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Abstract 

 

Structure and Mechanism 

Investigation of anti-CRISPR 

AcrIIA1 and AcrIIA5 Proteins 
 

 

 
So Young An 

Biomodulation Major 

Department of Agricultural Biotechnology 

Graduate School, Seoul National University 

 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and 

CRISPR associated (Cas) genes constitute a prokaryotic adaptive immune 

system against invading phages and plasmids. To counteract this defense 

mechanism, phages evolved Anti-CRISPR (Acr) proteins that can inactivate the 

CRISPR-Cas systems. A number of anti-CRISPR proteins have been shown to 

potently inhibit subgroups of CRISPR-Cas9 systems. AcrIIA1 and AcrIIA5, 

encoded by Listeria monocytogenes prophages and Streptococcus thermophilus, 

are the most prevalent among the Acr proteins targeting type II-A CRISPR-Cas 

systems (AcrIIA1) and potently inhibits diverse type II-A and type II-C Cas9 

homologs (AcrIIA5), respectively. Here, I investigated the structural and 
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functions of the anti-CRISPRs proteins. The AcrIIA1 structure displays its 

dimeric assembly with a novel two-domain architecture. AcrIIA1 exhibits 

structural similarity to transcriptional factors in the N-terminal domains. When 

overexpressed in Escherichia coli, AcrIIA1 associates with RNAs, suggesting 

that AcrIIA1 functions via nucleic acid recognition. AcrIIA5 reveals a novel 

α/β fold connected to an intrinsically disordered region (IDR). AcrIIA5 directly 

interacts with single-guide RNA (sgRNA)-Cas9 complex, and hinders proper 

association between Cas9 and sgRNA required for the nuclease activity of Cas9. 

Taken together, the results reveals unique structural and functional features of 

AcrIIA1 and AcrIIA5, suggesting its distinct mode of action and the diversity 

of the inhibitory mechanisms employed by Acr proteins. 
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1. Introduction 

 

1.1.  CRISPR-Cas  

When the infection of phages or plasmids to prokaryotes, have evolved various 

defense for disarming the predators. The clustered regularly interspaced short 

palindromic repeats (CRISPR) and CRISPR-associated (Cas) system is RNA-

based prokaryotic immune system: Genomes of prokaryotic organisms often 

contain CRISPR loci, comprising repeat DNA sequences alternating with 

variable sequences of viral origin (1). While the differences between the 

CRISPR-Cas systems in terms of the compound of Cas proteins, the majority 

of CRISPR-Cas systems have a restricted the same working principle and 

portion of action. When viruses or foreign plasmids invade bacteria or archaea, 

the CRISPR region is transcribed into CRISPR RNA (crRNA) and trans-

activating CRISPR RNA (tracrRNA) that associate with Cas proteins to form 

an RNA-guided ribonuclease complex (2). Once formed, the CRISPR-Cas 

complex effectively destroys foreign DNA or RNA sequences targeted by 

crRNA. CRISPR acquires foreign DNA fragments from invading genetic 

materials, stores past infection records in a chronological order, and retrieves 

the stored information to find and cleave matching nucleic acids, which 

resembles the adaptive immune system in vertebrates.  It is now well 

established that CRISPR constitutes one of major defense mechanisms in 

prokaryotes against invading phages and plasmids (3, 4).  
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1.2.  Classification of the CRISPR-Cas 

CRISPR-Cas systems are divided into two classes according to the composition 

of the interference complex: multi-Cas proteins participate in the interference 

complex for class 1, and a single effector protein is functional for class 2 (5). 

From these two classes, each CRISPR-Cas system is allocated into their six 

types (I–VI) and 33 subtypes (Fig 1). The class 1 CRISPR-Cas system is 

categorized into types I, III, and IV, which use RNA-guided complexes 

consisting of multiple Cas proteins as effectors that recognize and cleave target 

DNA.  

 In the class1, type I and III CRISPR-Cas systems have a cas3 and cas10 genes 

for their signature genes respectively, although the sequence similarity between 

the each subunits of type I and type III effector complexes is usually low, the 

complexes share exceptionally similar overall architectures (6, 7). A greater part 

of subunits of the class 1 effector complexes in particular, Cas5, Cas6, and Cas7 

include variants of the RNA-binding RNA recognition motif (RRM) domain 

(7). The ancestral CRISPR-Cas effector complex most likely similar with the 

existing type III complexes, as indicated by the presence of the archetypal type 

III protein, the large Cas10 subunit, which appears to be an active enzyme of 

the DNA polymerase–nucleotide cyclase superfamily, unlike its inactive type I 

counterpart (Cas8) (6, 8, 9). 

 Class 2 consists of types II, V, and VI and uses Cas proteins that rely on a 

single effector-protein for nucleic acid-targeting. The best-characterized class 

2 effector is Cas9 of type II, the RNA-dependent endonuclease that contains 

two unrelated nuclease domains, which is HNH and RuvC. Its responsible for 
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the cleavage of the target and the displaced strand, respectively (10). The type 

V effector-protein is Cas12, which is a compact and efficient enzyme that 

creates staggered cuts in dsDNA (11). Type VI is unique in that its effector 

protein contains two conserved higher eukaryotes and prokaryotes nucleotide-

binding (HEPN) domains that possess ribonuclease (RNase) activity; Cas13 is 

an outlier in the CRISPR world because the protein targets RNA. All of the 

CRISPR-Cas systems, Cas1 and Cas2 play crucial roles in spacer acquisition 

(12, 13). In addition, these proteins could function in trans if the repeats 

involved are satisfactorily similar in size and structure. Accordingly, cas1 and 

cas2 genes are missing in many active CRISPR-Cas loci in particular, of type 

III, IV of class 1 and types VI of class2. 

Cas4 protein implicated in the prokaryotic CRISPR-Cas system for antiviral 

defense. Cas4 is present in subtypes IA-D and IIB have been suggested to be 

involved in the CRISPR adaptation process (14). 
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Figure 1. Modular organization of the CRISPR-Cas systems 

CRISPR-Cas system have been divided into two classes, which is six types and 

33 subtypes according to their implication in the pre-crRNA processing, the 

assembly of the effector complex, the target cleavage and the spacer insertion 

in the CRISPR locus process. The Class1 systems employ multiple Cas proteins 

for effector complex and the Class 2 system exert only one Cas protein. The 

asterisk in the type I, indicates that large subunit (LS), small subunit (SS) 

protein is sometimes fused to Cas8 (type I system LS) in several type I subtypes.  

 



5 
 

 



6 
 

1.3.  Mechanism of the CRISPR-Cas9 system 

CRISPR-Cas9 proteins are common components of bacterial immune systems, 

which is act in three stages: adaptation, expression and interference. They target 

and destroy invasive DNA, and their unique characteristics have been 

harnessed as a robust genome editing technology. When a phage injects its DNA 

into a bacterium, a protein complex consisting of Cas1 and Cas2 forms. A 

protospacer is acquired from the phage DNA by the Cas1-Cas2 complex, and 

the DNA sequence is then incorporated into the CRISPR genetic locus 

(protospacers). Subsequently, several spacers from previous phage encounters 

are stored in the CRISPR genetic locus. tracrRNA, Cas9, and pre-crRNA are 

transcribed from the CRISPR genetic locus. crRNA contains the spacer 

sequence that is complementary to DNA and a sequence that forms a duplex 

with tracrRNA, which pairs with pre-crRNA repeat sequences (10). Cas9 is 

recruited to form a ternary complex with the tracrRNA and pre-crRNA. Single 

complexes are then released through cleavage by RNase III enzymes for crRNA 

maturation (15). The complex then scans intracellular DNA for matching 

sequences, and Cas9 identifies target DNA that contains a protospacer adjacent 

motif (PAM). If a matching phage sequence is found, Cas9 cleaves the target 

DNA. There are two nuclease domains located in the multi-domain nuclease 

lobe: the RuvC cleaves the non-target DNA strand, and the HNH nuclease 

domain cleaves the target strand (16) (Fig 2). Streptococcus pyogenes Cas9 

(SpyCas9) is classified to the subtype II-A of the Class  

2 CRISPR-Cas system. The SpyCas9 has been widely studied and extensively 

applied to genome editing because of its convenience in generating target 
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double-strand DNA breaks at desired sites targeted by single-guide RNA 

(sgRNA) (17). 
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Figure 2. CRISPR-Cas9 mechanism 

Invasive DNA is contatined into the bacterial genome at the CRISPR loci. The 

CRISPR loci is then transcribed and processe into crRNA during crRNA 

biogenesis. During interference, the cas9 endonuclease complexed with a 

crRNA and separate tracrRNA cleaves the foreign DNA including crRNA 

complementary sequence adjacent to the protospacer adjacent motif (PAM). 
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1.4.  The discovery of Anti-CRISPR proteins 

Bacteria and bacteriophages have long evolved weapons for defense and 

invasion as hosts and parasites (18, 19). Since the CRISPR function was first 

annotated to the bacterial defense system, counter-defense mechanisms of 

phages were anticipated, and the first anti-CRISPR (Acr) proteins were 

discovered in phages infecting Pseudomonas aeruginosa with the type I-F 

CRISPR-Cas system. A single unique genetic locus encoding 10 discrete 

protein families was found in the prophage sequence of the phage-insensitive 

strain and five of them (AcrIF1-5), which could inhibit I-F CRIR-Cas system 

(20). It have been discovered Acr-associated gene 1 (aca1), which is a highly 

conserved gene downstream of these Acr genes. In the results of BLAST, 

homologous sequences of aca1 have been recovered. The genes upstream of 

these homologous with the type I-E and I-F CRISPR-Cas system leading to find 

out AcrIF6-10. Subsequently, AcrIE1‐4, were discovered in 

Pseudomonas aeruginosa, the anti-CRISPRs inhibit type I‐E CRISPR‐Cas (21). 

Acr proteins against the type II CRISPR-Cas system were later discovered in 

mobile genetic elements of Neisseria meningitidis (type II-C) and prophages of 

Listeria monocytogenes (type II-A), and effectively disabled the nuclease 

activity of their host Cas9 (22, 23). AcrIIC1-5 based on the DNA sequence from 

Acr-associated gene 2 (aca2) (22, 24). Among the AcrIIA1-4, AcrIIA2 and 

AcrIIA4 have been shown to inhibit streptococcus pyogenes Cas9, which is 

widely used in the field of genome edithing (23). More recently, new Acr 

proteins being identified, including AcrIC1, AcrIE4‐F7, AcrIE5‐7, AcrF11‐14, 

and AcrVA1‐5 (24, 25). It rapidly gained a momentum, expanding the repertoire 
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of their targets of the CRISPR-Cas system. Until now, a total of 44 distinct 

families of Acr genes have been discovered (Table 1) (26). 
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Table 1. Anti-CRISPR proteins 

Anti‐
CRISPR 

Origin 
Number 
of amino 

acids 

CRISPR‐Cas 
system inhibited 

AcrIC1 Moraxella bovoculi prophage 190 I‐C (Pae) 

AcrID1 
Sulfolobus islandicus 

rudivirus 3 
104 I‐D (Sis) 

AcrIE1 
Pseudomonas aeruginosa 

phage JBD5 
100 I‐E (Pae) 

AcrIE2 P aeruginosa phage JBD88a 84 I‐E (Pae) 

AcrIE3 P aeruginosa phage DMS3 68 I‐E (Pae) 

AcrIE4 P aeruginosa phage D3112 52 I‐E (Pae) 

AcrIE4‐F7 
Pseudomonas citronellolis 

prophage 
119 I‐E/I‐F (Pae) 

AcrIE5 
Pseudomonas otitidis 

prophage 
65 I‐E (Pae) 

AcrIE6 P aeruginosa prophage 79 I‐E (Pae) 

AcrIE7 P aeruginosa prophage 106 I‐E (Pae) 

AcrIF1 P aeruginosa phage JBD30 78 I‐F (Pae, Pec) 

AcrIF2 P aeruginosa phage D3112 90 I‐F (Pae, Pec) 

AcrIF3 P aeruginosa phage JBD5 139 I‐F (Pae) 

AcrIF4 P aeruginosa phage JBD26 100 I‐F (Pae) 

AcrIF5 P aeruginosa phage JBD5 79 I‐F (Pae) 

AcrIF6 P aeruginosa prophage 100 
I‐E (Pae),/I‐F 
(Pae, Pec) 

AcrIF7 P aeruginosa prophage 67 I‐F (Pae, Pec) 

AcrIF8 Pectobacterium phage ZF40 92 I‐F (Pae, Pec) 

AcrIF9 
Vibrio parahaemolyticus 

mobile element 
68 I‐F (Pae, Pec) 



13 
 

AcrIF10 
Shewanella xiamenensis 

prophage 
97 I‐F (Pae, Pec) 

AcrIF11 P aeruginosa prophage 132 I‐F (Pae) 

AcrIF12 P aeruginosa mobile element 124 I‐F (Pae) 

AcrIF13 
Moraxella catarrhalis 

prophage 
115 I‐F (Pae) 

AcrIF14 Moraxella phage Mcat5 124 I‐F (Pae) 

AcrIIA1 
Listeria monocytogenes 

prophage J0161a 
149 II‐A (Lmo) 

AcrIIA2 
L monocytogenes prophage 

J0161a 
123 II‐A (Lmo, Spy) 

AcrIIA3 
L monocytogenes prophage 

SLCC2482 
125 II‐A (Lmo) 

AcrIIA4 
L monocytogenes prophage 

J0161b 
87 II‐A (Lmo, Spy) 

AcrIIA5 
Streptococcus thermophilus 

phage D4276 
140 II‐A (Sth, Spy) 

AcrIIA6 S thermophilus phage D1811 183 II‐A (Sth) 

AcrIIA7 
Metagenomic libraries from 

human gut 
103 II‐A (Spy) 

AcrIIA8 
Metagenomic libraries from 

human gut 
105 II‐A (Spy) 

AcrIIA9 
Metagenomic libraries from 

human gut 
141 II‐A (Spy) 

AcrIIA10 
Metagenomic libraries from 

human gut 
109 II‐A (Spy) 

AcrIIC1 Neisseria meningitidis 85 
II‐C (Nme, Cje, 
Geo, Hpa, Smu) 

AcrIIC2 N meningitidis prophage 123 
II‐C (Nme, Hpa, 

Smu) 

AcrIIC3 N meningitidis prophage 116 
II‐C (Nme, Hpa, 

Smu) 

AcrIIC4 
Haemophilus parainfluenzae 

prophage 
88 

II‐C (Nme, Hpa, 
Smu) 

AcrIIC5 
Simonsiella muelleri 

prophage 
130 

II‐C (Nme, Hpa, 
Smu) 
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AcrVA1 M bovoculi prophage 170 
V‐A (Mb, As, Lb, 

Fn) 

AcrVA2 M bovoculi prophage 322 V‐A (Mb) 

AcrVA3 M bovoculi prophage 168 V‐A (Mb) 

AcrVA4 M bovoculi mobile element 234 V‐A (Mb, Lb) 

AcrVA5 M bovoculi mobile element 92 V‐A (Mb, Lb) 

* Abbreviations: As, Acidaminococcus sp; Cje, Campylobacter jejuni; Fn, 

Francisella novicida; Geo, Geobacillus stearothermophilus; Hpa, Haemophilus 

parainfluenzae; Lb, Lachnospiraceae bacterium; Lmo, Listeria monocytogenes; 

Mb, Moraxella bovoculi; Nme, Neisseria meningitidis; Pae, Pseudomonas 

aeruginosa; Pec, Pectobacterium atrosepticum; Sis, Sulfolobus islandicus; Spy, 

Streptococcus pyogenes; Sth, Streptococcus thermophilus. 
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1.5.  Anti-CRISPRs mechanism 

For the mechanisms of 15 anti-CRISPR proteins have been reported (AcrIE1, 

AcrIF1‐3, AcrIF10, AcrIIA2, AcrIIA4, AcrIIC1‐5, AcrVA1, AcrVA4 and 

AcrVA5). The fifteen Acr proteins, which is CRISPR-Cas-mediated immunity 

through immediate interference with target DNA, could be separated three 

types: crRNA-loading interference, blocking access of the DNA binding and 

prevent to the DNA cleavage (26).  

In type I CRISPR-Cas systems, the 9 subunits of the Cascade along with the 

crRNA to form the observation complex, which works to search for target DNA 

using the spacer seqeuence. For the inhibit to the type I-F CRISPR-Cas system, 

AcrIF1, AcrIF2, and AcrIF10 could block the target DNA binding (27-30) and 

the Cas3 protein is prevented recruitment to the cascade by AcrIE1 and AcrIF3 

(27, 31, 32). Structural investigation of type II and V Acr proteins revealed 

distinct folds and binding sites on Cas9 or Cas12a. On the Cas9: AcrIIA2, 

AcrIIA4, AcrIIC3, AcrIIC4 and AcrIIC5; on the Cas12a: AcrVA1, AcrVA4 and 

AcrVA5 have been known to block Cas proteins to the target DNA binding (Fig 

3). Among them, AcrIIA2 and AcrIIA4 tightly bound to the protospacer 

adjacent motif (PAM) recognition site of Cas9, preventing substrate DNA 

recognition (33-37). AcrIIC1 and AcrIIC3 both bound to the HNH nuclease 

domain of Cas9, where AcrIIC1 directly blocked the active site of HNH, 

whereas AcrIIC3 bound to opposite the active site and induced functionally 

incompetent Cas9 dimerization (38-40). Finally, AcrIIC2 associated with the 

bridge helix of Cas9, competing with sgRNA loading onto Cas9 (41).  

AcrIIA1 and AcrIIA6 exhibited nucleic acid binding with different folds, but 
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it was not clear how they achieved their Acr functions (42, 43). 
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Figure 3. Strategies of Anti-CRISPRs mechanism   

(A) In the type I system, the nine subunits of the Cascade along with the crRNA 

to form the observation complex, which works to search for target DNA using 

the spacer seqeuence. AcrIF1, AcrIF2, and AcrIF10 could block the target DNA 

binding. AcrIF1, AcrIF2, and AcrIF10 could block the target DNA binding. 

AcrIE1 and AcrIF3 associate with Cas3 to prevent to the target DNA cleavage. 

(B) In the type II system, the crRNA is loaded onto Cas protein (Cas9 or Cas12a) 

to form a ribonucleoprotein complex, which cleaves target DNA. AcrIIA2, 

AcrIIA4, AcrIIC3, AcrIIC4 and AcrIIC5 (on the Cas9);  AcrVA1, AcrVA4 and 

AcrVA5 (on the Cas12a) have been known to block Cas proteins to the target 

DNA binding (26).  
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1.6.  Anti-CRISPR AcrIIA1 and AcrIIA5  

Various Listeria monocytogenes have type II-A CRISPR-Cas systems, their 

CRISPR spacers possess character to many virulent, temperate, and integrated 

phages (44).  

In Listeria monocytogenes, AcrIIA1, consisting of 149 amino acids is always 

present among the Acr proteins to interfere with the L. monocytogenes type II-

A CRISPR-Cas system. Approximate 88% of AcrIIA2-4 were found upstream 

of the AcrIIA1, containing the helix-turn-helix (HTH) motif. Moreover, 66% of 

acr loci represent together (AcrII1-2 or AcrIIA1-2-3-), which is the the most 

general scenario in 119 acr loci. It suggest that the AcrIIA1 may be as a maker 

for identifying other AcrIIA proteins (23).  

In this study, the structure of AcrIIA1 has been determined by X-ray 

crystallography. The N-terminal domain of AcrIIA1 constitute a helix-tern-

helix motif and C-terminal domain are reminiscent of the coiled-coil motif. In 

the structural and functional features, I demonstrated that it has binding 

possibility of nucleic acid. Our analyses of AcrIIA1 make known its unique 

structural and functional characteristic distinct from previously identified Acr 

proteins, suggesting that it is having a potential a novel mechanism for 

inactivating the CRISPR-mediated immune function.  

Streptococcus thermophiles has been used a model for acquisition of new 

CRISPR immunities (45-47), which active CRISPR-Cas systems are type II-A.  

AcrIIA5, consisting of 149 amino acids was discovered in a virulent phage 

infecting Streptococcus thermophilus, and inhibited S. thermophilus Cas9 as 

well as Streptococcus pyogenes Cas9, a widely used nuclease for genome 
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editing (48). The AcrIIA5 is homologous with many of uncharacterized 

proteins of phage or the streptococcal origin. The AcrIIA5 was predicted to 

contain a characteristic coiled-coil motif, which can perform nucleic acid 

binding roels, likes to helix-turn-helix (HTH) and activating protein 2 (AP2) 

motifs associated with other Anti-CRIPRs (23).  

AcrIIA5 abolished the S. pyogenes Cas9 activity of the CRISPR-immunized 

bacterial culture in the phage challenge assay, but its molecular mechanism 

underlying Cas9 inhibition remained unknown.  

Here I show that AcrIIA5 adopts a novel α/β fold preceded by an intrinsically 

disordered region (IDR). AcrIIA5 directly interacts with Cas9–sgRNA, and 

inhibits Cas9 by disrupting the functional assembly of Cas9 and sgRNA. 

Remarkably, IDR is crucial for Cas9 inhibition by AcrIIA5, such that truncation 

of IDR leads to a complete loss of the Acr activity. Further, AcrIIA5 does not 

form a tight complex with Cas9–sgRNA, but strongly inhibits the Cas9 function, 

revealing a distinct mechanism among known Acr proteins. 
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2. Materials and methods 

 

2.1.  Cloning 

2.1.1. AcrIIA1 and AcrIIA1 L52M 

 The synthetic Listeria monocytogenes AcrIIA1 and Bacillus subtilis SinR 

gene was cloned into a pBT7-N-His vector with an N-terminal (His)6 tag and a 

tobacco etch virus (TEV) protease cleavage site. The AcrIIA1 L52M mutant 

construct, which was used to introduce an additional anomalous scatterer, was 

generated using polymerase chain reaction with mismatched primers. The 

constructs were verified by DNA sequencing. 

 

2.1.2. AcrIIA5 and AcrIIA5 mutants 

The synthetic acrIIA5 gene was cloned into a pET28 vector with N-term (His)6 

tag, Maltose binding protein(MBP) tag and a tobacco etch virus (TEV) protease 

cleavage site. The SpyCas9 gene was cloned into pET28 vector with C-term 

(His)6 tag. The constructs were verified by DNA sequencing. 

Amino acid mutants of the AcrIIA5 (K85A, K127A K137A, K134A K136A, 

E38A D41A, D93A E96A, D100A E104A and D123A E125A) were generated 

by site-generated mutagenesis using mismatched PCR primer. N-terminal 

truncation mutants of AcrIIA5 (residues 6-140, 11-140, 16-140, 21-140) were 

prepared using inversed PCR primer using Ligation mix (Takara, Japan). The 

constructs were verified by DNA sequencing. 
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2.2.  Protein expression 

2.2.1. Luria bertani medium 

The expression of AcrIIA1 and SinR were performed using the expression 

vector in Escherichia. coli BL21 (DE3) (Invitrogen). Cell were grown in LB 

broth (Table 2) medium at at 37◦C until the optical density at 600 nm reached 

0.8. Protein overexpression was induced by the addition of 1 mM isopropyl--

D-thiogalactopyranoside (IPTG), followed by incubation at 18◦C for 20 h and 

harvested by centrifugation.  

The expression of AcrIIA5 and SpyCas9 were performed using the 

expression vector in Escherichia. coli BL21 (DE3) (Invitrogen). Cells were 

grown in LB broth in H2O. When A600 reaches to 0.5-0.8, cells were treated with 

0.5 mM isopropyl -D-1-thiogalactopyrnoside (IPTG) and further incubated 

for the next 20h at 17°C. The cell was then harvested by centrifugation. They 

separated from medium by centrifugation.  

 

2.2.2. Selenomethionine labeling 

 The expression of selenomethionyl AcrIIA1 L52M mutants was expressed in 

E.coli BL21 (DE3) cells (Invitrogen), and the cells were grown in 1 ml LB 

medium for 2 hours to inoculate to the M9 medium supplemented with 0.25 

mM selenomethionine as previously described (Mark et al., 2001) (Table 3). 

Cell were grown at 37 ◦C until the optical density at 600 nm reached 0.8 and 

induced with 1 mM isopropyl--D-thiogalactopyranoside (IPTG) at 18 ◦C for 

20 h and harvested by centrifugation.  
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2.2.3. Isotope labeling medium 

The overexpression vector containing AcrIIA5 gene was transformed in 

Escherichia. coli BL21 (DE3) (Invitrogen). Cell were grown minimal medium 

supplemented with 15NH4 and 13C6-glucose as the nitrogen and carbon source, 

When A600 reaches to 0.6-0.8, cells were treated with 0.5 mM isopropyl -D-1-

thiogalactopyrnoside (IPTG) and further incubated for the next 20h at 18°C. 

They were harvested by centrifugation. 
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Table 2. The composition of medium 

Medium Composition ( / L ) 

LB 1% Tryptone,  0.5% Yeast extract,  

and 1% NaCl 

  

 

M9 

(Selenomethonine) 

10 g K2HPO4, 13 g KH2PO4, 9 g 

Na2HPO4, 2.4 g K2PO4, 1.0 g 15NH4Cl, 5 

g Glucose, 10  mM MgCl2, 0.1 mM 

Thiamine, 1 x trace elements, 0.1 M 

Selenomethionine, 0.2 mM CaCl2, 50 

mg kanamycin 

 

Amino acids mix 

(Arg 0.1 g, His 0.1 g, Ile 0.1 g, Leu 0.1 

g, Glu 0.1 g, Phe 0.1 g, Cys 0.1 g, Asp 

0.1 g, Lys 0.1 g, Gly 0.1 g, Ser 0.4 g, Thr 

0.15 g, Val 0.15 g) 
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Table 3. The composition of medium 

Medium Composition ( / L ) 

LB 1% Tryptone, 0.5% Yeast extract, and 

1% NaCl 

  

 

M9 

(15Nitrogen) 

10 g K2HPO4, 13 g KH2PO4, 9 g 

Na2HPO4, 2.4 g K2PO4, 1.0 g 15NH4Cl, 

5 g Glucose, 10 mM MgCl2, 0.1 mM 

Thiamine, 1 x trace elements, 0.2 mM 

CaCl2, 50 mg carbenicillin 

 

 

M9  

(13Carbon, 15Nitrogen) 

10 g K2HPO4, 13 g KH2PO4, 9 g 

Na2HPO4, 2.4 g K2PO4, 1.0 g 15NH4Cl,  

2.0 g U-13C6 Glucose, 10 mM MgCl2, 

0.1 mM Thiamine, 1 x trace elements, 

0.2 mM CaCl2, 50 mg carbenicillin 
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2.3.  Protein purification 

2.3.1. AcrIIA1 and AcrIIA1 L52M 

 For purification of AcrIIA1 and AcrIIA1 L52M, the harvested cells were 

resuspended in lysis buffer 20 mM Tris–HCl (pH 8.0), 200 mM NaCl, 2 mM 

-mercaptoethanol (BME), 1 mM phenyl methyl sulfonyl fluoride (PMSF). 

After lysis by using EmulsiFlex-C3 (AVESTIN) and centrifugation, the 

supernatant was loaded onto a 5-ml HisTrapHPcolumn (GEHealthcare) that 

was pre-equilibrated with buffer 20 mM Tris–HCl (pH 8.0), 200 mM NaCl, 2 

mM BME. After washing the column with buffer, the bound proteins were 

eluted by applying a linear gradient of imidazole (up to 500 mM) and dialyzed 

against TEV proteolysis buffer 50 mM Tris–HCl (pH 8.0), 5 mM BME, 0.5 mM 

EDTA. The(His)6-tag was cleaved by TEV protease and separated on a 5-ml 

HisTrapHPcolumn (GE Healthcare). The proteins were further purified using a 

HiLoad 16/60 Superdex 75 column (GE Healthcare) equilibrated with size 

exclusion chromatography buffer 20 mM Tris–HCl (pH 7.4), 100 mM NaCl, 2 

mM BME. Finally, AcrIIA1 and AcrIIA1 L52M were loaded onto a Mono-Q 

anion exchange column (GE Healthcare) equilibrated with buffer 20 mM Tris–

HCl (pH 7.4), 3 mM BME and eluted with a linear gradient of NaCl (up to 1 

M). The proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) to confirm sample mass and sample purity. 

 

2.3.2. SinR 

Cell were resuspended in lysis buffer 10 mM Tris–HCl (pH 8.0), 150 mM 
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NaCl, 5 mM -mercaptoethanol (BME), 1 mM phenyl methyl sulfonyl fluoride 

(PMSF). After lysis by using EmulsiFlex-C3 (AVESTIN) and centrifugation, 

the supernatant was loaded onto a 5 ml HisTrap HP column (GE Healthcare) 

that was pre-equilibrated with elution buffer 10 mM Tris–HCl (pH 8.0), 150 

mM NaCl, 5 mM BME. After washing the column with elution buffer, the 

bound proteins were eluted by applying a linear gradient of imidazole (up to 

500 mM) and dialyzed against TEV proteolysis buffer 50 mM Tris–HCl 

(pH8.0), 5 mM BME, 0.5 mM EDTA. The(His)6-tag was cleaved by TEV 

protease and separated on a MonoQ- anion column (GE Healthcare) 

equilibrated with buffer 10 mM Tris–HCl (pH 8.0), 150 mM NaCl and eluted 

with a linear gradient of NaCl (up to 1 M). The protein was analyzed by SDS-

polyacrylamide gel electrophoresis to confirm sample mass and sample purity.  

 

2.3.3. AcrIIA5 and AcrIIA5 mutants 

For purification of AcrIIA5 and charge mutants of AcrIIA5 harvested cells 

were resuspended in of 20 mM Tris-HCl (pH 7.4), 500 mM NaCl, 5% Glycerol, 

5 mM -mercaptoethanol (BME) containing and 1mM phenyl methyl sulfonyl 

fluoride (PMSF). They were than lysed by using emulsiflex and centrifuged at 

40,000 g for 30 min. Supernatants were filtered, loaded on a HisTrap columns 

(GE Healthcare), and eluted with a gradient of 0-500 mM Imidazole. Fractions 

containing the proteins His tag was cleaved by TEV protease with 20 mM Tris-

HCl (pH 7.4), 500 mM NaCl, 5% Glycerol, 0.5 mM EDTA and 5mM . 

The cleaved His6 was removed by loading the digested proteins load on a SP 
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column (GE Healthcare) and eluted with a gradient of 0‒1 M NaCl. Fractions 

containing the proteins were separated by gel filtration on a Superdex 75 

columns (GE Healthcare) equilibrated with 20 mM Tris-HCl (pH 7.4), 500 mM 

NaCl, 5% Glycerol, 5 mM BME. 

 

2.3.4. N-terminal truncation mutants of AcrIIA5 

The harvested cells were resuspended in of 20 mM Tris-HCl (pH 7.4), 500 

mM NaCl, 5% Glycerol, 5 mM BME containing and 1mM phenylmethyl 

sulfonyl fluoride (PMSF), and disrupted by Emulsiflex. The lysates were 

centrifuged to remove insoluble debris. Supernatants were loaded on a HisTrap 

columns (GE Healthcare), and eluted with a gradient of 0-500 mM Imidazole. 

Fractions containing the proteins His tag was cleaved by TEV protease with 20 

mM NaH2PO4/Na2HPO4 (pH 7.0), 400 mM NaCl, 5% Glycerol, 0.5 mM EDTA 

and 5mM BME. The cleaved His6 was removed by loading the digested proteins 

load on a SP column (GE Healthcare) and eluted with a gradient of 0‒1 M NaCl. 

Fractions containing the proteins were separated by gel filtration on a Superdex 

75 columns (GE Healthcare) equilibrated with 20 mM Tris-HCl (pH 7.4), 400 

mM NaCl, 5% Glycerol, 5 mM BME. Purity of the proteins was assessed by 

SDS-polyacrylamide gel.  

 

2.3.5. SpyCas9 

For Purification of SpyCas9, the harvested cells were resuspended in of 20 

mM Tris-HCl (pH 7.4), 300 mM NaCl, 20 mM Imidazole, 10% Glycerol, 5 mM 

BME containing and 1mM phenylmethyl sulfonyl fluoride (PMSF). They were 
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than lysed by using emulsiflex and centrifuged at 40,000 g for 30 min. 

Supernatants were filtered, loaded on a HisTrap column (GE Healthcare), and 

eluted with a gradient of 0-500 mM Imidazole. Supernatants were loaded on an 

SP column (GE Healthcare) equilibrated with 20 mM Tris-HCl (pH 7.4), 175 

mM NaCl, 5% Glycerol, 5 mM BME and eluted with a gradient of 0‒1 M NaCl. 

Fractions containing the proteins were separated by gel filtration on a Superdex 

200 column (GE Healthcare) equilibrated with 20 mM Tris-HCl (pH 8.0), 300 

mM NaCl, 5% Glycerol, 5 mM BME. 

 

2.4.  Analytical size exclusion chromatography of the AcrIIA1 

Analytical size exclusion chromatography was performed with purified 

AcrIIA1 and AcrIIA5 on a Superdex 75 10/300 GL column (GE healthcare). 

The column was equilibrated with buffer 20 mM Tris-HCl (pH 7.4), 200 mM 

NaCl, 5 mM BME and the sample was loaded onto the column at a flow rate of 

0.5 mL/min. The column was equilibrated with 20 mM Tris-HCl (pH 7.4), 500 

mM NaCl, 5% Glycerol, 5 mM BME, and the sample was loaded onto the 

column at a flow rate of 1mL/min, respectively. 

 

2.5.  Crystallization and structure determination of the AcrIIA1 

Native wild-type AcrIIA1 crystals were grown at 20 ℃ by the sitting-drop 

method from 2.5 mg/ml protein solution in buffer 10 mM Tris–HCl (pH 7.4), 

100 mM NaCl, 5 mM BME mixed with an equalamount of reservoirsolution 

(13% [w/v] Polyethyleneglycol (PEG) 6000, 0.1 M magnesiumacetate, 50 mM 

sodium cacodylate (pH 6.5). Selenomethionyl L52M mutant crystals were 
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grown at 20◦C by the sittingdrop method from 6.5 mg/ml protein solution in 

buffer 10 mM Tris–HCl (pH 7.4), 100 mM NaCl, 5 mM BME mixed with an 

equal amount of reservoir solution (6%[w/v] PEG 4,000, 0.2 M NaCl, 100 mM 

4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES) pH 7.0). Crystals 

were cryoprotected in the reservoir solutions supplemented with additional 

ethyleneglycol and flash-frozen in liquid nitrogen. Diffraction data were 

collected at the beamline 7A of the Pohang Accelerator Laboratoryat 100 K. 

Diffraction images were processed with HKL2000 (Otwinowski et al., 1997). 

Determinations of selenium positions, density modification and initial model 

building for the selenomethionyl L52M mutant structure were performed using 

PHENIX (49). The mutant structure was used for molecular replacement 

phasing ofthe Native WT AcrIIA1 structure in PHASER (50). The final 

structures were completed using alternate cycles of manual fitting in COOT (51) 

and refinement in PHENIX (49). The stereo chemical quality of the final 

models was assessed using MolProbity web server (52). The detailed statistics 

are summarized in (Table 4). 

 

 

 

 

 

 

 



31 
 

Table 4. Data collection and refinement statistics  

 AcrIIA1 L52SeMet AcrIIA1 Ntv 

Space group P212121 C2 

Unit cell parameters    

a,b,c (Å) 
a = 55.05, b = 56.53, 

 c = 90.33 

a = 127.44, b = 55.42,  

c = 46.50 

 β (°)  96.01 

Wavelength (Å) 0.9792 0.9793 

Data collection statistics   

Resolution range (Å) 
50.00 – 1.85  

(1.92 – 1.85) 

50.00 – 2.00 

(2.07 – 2.00) 

Number of reflections 350,325 (24,517) 151,968 (21,982) 

Completeness (%) 100.0 (100.0) 99.9 (100.0) 

Rmerge
a 0.078 (0.765) 0.112 (0.716) 

Redundancy 7.5 (7.4) 6.9 (6.8) 

Mean I/σ 21.8 (2.5) 19.9 (3.8) 

Phasing   

f′, f′′ used in phasing -8.0, 4.5  

Figure of merit 0.504  

Refinement statistics   

Resolution range (Å) 34.91 – 1.85 28.33 – 2.00 

Rcryst
b/Rfree

c (%) 18.5/23.6  18.2/22.8 

RMSD bonds (Å) 0.008 0.007 

RMSD angles (deg) 0.962 0.900 

Average B-factor (Å2) 32.87 46.4 

Number of water molecules   

Ramachandran favored (%) 99.0 99.0 

Ramachandran allowed (%) 1.0 1.0 

Number of water molecules 188 134 

Values in parentheses are for the highest-resolution shell. 
aRmerge =ΣhΣIi(h) - <I(h)> / ΣhΣiIi(h), where Ii(h) is the intensity of an individual measurement 

of the reflection and <I(h)> is the mean intensity of the reflection. 
bRcryst = ΣhFobs-Fcalc/ΣhFobs, where Fobs and Fcalc are the observed and calculated structure 

factor amplitudes, respectively. 
cRfree was calculated as Rcryst using ~ 5% of the randomly selected unique reflections that were 

omitted from structure refinement. 
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2.6.  Analysis of co-purified nucleic acids  

The N-terminal (His)6-tagged AcrIIA1 protein was expressed in E. coli as 

described above. Escherichia coli cells were harvested by centrifugation and 

resuspended in lysis buffer 20 mM Tris–HCl (pH 7.4), 300 mM NaCl, 5 mM 

BME, 10% [w/v] glycerol After sonication and centrifugation, the supernatant 

was loaded onto a 5 ml HisTrap HP column (GE Healthcare) pre-equilibrated 

with affinity chromatography buffer 20 mM Tris–HCl (pH 7.4), 300 mM NaCl, 

5 mM BME, 10% [w/v] glycerol After washing the column with buffer, the 

bound samples were eluted by applying a linear gradient of imidazole (up to 

450 mM). The eluate was loaded onto a Mono-Q anion exchange column (GE 

Healthcare) equilibrated with anion exchange chromatography buffer 20 mM 

Tris–HCl (pH 7.4), 100 mM NaCl, 5 mM BME, 10% [w/v] glycerol Both 

proteins and nucleic acids were bound to the column but eluted separately by 

applying a linear gradient of NaCl (up to 1 M). The eluted fractions from the 

anion exchange column were analyzed by SDS-polyacrylamide gel 

electrophoresis and agarose gel electrophoresis. Proteins and nucleic acids were 

stained with Coomassie Brilliant Blue and ethidiumbromide, respectively. For 

identification of the co-purifying nucleic acids, the eluted fraction containing 

the nucleic acids was treated with RNase-free DNase I (5 U) and DNase-free 

RNaseA (5U) at 37◦C for 1 hand analyzed on a 2% agarose gel. To estimate the 

size distribution, the co-purified nucleic acids were analyzed by 4.5% urea 

denaturing PAGE and visualized by SYBR Gold (Thermo Fisher Scientific) 

staining. 
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2.7.  Isothermal Titration Calorimetry 

The equilibrium dissociation constants between AcrIIA1 and AcrIIA2 (or 

AcrIIA4) in 10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM BME were 

measured at 25 ℃ using an iTC200 calorimeter (Malvern). 0.1 mM AcrIIA1 

was placed in the cell and titrated with 1mM AcrIIA2 (or AcrIIA4) in the 

syringe. Seventeen to nineteen 2 ml aliquots of proteins were titrated into the 

cell. Data analysis was performed using the Origin software provided with the 

instrument. 

 

2.8.  NMR spectroscopy  

NMR spectra were collected at 25°C on Bruker AVANCE III 600, 700, 800, 

and 900 MHz spectrometers equipped with a z-shielded gradient triple 

resonance cryoprobe. NMR spectra were processed using the NMRPipe 

program (53), and analyzed using the PIPP/CAPP/STAPP (54), NMRView (55), 

and NMRFAM-SPARKY (56) programs. Sequential assignment of 13C/15N-

labeled AcrIIA5 protein was performed using 2D 15N-HSQC spectrum and 3D 

triple resonance through-bond scalar correlation experiments including 3D 

HNCO, HNCACO, HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH 

experiments. 1H–15N heteronuclear NOE measurements were acquired using 3 

s of 120° 1H pulses separated by 5 ms intervals using a previously employed 

pulse program (57). 

 

2.9.  Structure calculation  

Interproton distance restraints were derived from the NOE spectra and 
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classified into distance ranges according to the peak intensity. / torsion angle 

restraints were derived from backbone chemical shifts using the program 

TALOS+ (58). Structures were calculated by simulated annealing in torsion 

angle space using the Xplor-NIH program (59). The target function for 

simulated annealing included a covalent geometry, a quadratic van der Waals 

repulsion potential, square-well potentials for interproton distance and torsion 

angle restraints, hydrogen bonding, harmonic potentials for 13C/13C chemical 

shift restraints (60), and a multidimensional torsion angle database potential of 

mean force (61). Structures were displayed using the PyMOL software (The 

PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC.) The 

detailed statistics are summarized in (Table 5). 

 

 

 

 

 

 

 

 

 

 

 

 



35 
 

Table 5. Restraints and structural statistics of AcrIIA5 

Experimental restraints <SA>* 

Nonredundant NOEs 2,032 

Dihedral angles,  /  98 / 98 

Hydrogen bonds 58 

Total number of restraints 2286 (16.3 per residue) 

rms deviation from experimental restraints  

Distances (Å) (2032) 0.016  0.001 

Torsion angles (°) (196) 0.487  0.038 

rms deviation from idealized covalent geometry  

Bonds (Å) 0.001  0 

Angles (°) 0.362  0.003 

Impropers (°) 0.237  0.006 

Coordinate precision (Å)‡  

Backbone 0.84  0.10 

Heavy atoms 1.59  0.11 

Ramachandran statistics (%)‡  

Favored regions 95  1 

Allowed regions 3  1 

Outliers 2  1 

* For the ensemble of final 20 simulated annealing structures 

‡ Residues 23140, excluding disordered N-terminal residues 122 and loop 

residues 6679. 
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2.10.  Electrophoretic mobility shift assay (EMSA) 

2.10.1. AcrIIA1 

DNAs (100 ng) were incubated with increasing amounts (0.2, 1, 5, and 25 

μM) of AcrIIA1 or the positive control protein (Bacillus subtilis SinR) in 

reaction buffer 20 mM HEPES (pH 7.0), 100 mM NaCl, 2 mM MgCl2, 2 mM 

DTT at 4°C for 1 h. The DNA-protein mixtures were analyzed on 2% or 1% 

(for linearized pUC19) agarose gels and visualized by EtBr staining. ssDNAs 

and RNAs (0.25 μM) were incubated with AcrIIA1 (4 μM) in reaction buffer 

20 mM HEPES (pH 7.0), 100 mM NaCl, 2 mM MgCl2, 2 mM DTT at 4°C for 

1 h. The samples were analyzed on 10.5% polyacrylamide gel and stained with 

SYBR gold (Thermo Fisher Scientific). 

 

2.10.2. AcrIIA5 

sgRNA (200 nM) and Acr proteins (20–2000 nM) was incubate in 20 mM 

Tris-HCl, pH 7.5, 150 mM KCl, 5mM MgCl2 ,1mM DTT, and 5% (v/v) glycerol 

at RT for 40 min. 

SpyCas9 (400 nM) and sgRNA (200 nM) was incubate in 20 mM Tris-HCl, pH 

7.5, 150 mM KCl, 5 mM MgCl2 ,1mM DTT, and 5% (v/v) glycerol at RT for 

20 min. Acr proteins (4,000 nM) was added to the SpyCas9-sgRNA complex, 

and incubated at RT for 40 min. The sgRNAs were stained by SYBR Glod 

(Thermo Fisher Scientific) and analyzed by 6% Native PAGE. 
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2.11.  In vitro cleavage assay  

2.11.1. In vitro DNA cleavage assay 

SpyCas9 (500 nM) and sgRNA (500 nM) were incubate in 20 mM Tris-HCl, 

pH 7.5, 150 mM KCl, 5mM MgCl2, 1mM DTT, and 5% (v/v) glycerol at 37 °C 

for 5 min. Anti-CRISPRs (250–3,000 nM) was added to the SpyCas9-sgRNA 

complex, and incubated at 37 °C for 5 min. linearized DNA substrate (20 nM) 

was added to the mixture, and the reaction was performed at 37 °C for 15 min. 

Final reaction products were treated with proteinase K at 50 °C for 15 min. The 

Substrate DNA was stained by Loading Star (Dynebio) and analyzed on 1% 

agarose gel. 

 

2.11.2. In vitro RNA cleavage assays 

SpyCas9 (400 nM) and sgRNA (200 nM) was incubate in 20 mM Tris-HCl, 

pH 7.5, 150 mM KCl, 5 mM MgCl2, 1 mM DTT, and 5% (v/v) glycerol at RT 

for 20 min. Anti-CRISPRs (4,000nM) was added to the SpyCas9-sgRNA 

complex, and incubated at RT for 40 min. Final reaction products were treated 

with proteinase K at 50 °C for 15 min. The sgRNA was stained by SYBR Glod 

(Thermo Fisher Scientific) and analyzed by 10 % Urea PAGE. 

 
2.12. sgRNA preparation 

DNA encoding a minimal T7 promoter upstream of an sgRNA of 

Streptococcus pyogenes Cas9 (with a random sequence without targeting sites  

in E. coli: 5' 

GGAAATTAGGTGCGCTTGGCGTTTTAGAGCTAGAAATAGCAAGTTA
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AAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCG

GTGCTT-3') and an NmeCas9 sgRNA (with a random sequence and enzyme 

cleavage site E.coli: 5’ 

CTAATACGACTCACTATAGGGTGCGCGGCGCATTACCTTTACGTTGT

AGCTCCCTTTCTTATTTCGGAAACGAAATGAGAACCGTTGCTACAAT

AAGGCCGTCTGAAAAGATGTGCCGCAACGCTCTGCCCCTTAAAGCT

T -3’) were synthesized by Bioneer. The DNA template for RNA transcription 

was prepared by using the Gigaprep kit (ZYMO RESEARCH). The sgRNA 

was prepared in vitro by mixing rNTPs, MgCl2, T7 RNA polymerase (P266L 

mutant)(62), inorganic pyrophosphatase (IPP), and the DNA template in the 

transcription buffer. After 6 h of transcription at 37°C, synthesized RNA was 

precipitated by ethanol treatment overnight, dissolve the precipitant in D2O, 

purified using 12% denaturing PAGE (19:1 cross-linking ratio), and electro-

eluted (Elutrap, Whatman; GE Healthcare). Purified RNA washed using 1.5 M 

NaCl, desalted and exchanged into water using Amicon tube (Merck 

Millipore). The sequence of sgRNA is listed in (Table 6). 
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Table 6. Sequence of sgRNA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Description   Sequence (5’ to 3’) 

SpyCas9 

sgRNA 

  GGAAAUUAGGUGCGCUUGGCGUUUUAGAGCUAGAAAUAG

CAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAG

UGGCACCGAGUCGGUGCUU 

NmeCas9 

sgRNA 

  CUAAUACGACUCACUAUAGGGUGCGCGGCGCAUUACCUUU

ACGUUGUAGCUCCCUUUCUUAUUUCGGAAACGAAAUGAGA

ACCGUUGCUACAAUAAGGCCGUCUGAAAAGAUGUGCCGCA

ACGCUCUGCCCCUUAAAGCUU 
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3. Results 

Crystal structure of an anti-CRISPR protein,                     

AcrIIA1 
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3.1.  Structural analysis of AcrIIA1 

* First, I explicitly note that the crystal structure determination is credited to Dr. 

Donghyun Ka and Prof, Euiyoung Bae (42). 

AcrIIA1 consist of 151 amino acids (17.3 kDa) and forms a dimer in solution 

(confirmed with size-exclusion chromatography) (Fig. 4). For gain the 

structural basis and inhibitory mechanism of AcrIIA1, I determined the crystal 

structure of AcrIIA1 at 2.0 Å resolution (Fig. 5) (Protein data bank; PDB ID 

code 5Y6A).  

 The structure of the selenomethionine-substituted AcrIIA1 L52M mutant was 

used to determine the phase solution for the wild-type AcrIIA1 structure. Data 

collection, phasing, and refinement statistics are summarized in Table 4. 

Asymmetric units of both WT and mutant structures were crystallized in 

distinct conditions using different space groups that contained two AcrIIA1 

protomers forming a single dimer with pseudo-two-fold symmetry. The 

AcrIIA1 showed root mean square deviation (RMSD) values consistent with 

Cα atomic positions were only 0.92 Å with AcrIIA1 L52M mutant, which 

suggests that the selenomethionine substituted protein used to introduce 

additional anomalous scatter did not interfere with the structural integrity when 

compared to the wild-type protein; therefore, the mutant is similar to the wild-

type. From here forward, the wild-type structure is explained because several 

residues in the mutant structure were missing in the final model because it 

lacked electron density despite its slightly higher resolution (1.85 Å) than that 

of the wild-type AcrIIA1 structure. (Fig. 6)  
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3.2.  Structural feature of AcrIIA1 

 The AcrIIA1 is comprised of eight α-helices and three 310 helices as two-

domain architecture; N-terminal domain (residues 4–72) consist of five α-

helices (α1–α5) and a single 310 helix (η1), The first three α-helices (α1–α3) of 

N-terminal form a triangular arrangement, and the next two additional α-helices 

(α4 and α5) form a right angle, which is closely packed globular conformation 

with the α1 helix to make a helical assembly. And followed by the C-terminal 

domain (residues 73-149) is composed of three -helices (α6–α8) and two 310 

helices (η2, η3). Apart from the η2 helix, the other four helices (α6–α8 and η3) 

of the C-terminal domain are approximately parallel or antiparallel to one 

another and are stabilized by a closely packed hydrophobic core (i.e. a coiled-

coil motif). The η3 helix is not identified as a secondary structural element in 

chain B of the crystal structure of AcrIIA1, and the α7 and η3 helices are 

relatively undefined in electron density of the crystal structure, which is 

characteristic of a long loop (residues 106–117) spanning ~30 Å. These results 

suggest that there are regions of AcrIIA1 that are flexible. The two N-terminal 

domains tightly interact to form the central core of the dimer structure with a 

gap between the two HTH motifs. The distance between the N-termini of the 

two α3 helices is approximately 35 Å. The C-terminal domains form like the 

wings of a bird structure with end-to-end distance of a wings is ~83 Å. In the 

opposite direction, nearly parallel to the dimer interface formed by the N-

terminal domains, the two square-built C-terminal domains stick out from the 

central core. 
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Figure 4. Analytical size exclusion chromatography of AcrIIA1.  

Elution volumes of the molecular weight standards are also shown. Analytical 

size exclusion chromatography was performed with purified AcrIIA1 on a 

Superdex 75 10/300 GL column (GE healthcare). 
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Figure 5. Crystal structure of AcrIIA1 protomer 

(A) Schematic representation of the secondary structure of AcrIIA1. The amino 

acid sequence of AcrIIA1 is shown and numbered below. (B) Structure of 

AcrIIA1 protomer. Protomer A is colored N-terminal domain (green) to C-

terminal domain (blue). Secondary structure elements are also indicated and 

presented in a cartoon diagram (42).   
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Figure 6. Structural comparison of WT and AcrIIA1 L52M. 

Superposition of the wild-type AcrIIA1 and L52M mutant of AcrIIA1 

structures. The wild-type AcrIIA1 and mutant structures are colored as blue and 

cyan, respectively. Secondary structures are presented in a cartoon diagram (42). 
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Dimerization of AcrIIA1 forms two salt bridges and 11 hydrogen bonds 

between the two promoters, which account for approximately 2,464 Å2 of the 

accessible surface area (42). (Fig. 7)  

Three helices (η1, α4, and α5) of the N-terminal domain follow the α3 

recognition helix of the HTH motif and produce extensive intermolecular links 

with those of the other promoter. Residues at the helical interfaces form of polar 

and hydrophobic interactions; Arg48 forms a salt bridges with Glu69 and a 

hydrogen bond with Tyr97, respectively (Fig 8A). With the C-terminal domain, 

N-terminal domain, and the helix of one protomer, the α7 helix forms another 

dimer interface. This second interfacing region is stabilized by a hydrogen bond 

between Ser49 and Ser105 (Fig 8B), and a hydrophobic interaction between 

Leu52 and Ala106 (Fig 8C). In addition to these two major interfacing regions, 

the N- and C-terminal domains of the protomer form a hydrophobic core with 

Leu106, Lys145, and Leu148 between Leu23 and Leu52, respectively. (Fig 8C). 
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Figure 7. The dimeric structure of AcrIIA1. 

N-terminal and C-terminal domains of protomer A and protomer B are shown 

in magenta and blue, respectively. The whole shape of the AcrIIA1 homodimer 

look like a bird with open wings in which the N- and C-terminal domains stand 

for the body and the wings, respectively (42). 
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Figure 8. Dimerization interface of AcrIIA1. 

(A) Arg48 forms a saltbridge and ahydrogen bond with Glu69 and 

Tyr97,respectively. (B) Hydrogenbonds are formed between Ser49 and Ser105. 

(C) Ala106, Lys145 and Leu148 make hydrophobic contacts with Leu23 and 

Leu52. The AcrIIA1 structure is colored as in Figure 4. Secondary structure 

elements are also indicated and presented in a cartoon diagram. 
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3.3.  The N-terminal domain of AcrIIA1 is structurally similar to HTH 

transcription factors  

A search for structural homologs deposited in the protein data (PDB) bank 

using the Dali server (63) did not return significant matches of the entire 

protomer of AcrIIA1. However, its N-terminal domain (residues 4–72) shows a 

strong structural resemblance to HTH domains of many transcription factors, 

containing the well-studied Bacillus subtilis sporulation inhibitor SinR (PDB 

ID: 1B0N; Z-score: 6.9; 2.4 Å RMSD for 61 Cα atoms) (64) and the phage 434 

cI repressor (PDB ID: 1R69; Z-score: 5.8; 2.6 Å RMSD for 58 Cα atoms) (65) 

(Fig 6). The DNA-binding domains of the SinR and 434 cI transcriptional 

regulators are similar to the N-terminal domain of AcrIIA1 in structural folding 

(Fig 9). They all consist of five α-helices that similar fold with the HTH motifs 

of N-terminal domain (Fig 10A). Second and third α-helices (α2 and α3) of the 

HTH motifs show higher structural similarity than the rest of the α-helices (α1, 

α4 and α5) (Fig 10B). When the dimers of the N-terminal domains are aligned, 

the protomers are configured in a similar orientation to each other with pseudo 

two-fold symmetry in all three dimers. The dimer interfaces are also very 

similar. The RMSD values of alpha carbon atomic positions among the AcrIIA1 

dimer and the other two structurally similar dimers are 2.5 Å and 3.2 Å for SinR 

and 434 cI repressor, respectively.  

The theoretical pI of AcrIIA1 is ~ 5.5, which means the anti-CRISPR proteins 

have a net negative charge at a neutral pH. However, the electrostatic potential 

calculation of the AcrIIA1 structure shows that positive charges are biased at 

the formed gap by the N-terminal domains of the dimer structure. An analysis 
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of the electrostatic potential of the surface also showed that AcrIIA1 is similar 

to other HTH transcription factors (Fig 11). A positively charged surface around 

the HTH motif is a feature of many transcription factors and is a major 

structural motif capable of binding to the phosphate backbone of DNA through 

electrostatic interactions (64, 65). 

An electrophoretic mobility shift assay (EMSA) was used to test whether 

AcrIIA1 binds to DNA (Fig. 12). * The EMSA to test nucleic acid binding of 

AcrIIA1 is credited to Dr. Donghyun Ka and Prof. Euiyoung Bae (42). 

According to a previous study, AcrIIA1 does not regulate the transcription of 

Cas9 (23). Thus, supposing AcrIIA1 is a transcriptional repressor, like SinR and 

phage 434 cI repressor, its N-terminal domain may bind to a nucleic acid like 

used in the experiment, which is the Cas9 start codon or promoter regions of 

tracrRNA, pre-crRNA, and repeat regions to inhibit CRISPR. However, 

electrophoretic mobility shift assays were unable to determine whether AcrIIA1 

bound to specific double-stranded (ds) and single-stranded (ss) DNA and RNA 

sequences, in the putative promoter regions (Fig 12 B,D and E). Furthermore, 

AcrIIA1 did not bind to linearized pUC19 plasmids in experiments designed to 

test whether it binds non-specifically to DNA (Fig 12C). These results suggest 

that sequences and/or types of nucleic acids that associate with AcrIIA1 are 

different from those tested. 
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Figure 9. Comparison of AcrIIA1 and HTH transcription factors. 

(Left) Structure of the N-terminal domain of AcrIIA1 (blue), DNA binding 

domain of the Bacillus subtilis SinR protein (green) and the phage 434 cI 

repressor (yellow) (PDB IDs: 5Y6A, 3ZKC and 2OR1, respectively). (Right) 

Structure superposition of the AcrIIA1 N-terminal dimer with HTH domains of 

the proteins. Secondary structures are presented in a cartoon diagram. 
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Figure 10. Structural alignment of the HTH motifs of AcrIIA1 and the two 

transcription factors. 

(A) Overlay of the AcrIIA1 N-terminal dimer with (B) HTH motifs and 

domains of the SinR and 434 repressor dimers (PDB IDs: 5Y6A, 3ZKC and 

2OR1, respectively). AcrIIA1 and the transcription factors are shown in cartoon 

representation and colored as in figure 6. Secondary structure elements are also 

indicated. 
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Figure 11. Electrostatic potential surface of AcrIIA1 dimer with positive 

charges around HTH motifs 

Upper and bottom views, which indicated coiled-coil motif and helix-turn-helix 

motif, respectively. Pymol (www.pymol.org) was used to generate the surface 

(red=−2.0 kT, blue=+2.0 kT). The coiled-coil and HTH motifs are indicated by 

dashed lines. 
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Figure 12. Electrophoretic mobility shift assay (EMSA) to test nucleic 

acid binding of AcrIIA1. 

(A) Sequences of nucleic acids used in the assay. The tracrRNA coding region 

and the first repeat sequence in the L. monocytogenes type II-A CRISPR locus 

are shown in blue and red, respectively. (B,C) EMSA with dsDNAs for test 

specific and non-specific binding. DNAs (100 ng) were incubated with 

increasing amounts (0.2, 1, 5, and 25 μM) of AcrIIA1 or the positive control 

protein SinR in reaction buffer 20 mM HEPES (pH 7.0), 100 mM NaCl, 2 mM 

MgCl2, 2 mM DTT at 4°C for 1 h. The DNA-protein mixtures were analyzed 

on (for linearized pUC19) agarose gels and visualized by EtBr staining. (D,E) 

EMSA with ssDNAs (D) and RNAs (E). Nucleic acids (0.25 μM) and AcrIIA1 

(4μM) were incubated at 4°C for 1h. The samples were analyzed on 10.5% 

polyacrylamide gel and stained with SYBR gold (Thermo Fisher Scientific). 

(42)  
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3.4.  AcrIIA1 interacts with RNAs  

* The analysis of co-purified nucleic acids with AcrIIA1 is credited to Dr. 

Donghyun Ka nad Prof. Euiyoung Bae (42). We could show the possibility of 

nucleic acids binding with AcrIIA1 when the process of purification of AcrIIA1. 

When overexpressed in E. coli, AcrIIA1 associate with a great number of 

nucleic acids. During the purification of N-terminal His6-tagged AcrIIA1, 

eluate from a HisTrap column (GE healthcare) included a mount of co-purified 

nucleic acids, and gel electrophoresis confirmed the nucleic acids were 

associated with AcrIIA1 (Fig 13B, Line 2). The associated nucleic acids were 

separated from AcrIIA1 with additional anion exchange chromatography using 

a MomoQ column (GE healthcare) (Fig 13A and B). DNA and RNA-specific 

nucleases were used to determine the nature of the nucleic acids (Fig 13C). 

Treatment with DNase I had little to no effect, but treatment with RNaseA 

almost completely degraded the AcrIIA1-associated nucleic acids, suggesting 

that the co-purifying nucleic acids were mostly RNAs. The sizes of the co-

purifying RNAs were heterogeneous, ranging from ∼100 to 2,000 nt 

according to gel electrophoresis (Fig 13D). These results are reasonable 

considering the positively charged surface and the helix-turn-helix structure of 

AcrIIA1. Together, these results indicate that AcrIIA1 functions via nucleic acid 

recognition.  
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Figure 13. Analysis of co-purified nucleic acids with AcrIIA1. 

(A) Separation of AcrIIA1 and co-purified nucleic acids using anion exchange 

chromatography. AcrIIA1 and the co-purified nucleic acids were eluted by 

applying a linear gradient of NaCl. (B) Gel electrophoretic analyses of AcrIIA1 

and co-purifying nucleic acids. The loaded sample (lane 2) and the fractions 

corresponding to the elution peaks from the anion exchange chromatography 

(Lanes 3–8) were analyzed by SDS-PAGE (top) and on an agarose gel (bottom) 

visualized by Coomassie blue and EtBr, respectively. (C) Identification of the 

co-purifying nucleic acids as RNAs. The fraction F containing the co-purifying 

nucleic acids was treated with DNase 1 and RNase A separately and analyzed 

on an agarose gel. (D) Size division of the co-purifying RNAs. The fraction F 

was analyzed on a urea denaturing polyacrylamide gel with RNA ladder. (42) 
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4. Discussion 

 

Anti-CRISPR AcrIIA1 has unique structural and functional features  

 The objective of this study was to determine the structure and inhibitory 

mechanisms of Anti-CRISPR type II A1. The N-terminal and C-terminal 

domains of AcrIIA1 form helix-turn-helix and coiled-coil motifs, respectively.  

Previous studies have demonstrated that the helix-turn-helix motif is a common 

feature of DNA binding proteins, usually transcriptional regulators. The N-

terminal of AcrIIA1 is an HTH transcription factor, and the current study 

demonstrates that AcrIIA1 associates with RNA when overexpressed in E. coli. 

These results suggest that AcrIIA1 likely functions via nucleic acid binding. 

Despite these results, AcrIIA1 did not interact with any of the cloned nucleic 

acids used in this study. AcrIIA1 possibly has an intrinsic binding affinity for 

nucleic acids that were not tested or its regulatory domain (e.g. C-terminal 

domain) is controlled via protein binding.  

The Dali server (63) was used to search for structural homologs of the C-

terminal domain of AcrIIA1. The top three PDB entries with the highest Z-

scores are the potato disease resistance protein Rx (PDB ID: 4M70; Z-score: 

5.4; 3.1 Å RMSD for 74 Cα atoms) (68), the Lachancea thermotolerans 

autophagy-related protein Atg29 (PDB ID: 4P1W; Z-score: 4.5; 4.1 Å RMSD 

for 61 Cα atoms) (69), and the Streptococcus mutans adhesion P1 (PDB ID: 

4TSH; Z-score: 4.4; 2.8 Å RMSD for 61 Cα atoms) (70). The search for 
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structural homologs of the C-terminal domain in contrast with the N-terminal 

domain, common functionality among C-terminal homologs is difficult to infer 

based on structure, alone.  

An electrostatic potential calculation of the opposite side of the N-terminal 

helix-turn-helix region in the dimer structure revealed that the surrounding of 

coiled-coil motif was densely populated with negative charges (Fig 11). The 

charged sites with the coiled-coil region indicate that AcrIIA1 may function via 

interactions with other charged protein regions. It is inferred that the negatively 

charged C-terminal region is an activating domain or a regulatory domain of an 

N-terminal HTH domain controlled by another protein(s). There is various 

possibility that the C-terminal domain is the key of AcrIIA1 mechanism, which 

needs to further studies. 

 

The features encoded Anti-CRISPR proteins by Listeria monocytogenes 

prophage  

 Listeria monocytogenes is a pathogenic bacteria that causes listeriosis. Four 

type II-A CRISPR-Cas9 inhibitor proteins (AcrIIA1, AcrIIA2, AcrIIA3, and 

AcrIIA4) are encoded by Listeria monocytogenes prophages (23). Structural 

and mechanistic studies confirmed that two of these inhibitors (AcrIIA2 and 

AcrIIA4) blocked Streptococcus pyogenes Cas9  (34-37). These two anti-

CRISPRs block target dsDNA from binding to the sgRNA-SpyCas9 binary 

complex, which completely occupies the PAM-interacting domain of Cas9. 

Although AcrIIA1 (17 KDa) forms a dimer in solution, AcrIIA2 (14.3 KDa) 

and AcrIIA4 (10 KDa) form monomers. The three anti-CRISPR proteins 
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possess a net negative charge at neutral pH, but only AcrIIA1 shows nucleic 

acid binding affinity. In a previous study, AcrIIA1 was most commonly 

observed at acr loci, AcrIIA2 and AcrIIA4 genes did not occupy the same acr 

loci, and AcrIIA2-4 were almost always found upstream of AcrIIA1 (23). This 

implies that the co-occurrence of the acrIIA2 and acrIIA4 genes, which work 

via the same mechanism, may be a superfluous inhibitory mechanism. Because 

AcrIIA1 gene dose co-occur at the same acr loci with AcrIIA2 and AcrIIA4, I 

infer that the AcrIIA1 might interact with AcrIIA2 and AcrIIA4 to working. I 

quantitatively measured the binding thermodynamics between AcrIIA1 and 

AcrIIA2, AcrIIA4, respectively, using isothermal titration calorimetry (ITC) 

(Fig. 14). The results of ITC experiment, AcrIIA1 did not exhibit measurable 

affinity to AcrIIA2 and AcrIIA4. It is difficult to infer mechanism of the 

AcrIIA1, but our results as well as previous studies indicate that AcrIIA1 

structurally and mechanistically functions differently from AcrIIA2 and 

AcrIIA4. Therefore, I deduced that the AcrIIA1 could work to CRISPR-Cas-

mediated immunity through immediate interference with target DNA, which is 

crRNA-loading interference and prevent to the DNA cleavage (Fig. 15). 

Moreover, I predict that the distinct structural and functional features of 

AcrIIA1 may influence Acr proteins. The presence of AcrIIA1 in most acr loci 

implies a shared genetic neighborhood with mechanistically discrete anti-

CRISPRs. This suggests that AcrIIA1 can used in future anti-CRISPR 

applications like control the genome engineering activities of wildly used 

CRISPR-Cas9. 
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Figure 14. Isothermal titration calorimetry for the interaction between 

AcrIIA1 and AcrIIA2, and between AcrIIA1 and AcrIIA4 

ITC of the interaction in the (A) AcrIIA1–AcrIIA2 and (B) AcrIIA1–AcrIIA4. 

Raw ITC data (top panel) and heats of injection (bottom panel) are presented 

for the titration between AcrIIA1 and AcrIIA2, and between AcrIIA1 and 

AcrIIA4. For the AcrIIA1 and the anti-CRISPRs proteins, the lack of 

characteristic binding isotherm indicates that AcrIIA1 did not bind to the anti-

CRISPRs proteins. 
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Figure 15. Schematic diagram of AcrIIA1 mechanism 

In type II CRISPR-Cas system, the crRNA is loaded onto Cas9, and form a 

ribonucleoprotein complex, which is binds to target DNA to cleavage. AcrIIA1 

may interfere with crRNA loading or prevent the target DNA cleavage. 
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5. Conclusion 

 

In this paper, the structure of AcrIIA1 has been determined by X-ray 

crystallography. AcrIIA1 consist of all helices, which is a dimeric form and 

novel two helical-domain architecture. The N-terminal domains of AcrIIA1 

exhibits a helix-turn-helix motif. Although in many HTH motif proteins are 

transcription factor, AcrIIA1 does not interact with nucleic acids. Moreover, the 

C-terminal domains of AcrIIA1 reminiscent of the coiled-coil motif.  

 I demonstrate that the AcrIIA1 preferentially associates with RNAs when 

overexpressed in Escherichia coli. The results of this study suggest that 

AcrIIA1 might function via Nucleic acids recognition. However, it was hard to 

predict role of the C-terminal domain in AcrIIA1. Taken together, it is suggest 

that the structural features of AcrIIA1 would different work with type II-A 

CRISPR-Cas9 inhibitor proteins. 
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6. Results 

Solution structure of an anti-CRISPR protein, 

AcrIIA5 
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6.1.  Structural analysis of AcrIIA5 

 AcrIIA5 (a.a. 1–140) is a basic protein with the theoretical isoelectric point of 

9.4, and exists as a monomer in solution from the size exclusion 

chromatography (SEC) (Fig 16A). AcrIIA5 exhibits a well-resolved 1H-15N 

HSQC NMR spectrum (Fig 16B). 

 

6.2.  NMR Backbone assignment of AcrIIA5 

Backbone and side chain 1H, 13C, and 15N resonances were assigned using a 

suite of heteronuclear correlation NMR spectroscopy. 119 residues out of 140 

residues (85%) was assigned. Ser47, Met48, Lys49, Asp50, His66, Asp74, 

Lys75, Glu76, Asn77, Ile81, Ile103, Glu123, Lys134 and Thr135 did not show 

backbone amide resonances. 1H, 15N and 13C assignment obtained for AcrIIA5 

are listed (Table 7).   
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Figure 16. The size exclusion chromatogram and 2-D NMR spectra of 

AcrIIA5 

(A) The size exclusion chromatogram of AcrIIA5 using a Superdex 75 30/100 

GL column. The elution profiles of stand marker proteins are shown at the top 

of the chromatogram as a reference. (B) The HSQC spectrum of 0.5 mM 

AcrIIA5 in 10 mM sodium phosphate, pH 7.0, and 500 mM NaCl at 25°C. The 

backbone amide resonances are annotated with the residue types and numbers.  
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Table 7. Backbone 1H, 15N, 13C, 
13C,13CO and 1H

1H chemical 

shifts of AcrIIA5. (unit: ppm) 

Residue 1H N   13C 13C   13CO   1H   1H 

M1 8.438 122.56 55.70 32.94 175.45 4.423 2.482 

A2 8.350 125.73 52.37 19.42 177.14 4.304 1.325 

Y3 8.156 119.58 58.05 38.85 176.45 4.556 3.102 

G4 8.336 110.45 45.47  174.15   

K5 8.146 120.93 56.55 33.13 176.83 4.353 1.892 

S6 8.330 116.45 58.79 63.94 174.61 4.453 3.938 

R7 8.287 122.51 56.52 30.75 176.07 4.253 1.675 

Y8 8.113 120.14 58.02 38.76 175.62 4.566 3.098 

N9 8.245 120.32 53.42 39.02 175.76 4.679 2.760 

S10        

Y11        

R12        

K13 8.314 120.05 56.73 32.75 177.67 4.249 1.837 

R14 8.299 122.06 56.52 30.94 176.33 4.311 1.761 

S15 8.227 116.67 58.40 63.99 174.21 4.435 3.996 

F16 8.244 122.17 57.98 39.78 175.34 4.650 3.030 

N17 8.381 120.46 53.42 39.22 175.25 4.692 2.822 

R18   56.61 30.76 176.46 4.356 1.898 

S19 8.374 116.48 58.77 64.06 174.55 4.461 3.995 

N20 8.485 120.98 54.00 38.95 175.67 4.659 2.837 

K21 8.267 121.11 57.65 32.89 178.12 4.215 1.841 

Q22        

R23   57.06 30.55 177.24 4.282 1.868 

R24 8.382 122.26 57.56 30.67 177.14 4.273 1.846 

E25 8.511 121.08 57.72 29.95 177.27 4.223 2.031 

Y26 8.213 121.35 59.70 38.64 176.47 4.431 3.095 

A27 8.232 123.08 54.36 18.74 179.28 4.151 1.488 

Q28 8.170 118.18 57.78 29.00 177.82 4.280 2.085 
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E29 8.340 121.19 58.46 29.42 178.65 4.152 2.061 

M30   56.91 32.44 177.65   

D31 8.212 121.62 56.51 41.37 177.77 4.523 2.830 

R32 8.065 119.40 59.16 30.36 178.85 4.059 1.955 

L33 8.066 122.75 58.26 42.45 178.19 4.270 1.962 

E34 8.373 118.34 60.32 29.78 179.93 3.935 2.169 

K35 8.199 118.91 58.91 32.13 179.36 4.117 1.903 

A36 8.176 122.34 54.94 18.62 181.09 4.155 1.563 

F37 8.226 116.68 61.74 39.21 178.22 3.984 3.247 

E38 7.843 120.66 59.06 29.58 177.39 4.212 2.165 

N39 7.389 113.86 53.15 39.91 174.28 4.947 3.036 

L40 7.266 121.93 53.41 41.98 175.72 4.605 1.698 

D41 8.495 124.31 56.10 41.46 176.94 4.419 2.645 

G42 8.641 114.39 45.72  171.72 3.729  

W43 7.166 118.06 56.64 30.98 175.94 4.739 2.999 

Y44 8.949 120.32 56.79 41.32 174.49 4.823 2.769 

L45 8.595 122.05 53.45 44.71 177.94 4.941 1.577 

S46 8.802 118.59 58.04 64.71 176.97 4.676 4.553 

S47        

M48        

K49        

D50   53.16 41.20 175.57 4.692 3.097 

S51 7.999 113.01 57.52 66.26 171.53 5.496 4.047 

A52 8.655 123.53 50.50 24.17 176.25 5.782 1.151 

Y53 9.212 118.14 56.44 43.01 172.69 6.298 3.031 

K54 8.222 118.37 56.02 30.88 174.23 4.112 3.165 

D55 8.860 125.82 54.24 41.67 175.97 4.763 2.763 

F56 8.931 126.50 58.76 39.91 176.60 4.361 2.989 

G57 9.177 114.86 46.95  175.50 4.463  

K58 7.850 120.62 57.32 32.90 175.34 4.181 1.841 

Y59 6.900 110.78 54.82 39.82 173.39 5.128 2.766 
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E60 9.014 121.42 54.82 33.76 175.46 5.381 2.064 

I61 8.862 125.22 60.68 38.42 174.51 5.119 2.095 

R62 9.159 126.33 54.44 33.98 174.45 5.618 1.850 

L63 9.403 125.16 53.65 43.21 176.51 5.429 0.996 

S64 8.574 113.85 58.17 65.71 174.51 5.048 4.017 

N65 9.292 124.20 52.34 39.50 176.10 5.295 3.050 

H66        

S67 8.140 116.06 58.90 63.76  4.364 3.845 

A68 8.642 127.45 52.31 19.63 177.13 4.467 1.429 

D69 8.326 119.80 54.69 41.06 176.14 4.551 2.704 

N70 8.248 118.04 54.09 38.52 175.15 4.433 2.688 

K71 7.789 119.11 56.40 33.35 175.56 4.136 1.479 

Y72 7.910 119.42 58.17 38.30 175.44 4.317 2.795 

H73 7.320 121.55 56.39  173.33   

D74        

L75        

E76        

N77   53.92 38.29 175.66 4.535 2.949 

G78 8.454 105.45 45.57  173.60 4.107  

R79 7.866 120.75 54.92 31.93 174.70 4.518 1.789 

L80 8.423 126.46 55.53 42.30 173.91 4.357 2.045 

I81   58.97 37.93 174.12 4.835 2.316 

V82 8.706 126.34 60.22 32.06 174.13 4.343 2.024 

N83 8.935 126.47 53.15 43.08 173.38 5.403 2.984 

I84 9.457 126.90 60.01 39.77 174.67 4.781 1.977 

K85 7.879 127.12 56.48 33.19 176.36 4.981 1.858 

A86 8.420 130.29 52.10 22.92 174.67 4.602 1.428 

S87 8.337 113.49 56.69 64.64 175.98 4.608 3.990 

K88 8.486 124.32 57.99 32.00 177.30   

L89 7.608 116.98 56.43 41.16 177.35 4.002 1.522 

N90 8.108 114.66 52.80 40.58 175.42 5.121 3.209 
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F91 7.401 118.43 58.76 38.44 176.73 4.259 3.351 

V92 8.409 117.14 67.64 31.01 176.77 3.099 1.906 

D93 8.065 119.01 57.65 42.33  4.271 2.759 

I94 8.200 117.55 65.38 37.81 178.27 3.534 1.910 

I95 8.137 121.40 66.29 38.19 178.20 3.236 1.265 

E96 8.664 115.79 59.69 30.69 178.70 4.035 1.991 

N97 8.288 111.41 54.86 42.22 176.44 5.180 2.856 

K98 8.293 117.75 56.05 35.25 177.01 4.814 2.101 

L99 8.255 121.28 57.65 42.85 178.17 3.918 1.965 

D100 8.639 118.66 57.91 39.64 178.63 4.242 2.675 

K101 7.731 117.43 58.23 32.55 178.70 4.069 1.823 

I102 7.280 119.03 65.49 38.75 177.14 3.451 1.978 

I103   65.22 37.69 176.77 3.333 1.768 

E104 7.847 116.64 59.06 29.74 178.68 3.977 2.104 

K105 6.860 114.90 59.56 33.24 179.10 4.028 1.778 

I106 7.823 117.78 64.05 37.39 177.80 3.555 1.640 

D107 8.466 118.08 56.31 40.16 177.80 4.629 2.709 

K108 7.054 116.39 56.43 33.14 177.43 4.356 2.031 

L109 7.607 119.51 54.65 43.51 177.02 4.328 2.016 

D110 8.561 119.96 52.78 39.10 176.34 4.848 2.927 

L111 7.883 122.52 58.25 41.56 178.33 4.025 1.590 

D112 8.101 115.91 56.31 41.20 177.00 4.511 2.714 

K113 7.652 114.64 57.45 32.96 178.07 4.096 1.270 

Y114 7.483 116.72 58.05 40.71 173.57 5.149 3.048 

R115 9.034 114.28 54.70 31.47 174.95 4.903 2.271 

F116 7.403 120.62 58.56 41.93 172.52 4.967 3.706 

I117 7.939 129.27 60.39 40.94 171.69 4.807 1.522 

N118 9.348 124.03 51.11 42.15  5.426 3.097 

A119 9.787 133.60 50.99 18.91 176.60 5.062 1.373 

T120 8.460 117.55 63.37 69.39 173.36 4.348 4.496 

N121 9.950 126.76 52.00 38.33 173.44 4.983 3.043 
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L122 9.254 118.93 56.86 39.30 175.50 3.449 2.206 

E123   57.49 28.23 174.18   

H124 8.016 121.25 55.58 30.43 174.28 4.558 3.316 

D125 9.200 127.04 55.12 38.71 175.67 4.076 2.705 

I126 8.630 122.94 63.69 38.39 175.67 3.731 1.514 

K127 8.015 125.63 56.25 34.51 174.71 4.522  

C128 8.766 122.32 56.37 27.92 174.00 4.492 1.116 

Y129 9.001 122.41 59.17 38.41 177.01   

Y130 8.364 124.87 60.02 40.02 177.87 4.669 3.477 

K131 8.690 122.31 58.21 33.92 177.21 4.228 1.860 

G132 9.241 110.76 45.45  172.83 4.030  

F133 7.561 115.85 56.69 44.19 174.80 5.012 3.014 

K134        

T135   61.06 70.65 174.67 4.776 4.611 

K136 7.159 123.99 57.76 34.12 176.52 4.473 1.642 

K137 9.168 126.73 54.70 35.59 174.03 5.405 1.215 

E138 8.657 119.91 54.57 33.00 174.34 4.734 1.972 

V139 8.600 124.93 61.68 32.89 175.88 4.953 1.894 

I140 8.710 128.98 61.78 40.63 180.43 4.485 1.915 
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6.3.  AcrIIA5 Adopts a Novel Fold with an Intrinsically Disordered 

Region 

I could express recombinant AcrIIA5 with an N-terminal maltose-binding 

protein tag, but AcrIIA5 tended to aggregate during purification due to its low 

solubility in the low ionic strength (150 mM NaCl) buffer. The solubility 

dramatically increased at high ionic strength, such that >0.5 mM AcrIIA5 could 

be prepared at 500 mM NaCl. I determined the solution structure of AcrIIA5 at 

500 mM NaCl, based on 2,032 experimental NOE restraints from three-

dimensional 13C-separated NOESY and 15N-separated NOESY experiments. 

Backbone and side chain 1H, 13C, and 15N resonances were assigned using a 

suite of heteronuclear correlation NMR spectroscopy. Backbone amide 

resonances of AcrIIA5 are annotated in the 2-D 1H–15N heteronuclear single 

quantum correlation (HSQC) spectrum (Fig. 16B). 

AcrIIA5 is comprised of seven β-strands and two α-helices, preceded by an 

extended N-terminal disordered region (Fig. 18A). Two antiparallel β-sheets of 

β1-β2-β3 and β5-β6-β7 are bridged by a β4 strand that forms a parallel β3-β4-

β5 sheet, and the α1 and α2 helices sit on the same side of the β-sheet (Fig. 

18B). Overall secondary structures form a well-defined fold except for a long 

loop between β3 and β4 strands (Fig. 18C). A search for structural homologs of 

AcrIIA5 using the DALI program did not return a similar fold, indicating that 

AcrIIA5 adopts a novel fold (63). Previously, AcrIIA5 was predicted to contain 

a coiled-coil motif (48). The predicted regions indeed corresponded to α1 and 

α2 helices in our structure, but they did not form a coiled-coil structure. 

I note that N-terminal 22 residues of AcrIIA5 are disordered and display 



85 
 

largely divergent backbone conformations, featuring an intrinsic disorder (Fig. 

19B). Since Acr proteins generally adopt a compact fold without a disordered 

region, I further investigated the N-terminal IDR of AcrIIA5. I removed twenty 

residues at the N-terminus, and AcrIIA5(Δ1–20) maintained the intact 

backbone fold as wild-type AcrIIA5. Superposition of 1H–15N HSQC spectra of 

AcrIIA5(Δ1–20) and wild-type AcrIIA5 showed that chemical shifts of 

backbone amide resonances were mostly identical except for the truncated 

region (Fig. 17). In addition, the N-terminal residues exhibited a narrow 

dispersion of backbone chemical shifts, which is typically observed in unfolded 

proteins. Further, the 1H–15N heteronuclear NOE clearly indicated that N-

terminal residues were flexible (Fig. 19A). Heteronuclear NOEs are highly 

sensitive to fast internal dynamics, and thus can discriminate flexible loop and 

tail regions from rigid secondary structures. Residues in the folded region of 

AcrIIA5 showed large 1H–15N heteronuclear NOE values (> 0.8), whereas N-

terminal IDR exhibited significantly reduced NOE values (< 0.5), a signature 

of disordered conformation. (Fig. 19A). Collectively, AcrIIA5 reveals an N-

terminal IDR based on both bioinformatic and experimental data, which is 

unusual among Acr proteins. 

 

 

 

 

 



86 
 

 

 

 

 

 

 

 

 

Figure 17. Superimposed HSQC spectra of AcrIIA5 and AcrIIA5(Δ1–20) 

1H–15N HSQC spectra of 15N-AcrIIA5 and 5N-AcrIIA5 (Δ1–20) illustrate that 

AcrIIA5 contains a compact fold linked to a disordered N-terminal tail region. 

The peaks of AcrIIA5 and AcrIIA5 (Δ1–20) are shown in black and red, 

respectively. 
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Figure 18. Solution structure of AcrIIA5 

(A) Schematic representation of the secondary structure of AcrIIA5 shown on 

the amino acid sequence. (B) Solution structure of AcrIIA5 in a cartoon 

diagram and rainbow colors. The disordered N-terminal residues (1–22) are 

now shown for visual clarity, and the secondary structures are annotated. (C) 

Superposition of the backbone atoms of the final 20 simulated annealing 

structures of AcrIIA5.  
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Figure 19. 1H–15N Heteronuclear NOE and the N-terminal disordered 

region of AcrIIA5 

(A) 1H–15N heteronuclear NOE data as a function of the residue number of 

AcrIIA5. Secondary structures are shown above the NOE data. (B) Illustration 

of the N-terminal disordered region of AcrIIA5. The ensemble of NMR 

structures are superposed on the 20 secondary structural region, and presented 

in a cartoon diagram. 
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6.4.  AcrIIA5 Disrupts Functional Cas9–sgRNA Assembly for Cas9 

Inhibition 

It was previously shown that AcrIIA5 of virulent phages effectively inhibited 

Cas9 of host bacteria in vivo, but the molecular mechanism underlying Cas9 

inhibition was not clear (48). I investigated the inhibitory mechanism of 

AcrIIA5 against Streptococcus pyogenes Cas9 that is widely used in genome 

editing. Purified AcrIIA5 completely inhibited target dsDNA cleavage of Cas9 

in the nuclease activity assay, and I also monitored 1H-15N HSQC spectra of 

AcrIIA5 titrated with unlabeled holo-SpyCas9 and apo-SpyCas9. While the 

spectra of AcrIIA5 is unchanged in the presence of apo-SpyCas9, in the titrated 

holo-SpyCas9, most backbone amide resonances were line-broadened out. It 

support that the AcrIIA5 binds to holo-SpyCas9 (Fig. 21). The results 

demonstrate that AcrIIA5 directly interacts with Cas9–sgRNA for Cas9 

inhibition (Fig. 20A). AcrIIA5, however, did not co-elute with Cas9–sgRNA in 

SEC, indicating that the inhibition does not involve a tight complex formation 

between AcrIIA5 and Cas9–sgRNA. This makes a sharp contrast with other 

Cas9-targeting Acr proteins that generally exhibited high affinity to Cas9 with 

their equilibrium dissociation constants (KD) in nanomolar ranges. AcrIIA2 and 

AcrIIA4 bound to Cas9–sgRNA with KD ~4 nM and effectively competed with 

target DNA binding (35, 37). In addition, AcrIIC1, AcrIIC2, and AcrIIC3 

associated with type II-C Cas9 of Neisseria meningitidis with high affinity (KD 

= 6~80 nM) to block the Cas9 function (38-40). These Acr proteins co-eluted 

with Cas9–sgRNA or Cas9 in SEC, indicating tight complex formation. I tried 

to measure the KD value between AcrIIA5 and Cas9–sgRNA using isothermal 
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titration calorimetry, but the titration of 100 μM AcrIIA5 into 10 μM Cas9–

sgRNA failed to produce a binding isotherm, suggesting a weak binding with 

KD in micromolar ranges. It was intriguing how AcrIIA5 strongly inhibited the 

nuclease activity of Cas9 without tight association with Cas9–sgRNA. 

It has recently been reported that co-expression of AcrIIA5 with Cas9 and 

sgRNA lead to the cleavage of sgRNA that was still bound to Cas9 (71). This 

finding raised a possibility that AcrIIA5 could participate directly or indirectly 

in the sgRNA cleavage for Cas9 inhibition. I first examined whether AcrIIA5 

would interact with sgRNA in vitro. I employed an electrophoretic mobility 

shift assay (EMSA) to monitor the binding of AcrIIA5 to sgRNA. Free sgRNA 

migrated as two bands in a native gel, reflecting its distinct conformations in 

solution, and addition of Cas9 shifted both sgRNA bands to larger Cas9–sgRNA 

complexes (Fig. 20B, lanes 2 and 3). I then used AcrIIA4 as a control, since 

AcrIIA4 blocks target DNA binding to Cas9–sgRNA without affecting the 

interaction between sgRNA and Cas9. I confirmed that AcrIIA4 did not interact 

with sgRNA nor interfered sgRNA binding to Cas9 (Fig. 20B, lanes 4 and 5). 

In contrast, AcrIIA5 significantly changed the gel shift of both free sgRNA and 

sgRNA in complex with Cas9 (Fig. 20B, lanes 6 and 7). Free sgRNA mixed 

with AcrIIA5 merged the two bands into a broad band of higher molecular 

weights, indicating weak nonspecific interactions between AcrIIA5 and sgRNA 

(Fig. 20B, lane 6). Further, sgRNA bound to Cas9 showed a similar behavior in 

the presence of AcrIIA5, such that two distinct Cas9–sgRNA bands lost clear 

boundary and migrated as smeared bands (Fig. 20B, lane 7). Our finding 

demonstrates that AcrIIA5 interacts with Cas9–sgRNA and disrupts the 
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functional Cas9–sgRNA assembly for Cas9 inhibition. I note that the gel shift 

profiles of Cas9–sgRNA and free sgRNA were still different in the presence of 

AcrIIA5, thus AcrIIA5 did not fully dissociate sgRNA from Cas9 (Fig. 20B, 

lanes 6 and 7). In summary, AcrIIA5 interacts nonspecifically with sgRNA, 

inducing a functionally incompetent Cas9–sgRNA complex. 

Next, I examined whether AcrIIA5 would possess an intrinsic ribonuclease 

activity. Treatment of free sgRNA or the Cas9–sgRNA complex with AcrIIA5 

did not digest sgRNA, and the sgRNA bands remained intact in the urea gel 

(Fig. 20C). Thus, the sgRNA cleavage observed in the previous co-expression 

system is attributed to cellular ribonucleases in the cell culture (71). When 

AcrIIA5 perturbs the Cas9–sgRNA assembly, sgRNA likely become loose on 

Cas9, and exposes potential restriction sites to cellular ribonucleases. The 

sgRNA cleavage observed in the cell culture, however, does not explain the 

mechanism of AcrIIA5, since purified AcrIIA5 completely inhibited the 

nuclease activity of Cas9 in-vitro.  

Interaction of AcrIIA5 with free sgRNA appeared weak and non-specific, 

since the sgRNA bands shifted continuously during the titration with excess 

molar amount of AcrIIA5 (Fig. 20D). AcrIIA5 showed a similar nonspecific 

interaction with sgRNA designed for Neisseria meningitidis Cas9 (Fig. 20E), 

and also with completely unrelated U6 small nuclear RNA (snRNA), a 

component of the spliceosome assembly for pre-mRNA processing (72). U6 

snRNA contains 112 nucleotides with stem–loop structures (73), and AcrIIA5 

interacted with U6 snRNA fragments of 12, 23, 67, and 80 nucleotides in a non-

discriminating manner (Fig. 20F). Since AcrIIA5 interacted with different RNA 
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sequences in a nonspecific manner, I infer that AcrIIA5 inhibits Cas9 via direct 

interaction with Cas9–sgRNA, not via sequestering free sgRNA from Cas9. 

Indeed, sgRNA showed the same gel shift profiles regardless of the order of 

mixing sgRNA, Cas9, and AcrIIA5. If AcrIIA5 sequesters sgRNA to prevent 

Cas9 binding, Cas9 would not bind to sgRNA pre-mixed with AcrIIA5. The 

interaction between sgRNA and AcrIIA5, however, was not strong enough to 

prevent sgRNA loading onto Cas9, corroborating our hypothesis that AcrIIA5 

directly interacts with Cas9–sgRNA for Cas9 inhibition. 

Titration of AcrIIA5 into Cas9–sgRNA gradually changed the gel shift 

without apparent stoichiometry (Fig. 20G). This is consistent with the weak 

affinity observed in SEC. Since AcrIIA5 did not bind tightly to Cas9–sgRNA, 

I tested whether Cas9 inhibition by AcrIIA5 could be reversed by isolating 

AcrIIA5 from the reaction. I first added AcrIIA5 to Cas9–sgRNA, confirmed 

its Cas9 inhibition, and then removed AcrIIA5 from the inhibition reaction 

using SEC. The Cas9–sgRNA elution fraction separated from AcrIIA5 fully 

restored the nuclease activity of Cas9 (Fig. 20H). Taken together, I propose that 

Cas9 inhibition by AcrIIA5 relies on nonspecific interactions between AcrIIA5 

and sgRNA bound to Cas9. This mechanism also explains how AcrIIA5 inhibits 

a broad spectrum of Cas9 orthologs with low homology. 
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Figure 20. AcrIIA5 strongly inhibits Cas9 by interfering sgRNA–Cas9 

interaction 

(A) DNA cleavage assay of Streptococcus pyogenes Cas9 in the presence of 

Acr proteins. (B) Interaction of AcrIIA5 with sgRNA or the sgRNA–Cas9 

complex on a non-denaturing gel. (C) Analysis of sgRNA cleavage by AcrIIA5 

on a urea gel. (D) Interaction of sgRNA with AcrIIA4 and AcrIIA5 upon 

increasing molar ratios. (E) Interaction of AcrIIA5 with sgRNA of Neisseria 

meningitis Cas9. (F) Interaction of AcrIIA5 with U6 snRNA fragments. (G) 

Interaction of sgRNA–Cas9 with AcrIIA5 upon increasing molar ratios. (H) 

DNA cleavage assay of Streptococcus pyogenes Cas9 in the presence of 

AcrIIA5 and after separation (sep) of AcrIIA5 by the size exclusion 

chromatography. 
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Figure 21. Superimposed 1H-15N HSQC spectra of AcrIIA5 titrated with 

unlabeled holo-SpyCas9 and apo-Cas9 

(A) 0.1 mM AcrIIA5 in free-state is shown in (black). The concentration of 

holo-SpyCas9 in the titration were 5 M (red), 10 M (green), 20 M (blue). 

In the titration of holo-SpyCas9, most backbone amide resonances were 

broadened out. (B) 0.1 mM AcrIIA5 in free state is shown in (black) with 10 

M unlabeled apo-SpyCas9 (red) in 10 mM NaPi pH 7.0, 200 mM NaCl, 5 mM 

BME.  
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6.5.  N-terminal Disorder of AcrIIA5 is Crucial for Cas9 inhibition 

The N-terminal IDR contains three lysine and four arginine residues out of 22 

residues, and hence is highly positively charged. I examined the role of the N-

terminal IDR in Cas9 inhibition. I compared the inhibition of Cas9 nuclease 

activity by AcrIIA5 and AcrIIA5 (Δ1–20) using in-vitro cleavage assay. 

Surprisingly, AcrIIA5(Δ1–20) completely lost its activity to inhibit Cas9, 

revealing that the N-terminal IDR was crucial for the Acr activity (Fig. 22A). 

Further, as results of EMSA assay and 2D-HSQC spectra, without the IDR, the 

AcrIIA5 did not bind to sgRNA and holo-SpyCas9 (Fig 22B, 23) thus the N-

terminal IDR was necessary for sgRNA interaction as well as the Acr activity 

of AcrIIA5.  

I then progressively truncated the N-terminal IDR of AcrIIA5 and examined 

the Acr activity and sgRNA interaction. AcrIIA5(Δ1–5) showed a 50% 

reduction of the Acr activity, and AcrIIA5(Δ1–10) exhibited a marginal Acr 

activity (Fig. 22C). Further truncations of AcrIIA5 completely abolished the 

Acr activity. Similarly, serial N-terminal truncations of AcrIIA5 generally 

diminished the capacity of sgRNA binding and perturbation of the Cas9–

sgRNA complex (Fig. 22D). The impact of sgRNA interaction, however, was 

slightly delayed such that AcrIIA5(Δ1–5) maintained a similar sgRNA 

interaction as wild-type AcrIIA5, and mutants with further N-terminal 

truncations gradually lost their interaction with sgRNA as well as with Cas9–

sgRNA (Fig. 22D). I conclude that the interaction between AcrIIA5 and Cas9–

sgRNA increases in proportion to the length of IDR, but the Acr activity 

requires an optimal length IDR of ~20 residues for maximal efficiency. I note 
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that the first five residues contained only one positive charge, but were 

responsible for a 50% decrease in the Acr activity upon truncation. Taken 

together, the length as well as the charge content of IDR is important to the Acr 

activity of AcrIIA5. 

I then questioned the role of the structured region of AcrIIA5 for the Acr 

activity. I hypothesized that the structured region of AcrIIA5 might specifically 

interact with sgRNA–Cas9 to assist with the Acr function.  
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Figure 22. Impact of N-terminal IDR truncations of AcrIIA5 on Cas9 

inhibition and Cas9–sgRNA interaction 

(A) DNA cleavage assay of Streptococcus pyogenes Cas9, and (B) gel shift 

assay of sgRNA with Cas9 in the presence of AcrIIA5 and AcrIIA5(Δ1–20). (C) 

DNA cleavage assay of Cas9, and (D) gel shift assay of sgRNA with Cas9 in 

presence of serial N-terminal truncation mutants of AcrIIA5. 
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Figure 23. Superimposed 1H-15N HSQC spectra of AcrIIA5 (Δ1–20) 

presence of holo-SpyCas9 

0.1 mM AcrIIA5 (Δ1–20) in free-state is shown in black with 10 M unlabeled 

holo-SpyCas9 (red) in 10 mM NaPi pH 7.0, 200 mM NaCl, 5 mM BME. 
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Multiple sequence alignment of AcrIIA5 and its homologs showed that the 

sequences were largely conserved in the N-terminal disordered region as well 

as the secondary structural region (Fig. 24). The electrostatic surface potential 

representation of AcrIIA5 exhibited that positive and negative charges are 

densely clustered on opposite sides of AcrIIA5 (Fig. 25A). I investigated 

whether positively and negatively charged residues in the structured region 

would affect the Acr activity of AcrIIA5 using in-vitro cleavage assay. I selected 

positively and negatively charged residues that were highly conserved among 

AcrIIA5 orthologs on the charged surface (Fig. 25B). AcrIIA5 (R115A/K131A) 

did not express as a soluble protein, and I examined the Acr activity and sgRNA 

interaction of the surface charge mutations of AcrIIA5, which are AcrIIA5 

(K85A), AcrIIA5 (K127A/K137A), AcrIIA5 (K134A/K136A) AcrIIA5 

(E38A/D41A), AcrIIA5 (D93A/E96A), AcrIIA5 (D100A/E104A) and AcrIIA5 

(D123A/E125A). In these results, none of the charge mutants affected the Acr 

activity and also sgRNA and the Cas9–sgRNA interaction of AcrIIA5 (Fig. 

25C-F).  
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Figure 24. Multiple sequence alignment of AcrIIA5 and its homologs 

Conserved and variable sequence among AcrIIA5 homologs. The sequence 

were aligned using the Clustal Omega program(74). AcrIIA5 used in this study 

has the amino acid sequence of the GenBank ID ASD50988.1 that is identical 

to the sequence of AcrIIA5 from phage D4276. Acidic and basic residues in the 

AcrIIA5 selected for mutagenesis are indicated with filled circles in red and 

blue, respectively. 
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Figure 25. Impact of surface charge mutations of AcrIIA5 on Cas9 

inhibition and Cas9–sgRNA interaction 

(A) Electrostatic surface potential of AcrIIA5 illustrates the negatively charged 

and the positively charged surfaces on opposite sides. (B) The mutant sites of 

AcrIIA5. (C,E) DNA cleavage assay of Streptococcus pyogenes Cas9, and (D,F) 

gel shift assay of sgRNA with Cas9 in the presence of AcrIIA5 mutants with 

surface charge. 
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Additionally, I examined whether positively charged residues in the IDR of 

AcrIIA5 and only IDR peptide would influence the Acr activity of AcrIIA5. I 

selected positively charged residues in the IDR (Fig 26A). In the in-vitro 

cleavage assay, AcrIIA5 (K5A/R7A) and AcrIIA5 (R18A/K21A) showed over 

50% reduction of the Acr activity, and AcrIIA5 (R12A/K13A/R14A) lost Acr 

activity (Fig 26B). The effect of SpyCas9-sgRNA interaction, however, was 

delayed a little such that AcrIIA5 (K5A/R7A) and (R18A/K21A) preserve a 

similar SpyCas9-sgRNA interaction as wild-type AcrIIA5, and AcrIIA5 

(R12A/K13A/R14A) more lost their interaction with SpyCa9-sgRNA but with 

a slight difference (Figures 26B, D). This result shows that the IDR mutants of 

AcrIIA5 bind to Cas9-sgRNA, but does not function properly. Meanwhile, the 

results of the assays for the IDR peptide, the N-terminal IDR did not affected 

the Acr activity and also the Cas9–sgRNA interaction (Fig 26C, E). 
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Figure 26. Impact of N-terminal mutation of AcrIIA5 and IDR peptide on 

Cas9 inhibition and Cas9–sgRNA interaction 

(A) The N-terminal mutant sites of AcrIIA5 and IDR peptide. (B,C) DNA 

cleavage assay of Streptococcus pyogenes Cas9, and (D,E) gel shift assay of 

sgRNA with Cas9 in the presence of N-terminal mutant of AcrIIA5 and IDR 

peptide. 
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7. DISCUSSION 

  

Unusual structural features of AcrIIA5  

 Anti-CRISPR proteins are usually small size (50–100 a.a.) and adopt compact 

structures to inhibit the host CRISPR-Cas system via distinct mechanisms (75, 

76). The result of the present study AcrIIA5 potently inhibits diverse type IIA, 

IIB and IIC Cas9 homologs in vivo, but its structure and molecular mechanisms 

are still unknown (77). Therefore, the aim of the present study was to determine 

the structure and inhibitory mechanisms of Anti-CRISPR type IIA5.  

In this study, the N-terminal of AcrIIA5 consist of disordered region, and it’s 

demonstrated that the intrinsically disordered region (IDR) is crucial for Cas9 

inhibition by AcrIIA5. An intrinsically disordered protein (IDP) is a protein that 

lacks a fixed or ordered three-dimensional structure (78-80). IDPs cover to wide 

variety of types, which are unstructured to partially structured and include 

random colils, (pre-) molten globules, and large multi-domain proteins 

connected by flexible linkers (81). Intrinsically disordered regions in protein 

can possess many functions. The regions can interact with other protein, bind 

nucleic acids, serving as scaffold protein and involved in signaling pathways 

and have important roles in protein regulation. Collectively, IDPs are 

contrasting from structure proteins in various ways and tend to have distinct 

characters in terms of function, structure, sequence, interactions, evolution and 

regulation.  

As results of EMSA assay and 2D-HSQC Data, without the IDR region, the 
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AcrIIA5 could not bind to holo-SpyCas9 (Fig. 22, 23). It indicate that AcrIIA5 

is unique among known Acr proteins in that the IDR plays a key role in its Acr 

activity, disrupting the functional assembly of Cas9–sgRNA. Protein–RNA 

interactions often involve canonical RNA-binding domains such as RNA-

recognition motifs, K-homology domains, zinc finger domains, etc. (82, 83). In 

addition, unstructured regions have been involved in RNA recognition that 

involves induced folding upon RNA binding (84, 85), and a recent proteomics 

study further revealed that disordered regions frequently appear in RNA-

binding proteins (86).  

 

AcrIIA5 play an important role in Cas9 inhibition    

The results of IDR peptide (residues 1–20) and IDR truncated AcrIIA5 (Δ1–

20) mutant did not influence the Acr activity and also the Cas9 sgRNA 

interaction indicating that the IDR functions in Cas9 inhibition only in concert 

with the folded region of AcrIIA5 (Figure. 26C,E). And also, In the in-vitro 

cleavage assay, AcrIIA5 (R12A/K13A/R14A), which contains the full-length 

IDR changed key positive charges mutant, lost Acr activity. I also examined if 

the IDR peptide would complement the loss of function AcrIIA5 mutants for 

Cas9 inhibition. The IDR peptide mixed with the IDR truncated AcrIIA5 (Δ1–

20) mutant didn’t work to inhibit Cas9 nuclease activity (Fig. 27A). In addition, 

the IDR peptide mixed with AcrIIA5 (R12A/K13A/R14A) did not show any 

inhibitory activity against Cas9 (Fig. 27B). Overall, the Cas9 inhibition of 

AcrIIA5 requires an IDR of defined length and charge distribution that is 

covalently linked to the structured region of AcrIIA5 
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The current study demonstrates that IDR-mediated protein–RNA interactions 

are important to the CRISPR arms race between phages and host bacteria. It is 

inferred that the employment of IDR would accelerate the target search of 

AcrIIA5 guided by electrostatic interactions. Furthermore, the conformational 

flexibility of IDR may be allow for promiscuous interactions between AcrIIA5 

and widely divergent Cas9 orthologs.  

 The results of electrophoretic mobility shift assay (EMSA) show the binding 

of AcrIIA5 to both free sgRNA and sgRNA in complex with Cas9 as 

significantly changed the gel shift of both free sgRNA and sgRNA-Cas9 

complex. I performed additional in-vitro DNA cleavage assay to test whether 

the AcrIIA5 prefer sgRNA-Cas9 complex more than free sgRNA. I carry out 

the experiment in the same condition with the others DNA cleavage assay but 

gradually increase the sgRNA concentration. If the AcrIIA5 has preference for 

the sgRNA-Cas9 complex than free sgRNA, AcrIIA5 completely inhibit the 

target dsDNA cleavage of Cas9 regardless of increase the sgRNA concentration. 

As expected, the result of DNA cleavage assay, AcrIIA5 has more preference 

for sgRNA-Cas9 complex than free sgRNA (Fig. 28). 
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Figure 27. Streptococcus pyogenes Cas9 DNA cleavage inhibition assay of 

the AcaIIA5 mutants in combination with the IDR peptide 

SpyCas9 (500 nM) and sgRNA (500 nM) were incubate in 20 mM Tris-HCl, 

pH 7.5, 150 mM KCl, 5mM MgCl2, 1mM DTT, and 5% (v/v) glycerol at 37 °

C for 5 min. (A) AcrIIA5 (Δ1–20) (250-3000 nM) (B) AcrIIA5 

(R12A/K13A/R14A) with IDR peptide (250-3000) mixture was added to the 

SpyCas9-sgRNA complex, and incubated at 37 °C for 5 min. linearized DNA 

substrate (20 nM) was added to the mixture, and the reaction was performed at 

37 °C for 15 min. Final reaction products were treated with proteinase K at 

50 °C for 15 min. The Substrate DNA was stained by Loading Star (Dynebio) 

and analyzed on 1% agarose gel. 
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Figure 28. DNA cleavage assay of Streptococcus pyogenes Cas9 with 

gradually increase sgRNA 

SpyCas9 (500 nM) and sgRNA (500-3000 nM) were incubate in 20 mM Tris-

HCl, pH 7.5, 150 mM KCl, 5mM MgCl2, 1mM DTT, and 5% (v/v) glycerol at 

37 °C for 5 min. Anti-CRISPRs (1000 nM) was added to the SpyCas9-sgRNA 

complex, and incubated at 37 °C for 5 min. linearized DNA substrate (20 nM) 

was added to the mixture, and the reaction was performed at 37 °C for 15 min. 

Final reaction products were treated with proteinase K at 50 °C for 15 min. 

The Substrate DNA was stained by Loading Star (Dynebio) and analyzed on 1% 

agarose gel. 
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This result imply that AcrIIA5 directly inhibit Cas9 in vivo. Taken together, I 

infer that the AcrIIA5 can work to CRISPR-Cas-mediated immunity through 

immediate interference with target DNA, which is prevent to the target DNA 

cleavage (Fig. 29). 

I have not determined yet the mechanism of the structural region of AcrIIA5. 

While none of the charged structural regions of AcrIIA5 affected Acr activity, 

the positive charge and length of IDR are important for Acr activity. It is also 

possible that the charged loop regions of AcrIIA5, which have not been tested, 

could affect Acr activity. It is not known whether the length or number of 

positively charged residues of IDR is more important, and there may be other 

important, untested residues of IDR that are important for Acr activity. 

Although AcrIIA5 functions via sgRNA recognition, the role of the AcrIIA5 

structured region is still unclear. Since the N-terminal IDR of AcrIIA5 

associates with the sgRNA of holo-Cas9, the structural region of AcrIIA5 may 

recognize SpyCas9. 

 It is notable that AcrIIA5 forms a dynamic complex to inhibit Cas9 nuclease 

activity. Since AcrIIA5 does not form a tight complex with Cas9–sgRNA, 

clearance of cellular AcrIIA5 would immediately resume Cas9 activity. In 

particular, the N-terminal IDR, which is crucial for AcrIIA5 Acr activity, could 

be effectively targeted for degradation by cellular proteases, restoring Cas9 

activity. In this manner, AcrIIA5 may constitute a transient on- and off- switch 

for Cas9 when prompt control of Cas9 activity is advantageous.     

A number of anti-CRISPRs have been investigated in recent years. Among 

them, AcrIIA5 is the only anti CRISPR that could inhibit various divergent 
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Cas9 orthologues, which is important because this makes it better suited for 

diverse applications. Further studies are necessary to understand its inhibitory 

mechanism of the Cas9 complex. 
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Figure 29. Schematic diagram of AcrIIA5 mechanism 

In type II CRISPR-Cas system, the crRNA is loaded onto Cas9, and form a 

ribonucleoprotein complex, which is binds to target DNA to cleavage. AcrIIA5 

would prevent the target DNA cleavage. 
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8. Conclusion 

 

In this study, I report the solution structure of AcrIIA5 that reveals a novel 

α/β fold, which exhibits a seven-stranded β-sheet packed with two α-helices, 

connected to an intrinsically disordered region (IDR). AcrIIA5 inhibits Cas9 

via a distinct mechanism that employs IDR. AcrIIA5 features promiscuous 

interactions between its IDR and Cas9–sgRNA to inhibit divergent Cas9 

orthologues. In addition, AcrIIA5 interacts with guide RNA in a nonspecific 

manner and forms a dynamic complex with Cas9–sgRNA via IDR, which 

allows for strong Cas9 inhibition without high affinity. Remarkably, the IDR of 

AcrIIA5 is essential for the interaction with Cas9–sgRNA to inhibit the 

nuclease activity of Cas9 
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국문초록 
 

항-크리스퍼 단백질 AcrIIA1 및 AcrIIA5  

구조 및 작용 메커니즘 규명 

서울대학교 대학원 

농생명공학부 바이오모듈레이션 전공 

안소영 

 

CRISPR (Clustered regularly interspaced shrot palindromic 

repeats, 규칙적인 간격을 갖는 짧은 회문구조 반복단위의 배

열) 및 CRISPR-associated gene (Cas, CRISPR 연관 유전자) 

는 외부 유전자 및 플라스미드 침입에 대한 박테리아와 고세

균과 같은 원액 생물체의 면역 시스템이다. 

이 방어 메커니즘을 막기 위해 박테리아 파지는 CRISPR-Cas 

시스템을 비활성화 할 수 있는 Anti-CRISPR (항크리스퍼) 단

백질을 진화시켰다. 다수의 항 크리스퍼 단백질은 CRISPR-

Cas 시스템의 서브 그룹을 강력하게 억제하는 것으로 나타났

다. 이 논문에선 Listeria monocytogenes 및 Streptococcus 
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thermophiles 의 CRISPR-Cas9 단백질을 억제하는 anti-

CRISPR AcrIIA1 및 AcrIIA5의 단백질 구조 및 작용 메커니즘

을 규명하였다. AcrIIA1은 8개의 알파헬릭스와 3개의 310헬릭

스로 이루어진 두개의 도메인이 이량체로 존재하며 N-말단은 

Helix-turn-helix (나선-회전-나선구조), C-말단은 coiled-

coil (코일-코일) 구조를 이루고 있다. AcrIIA1은 N-말단 도메

인에서 전사 인자와 구조적 유사성을 보이며, 대장균 (E.col)

에서 과발현시, AcrIIA1이 핵산 인식을 통해 전사 인자의 가능

성을 보였다. AcrIIA5는 7개의 연속된 베타가닥에 두개의 헬

릭스가 얹혀져 있는 구조로, 앞쪽 부분에 구조가 없는 20개정

도의 아미노산으로 연결되어 있는 단일 구조이다. AcrIIA5는 

sgRNA (단일-가이드 리보핵산)-Cas9 복합체와 직접 상호작

용을 하고, Cas9을 억제시킨다. 종합하면, AcrIIA1 및 AcrIIA5

는 독특한 구조적 및 기능적 특징을 나타내며, 이는 항-크리

스퍼 단백질의 독특한 방식 및 억제 메커니즘의 다양성을 시

사한다. 

 

주요어: 크리스퍼-카스, 항크리스퍼, 핵산, 구조생물학, 단백질 

비구조 영역 
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