed sequence motif called a PAM
(protospacer adjacent motif) (45; 62; 68). PAM binding is thought to destabilize the duplex
and thereby facilitate crRNA-guided strand invasion (2; 58; 68). If the adjacent sequence is
not complementary, then the interaction is ephemeral, and the search continues (64; 74). In
contrast, a PAM with an adjacent complementary sequence triggers a conformational change
that activates the nuclease and prompts target destruction (30; 46; 56; 71; 73; 82; 84).
Collectively, this is an efficient process and some crRNA-guided surveillance complexes
(e.g. Cas9 and Cascade) are predicted to find their targets in less than a minute (16; 33; 74).

But if crRNA-guided immune surveillance is rapid and efficient, then how do phages escape
detection and elimination? DNA mutations and modifications play an important role in
phage escape (11; 17; 61; 75), but here we focus on the delivery of immune suppressors. To
effectively suppress the immune system, phages must quickly produce or deliver Acrs before
the genome is identified and destroyed by crRNA-guided immune complexes (10; 40). It is
conceivable (maybe even probable) that some phages package and inject Acr proteins along
with their genomes. In fact, Stone et a/recently determined the structure of a phage
decoration protein that is a structural homolog of AcrlIC1 (70). Although this structural
similarity raises the intriguing possibility that proteins associated with the virion could serve
as readymade CRISPR-Cas antidotes, recent evidence now indicates that acrsare among the
first genes to be transcribed and translated during an infection (Figure 1) (5; 65).
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To date, nearly fifty families of unique Acrs (some containing just a single known homolog)
have been experimentally demonstrated to suppress type I, Il, 111 or V CRISPR immunity
(Figure 1 and 2) (6). These proteins are small (52-333 amino acids) and diverse, sharing
little to no sequence similarity with other proteins (8; 48). The small size and diverse
sequences make it difficult to identify new Acrs using standard homology-based search
methods. However, Pawluk et al. first identified a conserved gene with a helix-turn-helix
(HTH) maotif that is encoded downstream of known anti-CRISPR genes, but is absent in
related phages lacking anti-CRISPRs (50). These anti-CRISPR associated (aca) genes have
become effective new tools that serve as genetic landmarks for locating new Acrs, but until
recently their functions have gone unreported. Stanley ef al. recently demonstrate that acr
and aca genes are immediately transcribed as a single RNA from the upstream promoter
(i.e., polycistronic) (65). Collectively, this work, and a paper from Birkholz et a/., now show
that Aca proteins are homodimers that repress expression of the operon by binding to
inverted repeats in the promoter (Figure 1) (5; 65). This results in a temporally controlled
negative feedback loop that helps explain how phages deliver an early dose of Acrs, without
the detrimental effects of runaway gene expression that occur in the absence of the repressor
(5; 65). However, since Acr delivery appears to require transcription and translation (as
opposed to delivery of the proteins directly) there is an intrinsic delay, and this delay
provides an initial advantage to a previously “vaccinated” cell containing bespoke crRNA-
guided complexes targeting that phage (10; 40). Borges et a/. and Landsberger et al. recently
demonstrated that infections of cells containing a CRISPR system targeting that phage are
typically cleared, but each infection delivers small doses of Acr proteins that temporarily
immunocompromise the cell. Thus, at high viral titers, Acrs accumulate to a critical
intracellular threshold that eventually overwhelms the immune system (10; 40). Remarkably,
the intracellular threshold necessary for immunosuppression differs between Acrs and
correlates with the Acr binding affinity (i.e., weak binders require higher Acr concentrations
and vice versa) (10; 40).

While the role of Acrs in blocking interference in previously vaccinated cells has been well
established, very little work has been done to understand how Acrs impact adaptation or
crRNA biogenesis (Figure 1). With the exception of a single paper, indicating that Acrs
inhibit new sequence acquisition in type I-F systems (76), no work has been published on
the role of Acrs in processes upstream of interference. This is especially surprising since
Cas9 plays a critical role in both interference and new sequence adaptation (25; 80). We
anticipate that Acr proteins play an underappreciated role in limiting the efficiency of new
sequence integration and that efforts to interrogate this aspect of the biology will reveal new
insights into the CRISPR-anti-CRISPR dynamic.

Stoichiometric Inhibitors of CRISPR Defense

Anti-CRISPR Proteinsthat Masguerade as dsDNA: Parasites routinely use molecular
mimicry to evade host immune responses (27; 54). Since many of the CRISPR-Cas systems
target double-stranded DNA (dsDNA) (types I, II, and V), it is not surprising that phages
have evolved a diverse repertoire of Acr proteins that serve as dsSDNA decays, which
intercept the immune systems and prevent detection of invading DNA (15; 18; 23; 32; 41;
52; 63; 83). However, if dSDNA mimicry is a shared mechanism for diverse Acrs, then why
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does each Acr only interact with a specific surveillance complex? To address this question,
we compared Acr structures to idealized B-form DNA and to the distorted DNA bound by
each of the corresponding surveillance complexes (Figure 3A and D). These comparisons
reveal a negative charge distribution on Acrs that more closely resembles the pattern of
phosphates on DNA bound by the surveillance complex than idealized B-form (Figure 3B-C
and E-F). In addition to the pseudo-helical presentation of negatively charged residues, we
found that Acrs disguised as (bound) dsDNA are also often adorned with additional
structural features (Figure 3E-F). These ancillary structural “decorations” often obscure the
helical charge distribution characteristic of dSDNA, but they are expected to play important
roles in affinity and specificity of Acr target selection. Collectively, the shape and charge
distribution of a specific Acr, as well as the additional structural adornments that are unique
to each Acr, may help explain why each DNA mimic exclusively targets the surveillance
complex of a specific subtype.

Acr-mediated Dimerization: Anti-CRISPRs that target diverse immune subtypes often
form homodimers (22; 29; 34; 37; 38; 51; 72; 77; 78; 85; 86). This strategy may increase the
effective size of an otherwise small Acr, which may in turn increase the affinity and
specificity of target interactions. Moreover, homodimeric-Acrs often dimerize their
corresponding immune system targets (e.g., AcrllA6 and AcrVA4), which may balance the
costs of making more Acrs upon infection (i.e., two Acrs neutralize two Cas). AcrllA6
forms a stable homodimer that recognizes one molecule of Cas9 through a series of high-
affinity interactions contributed by each Acr subunit (Figure 4A) (22; 72; 86). Residues that
produce interactions on one face of the homodimer are symmetrically presented on the
opposing face and these residues are free to engage with an additional molecule of Cas9.
Thus, one homodimer neutralizes two molecules of Cas9, and formation of the homodimeric
Acr simultaneously increases the affinity for both molecules of the Cas9 target.

The benefits of homodimer formation are less clear in the case of AcrVA4. In contrast to the
coordinated binding interactions by AcrllA6, one subunit of an AcrVVA4 dimer forms the
majority of contacts with a single molecule of Cas12 (Figure 4B) (37; 51; 85). Theoretically,
a monomer of AcrVA4 would be just as effective as the dimer. Consistent with this idea, the
flexible N-terminal domain (NTD) of AcrVA4 (unresolved in Cryo-EM structures) was
shown to be required for Acr dimerization but dispensable for Cas12 inhibition (37).
However, additional selective pressures may be at play. Dimerization may be critical for
regulating expression of acrV/A4. Since the anti-CRISPR is not flanked by a known aca gene
but does occur immediately downstream of two inverted repeats (IRs) (79), AcrVA4 may be
regulated through an aca-like mechanism. While the role of the AcrVA4 NTD remains
unknown, work recently deposited on Bioarchive (BioRxiv) and not yet peer reviewed,
shows that the NTD regions of some Acrs (e.g., AcrllAl) are not required for immune
system inhibition, but rather function as Aca-type regulators of acrexpression (47). In fact,
the NTD of AcrllAl is also required for dimerization (34), again suggesting that while an
Acr may form a dimer, this is not always necessary for Acr function. The NTD of AcrVA4
may play a similar role in regulating expression of the Acr, and this function may be
dependent on dimerization of the suppressor. An alternate possibility for the biological role
of AcrVA4 dimerization is that two molecules of the anti-CRISPR may be needed for
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interactions with AcrVA5. These Acrs cooccur in phage genomes and have been reported to
form a complex (79), however this assembly dissociates upon AcrVA4-LbCas12 binding
(85). Since AcrVAS is an enzymatic inhibitor with little substrate specificity (see below),
then its association with AcrVA4 may impart target specificity on an otherwise non-specific
enzyme.

Unlike Acrs that dimerize the crRNA-guided surveillance complex, AcrlIC2 forms a
homodimer but fails to dimerize Cas9, suggesting two molecules of the suppressor are
needed for each Cas target (72; 86). The AcrlIC2 dimer binds to apo-Cas9 (i.e., sans RNA)
and prevents crRNA (or sgRNA) guide-loading, which may increase proteolytic degradation
of newly expressed Cas9 proteins (72; 86). This makes AcrlIC2 one of the more
confounding and potentially interesting Acrs, since this mechanism implies that it is unable
to prevent interference by Cas9 that is already loaded with a guide. This Acr would have
limited utility in a cell with preformed Cas9s carrying crRNAs targeting that phage.
However, since Cas9 must associate with the crRNA to fulfill its role in new sequence
acquisition (25), then it is possible that AcrlIC2 serves as a suppressor that inhibits both
interference and Cas9-dependent integration of foreign DNA into the CRISPR (72).

Based on the emerging theme of homodimeric Acrs that trigger dimerization of their targets,
we wondered if other Acr dimers might be capable of achieving a similar function. AcrlF3,
forms a homodimer that binds the type I-F transacting nuclease/helicase (Cas2/3) (56; 57;
77; 78). Structures of the AcrlF3 homodimer bound to Cas2/3 reveal a series of contacts
made by each AcrlF3 molecule that are arranged along one face of the homodimer (77; 78).
To determine if AcrlF3 might be capable of dimerizing Cas2/3, we modeled an additional
molecule of Cas2/3 onto the crystal structure of dimeric AcrlF3 bound to Cas2/3 (Figure
4C). In this model, there are no major structural impediments that preclude AcrlF3-mediated
dimerization of Cas2/3, and the majority of residues on the solvent exposed binding face of
AcrlF3 are available to interact with a second molecule of Cas2/3. This suggests that AcrlF3
may tether two molecules of the helicase-nuclease to prevent interference. AcrlF3 has also
been shown to block adaptation (76). The mechanism for blocking adaption has not been
well-established but Rollins et al. previously shown that AcrlF3 binds to Cas2/3 alone and to
Cas2/3 in complex with Cas 1 (57). In most type | systems, Cas2 and Cas3 are separate
proteins involved in adaptation and interference, respectively. However, in I-F systems, these
proteins are fused into a single polypeptide that forms a large (~375 kDa) heterohexameric
complex with Casl (Casl14-Cas2/3,) (Figure 4D) (21; 55; 57). This suggests that AcrlF3
might be a more efficient immune suppressor than has previously been appreciated and its
ability to block adaptation and interference, might be complemented by the ability to trigger
oligomerization of the Cas1-2/3 complex.

Why Two Acrs?: Unlike the homodimeric Acrs that benefit from larger binding surfaces,
and in many cases dimerize their targets, a few Acrs function as monomers that bind a single
surveillance complex at multiple sites (e.g., AcrlF1 and AcrlIC3). The advantage of this
‘strength in numbers’ strategy is unclear, since multiple Acrs binding a single Cas protein
will increase the anti-CRISPR concentration needed to saturate targets and slow down the
process of immune suppression. For example, AcrlFI blocks access to the crRNA-guide by
binding to two different sites on the Csy complex (15; 23; 52), but it is unknown if binding
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at both sites is necessary to prevent crRNA-guided target engagement. After PAM-binding,
the crRNA is expected to directionally unwind the DNA duplex, starting at the PAM
proximal end of the guide. Mismatches nearest the PAM (referred to as the seed region of
the crRNA) prevent target binding, indicating that hybridization within the seed region of
crRNA is critical to target recognition (12; 81). One of the two AcrlF1 molecules that bind
the Csy complex block access to the crRNA seed. However, it is unclear if this binding site
is sufficient to impede target binding or if a second molecule of AcrlF1 must also bind
further up the crRNA backbone to prevent target hybridization.

The advantages of multiple binding sites is more obvious for AcrlIC3, which binds to both
the recognition lobe (REC2) and the HNH-nuclease domain of Cas9 (35; 71; 86). In fact,
AcrlIC3-mediated dimerization of Cas9 is necessary for suppression, as a single molecule of
AcrlIC3 is unable to prevent Cas9 target cleavage (86). Recently published structures reveal
that two molecules of AcrlIC3 bridge oppositely oriented molecules of Cas9, creating a
ring-shaped structure (Figure 4E) (71). AcrlIC3 prevents activation of the Cas9 HNH-
nuclease (71), but it is unclear why one Acr protein is unable to block this conformational
rearrangement. To understand the mechanism of AcrlIC3, we superimposed a molecule of
the Acr onto structures of Cas9 in multiple conformational states. This analysis reveals that
Cas9 conformational changes induced by target binding and nuclease activation disrupt
contacts with AcrllC3, and these conformational changes must dislodge the anti-CRISPR in
the absence of additional stabilizing contacts with a second molecule of Cas9. This indicates
that assembly of the ring-shaped heterotetramer provides additional contacts to both
molecules of AcrlIC3, allowing each suppressor to pin the HNH domains of the two Cas9s
in inactive conformations. Collectively, this suggests a model where two AcrlIC3-Cas9
heterodimers bind one another to neutralize each surveillance complex (Figure 4E), and that
a monomer of AcrlIC3 is insufficient to inhibit one molecule of Cas9 but two Acrs
collectively inhibit two surveillance complexes.

Enzymatic Suppressors of CRISPR Immunity

Covalent M odification of the Surveillance Complex: In contrast to Acrs with steric and
allosteric mechanisms of immunosuppression, AcrVA1 and AcrVVA5 are enzymes that
covalently modify the Cas12-crRNA complex, making them potent suppressors even at sub-
stoichiometric concentrations (19; 38; 85). This may be especially beneficial for type V
suppressors, since Casl2 is capable of multi-turnover targeting (67). AcrVAL is an
endoribonuclease that cleaves between the fifth and sixth position of the crRNA (Figure 5A
and B), while AcrVAS5 is a GCNb5-related N-acetyltransferase (GNAT) that acetylates
lysines (Figure 5C and D) (19; 38; 85). Initially, AcrVA5 was thought to target acetylation
to a specific PAM sensing residue (i.e., K635), but Dong et a/. detected widespread
acetylation of Cas12, which may indicate that AcrVVA5 is more promiscuous than previously
appreciated (Figure 5C). The biochemical promiscuity of AcrVVAS5 is consistent with the lack
of an N-terminal specificity domain that is found in other GNAT homologs (Figure 5D) (59).
However, untargeted acetylation seems dangerous and ineffective. The previously reported
formation of a complex between AcrVA5 and AcrVA4 (85), suggests that AcrVA4 may
direct the acetyltransferase activity of AcrVVA5 to the appropriate (i.e., Cas12) substrate.

Annu Rev Microbiol. Author manuscript; available in PMC 2020 December 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiegand et al.

Page 7

The Future of Anti-CRISPR: Gazing into the anti-CRISPR crystal ball, it seems that only
one thing is certain. The discovery of new anti-CRISPRs will continue to provide new
insights about Acr mechanisms, while simultaneously revealing mechanistic vulnerabilities
of the immune systems that they inhibit. To date, we are aware of fourteen stoichiometric
inhibitors, which either block DNA binding (PAM recognition or hybridization to the guide)
or allow binding but prevent nuclease activation. DNA mimics appear to be a common
theme in the type I, I, and V systems and we anticipate the discovery of Acrs that adopt
similar strategies for RNA targeting systems (type I11 and type VI). Protein mimics, like
AcrlF3 (which mimics the helical bundle of Cas8f), appear to be effective suppressors, and
we expect that protein mimics will be identified with increasing frequency. Similarly, we
anticipate that enzymatic inhibitors are currently underrepresented, and we expect that multi-
turnover enzymes that post-translationally modify Cas proteins, or post-transcriptionally
modify CRISPR RNAs will continue to reveal the versatility of these inhibitors. As an
example of this versatility, an unreviewed paper that is currently available on the bioRxiv,
reports the identification of a widespread enzymatic inhibitor (i.e., Acrlll-1) that rapidly
degrades cyclic tetra-adenylate (cA4), which is produced by type 111 CRISPR systems after
binding viral RNA and has been shown to activate nucleases necessary for defense (3). In
addition to its novel activity, this enzyme relies on a novel fold that assembles into a
homodimer which specifically recognizes the symmetry of cA4. Though it may be a
coincidence, we find the importance of symmetry imposed by homodimers to be remarkable.
This includes homodimeric Acrs that dimerize the Cas proteins they target, homodimeric
Acas that recognize the symmetry of inverted DNA repeats in the promoter, and now
homodimeric Acrs that recognize the symmetry of second messengers.

Given the prevalence of CRISPR systems in archaeal genomes (~85%) (40), we expect that
archaeal viruses will deploy the most diverse, abundant and innovative Acr-based solutions
for subverting CRISPR-based immunity and that these Acrs will in turn drive
immunological innovation. Aside from Acrlll-1, only two other archaeal anti-CRISPR
proteins have described to date (i.e., AcriD1 and AcrllIB1) (4; 24). Remarkably, SIRV2
contains up to 12 copies of AcrID1 (24). This observation suggests that duplicated Acrs may
be involved in dosage compensations, in a way that is conceptually similar to the expansions
of K3L suppressors in poxviruses (“DNA accordions”) (20). Alternatively, or perhaps in
addition to, it is possible that each of these paralogs have nuanced, non-redundant functions.

In our opinion, Acrlll-1 represents an emerging ‘class’ of anti-CRISPR that transcend
traditional subtype boundaries because of their unique mechanisms of action. Given the lack
of reliance on a specific protein-protein interaction, this anti-CRISPR is presumed to be
capable of inhibiting any type 111 system that relies on this messenger. Not restricted to
inhibition of a specific subtype, Acrlll-1 inhibits systems that signal with cA4, but not other
secondary messengers (i.e., CAg) (3). At a biological level, this suggests that like Cas
proteins, second messengers are also in conflict, and we expect that Acrs will mirror the
diversity of the messengers themselves. At a practical level, Acrs that target second
messengers, rather than a subtype specific protein, may defy the existing Acr naming
scheme, which typically includes a letter to designate a specific subtype rather than a second
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messenger that might be present in many different subtypes. For this new generation of Acrs,
we suggest a naming scheme that incorporates the specific messenger (e.g., Acrlll-1-cAy).

The work on AcrllI-1 highlights the biological innovation that occurs in response to the
selective pressures imposed by viruses and encourages us to think beyond the stochiometric
or enzymatic proteins that bind directly to Cas proteins or CRISPR RNAs. We anticipate that
viruses will also use non-coding RNAs or peptide-based inhibitors that will serve as decoys
or molecular jamming devices that block or redirect the immune systems. Understanding
how viruses evade detection and how hosts overcome immune suppression will continue to
be a transformative area of discovery that will benefit from a holistic approach, that includes
scientists with diverse expertise and backgrounds.
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Figure 2. Anti-CRISPR (Acr) and Anti-CRISPR associated (aca) genes.
Acr proteins that have been experimentally demonstrated to prevent CRISPR interference,

with representative protein accession numbers, PDB identifiers, and propensity to form
homodimers. Proteins with HTH-domains, but not confirmed to form homodimers are listed
as ‘Probable’. *currently under peer-review. **Acr with suggested naming convention that
includes the secondary messenger.
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A dsDNA-bound Csy

AcrlF2-bound Csy

Type I-F DNA Mimicry

D dsDNA-bound Cas9

Type lI-A DNA Mimicry

AcrllAd4-bound
Cas9

Figure 3. Anti-CRISPRs more closely mimic bound dsDNA than idealized B-DNA.
A) Surface representation of Csy bound to dsDNA, AcrlF2, and AcrlF10 (PDB: 6NEO,

5UZz9, 6B48). B-C) Surface representation of modeled B-form DNA with orbs highlighting
phosphate groups of DNA backbone. D) Surface representation of Cas9 bound to dsDNA,
AcrllA2, and 11A4 (PDB: 4UN3, 6MCB, 5VW1). E-F) Surface representation of DNA
bound by surveillance complex with orbs highlighting phosphate groups of DNA backbone
(top) and surface representations of bound anti-CRISPRs with orbs highlighting pseudo-
helical arrangement of acidic residues and auxiliary structural features (dashed blue circles
in bottom two insets).
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Figure 4. Acrsthat oligomerize Cas protein targets.

A-B) AcrllA6 and AcrVA4 dimerize StCas9 and LbCas12, respectively. Unresolved density
in the as cryo-EM reconstruction of AcrVVA4 is shown in white (PDB: 6RJA, 6JE4, EMDB:
9398). C) AcrVA4 homodimer formation may facilitate acrregulation and/or guide AcrVA5
to the appropriate target (PDB: 6JE4, 61UF). D) Model for AcrlF3 mediated oligomerization
of the Cas1-2/3 integration complex of the type I-F immune system. The AcrlF3 dimer
interacts with the HD nuclease domain and carboxy terminal domain (CTD) of Cas2/3
(PDB: 5B71). E) Proposed model for AcrlF3-mediated dimerization would enable
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bidirectional oligomerization of Cas1-2/3 heterohexamers, three of which are illustrated.
Modeled Cas1-2/3 super complex joined by AcrlF3 (PDB: 5B71, 3GOD, EMDB: 8558). F)
Two AcrlIC3 molecule join two molecules of NmeCas9. Domains of contact colored (PDB:
6NMO9).

Annu Rev Microbiol. Author manuscript; available in PMC 2020 December 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wiegand et al. Page 18

C [ @Massspec @cCrhoEM | D
() PAM-Interacting (Cryc-EM)

&Y
MbCas12 ¢ 1
o 0P,

«

A B
/_.:N.-'-.. crRNA N
y prby
il |
= _~TCleavage |

(e 1
/\'\ ‘Acr\fml ')

Type V-A Enzymatic Inhibition

Figure 5. Enzymatic Acrsthat inhibit type V-A CRISPR-Cas systems.
A) AcrVAL is an endoribonuclease that cleaves between the fifth and sixth position of the

crRNA-guide. B) Active site residues of AcrVA1 (red) responsible for crRNA cleavage
(PDB: 6NMD). C) Residues of MbCas12 acetylated by AcrVAS5 according to mass
spectrometry (red) or cryo-EM and mass spec (blue and yellow) (PDB: 61V6). D)
Comparison of AcrVAS5 (tan) and closest structural homolog (NatD from Homo sapien)
(RMSD = 0.82 A for 36 equivalently positioned C-alpha atoms). Structural features of NatD
shared with AcrVA5 colored in olive. Two NatD B-strands that determine acceptor substrate
specificity (dark blue) and additional N-terminal structural features (grey) (PDB: 61UF,
4U9W).
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