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ABSTRACT 
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Clustered regularly interspaced short palindromic repeats (CRISPR)-

Cas systems constitute the adaptive immunity of bacteria and archaea, 

degrading nucleic acids of invading phages and plasmids. In response, 

phages employ anti-CRISPR (Acr) proteins as a counter defense 

mechanism to neutralize the host immunity.  

In this work, we investigated the mechanism of activity of anti-CRISPR 

protein AcrIIC2. Previously, this protein was shown to inhibit the activity 

of Neisseria meningitidis (Nme) CRISPR-Cas9 (Pawluk, Amrani, et al., 

2016). We revealed that AcrIIC2 blocks loading of the target DNA, thereby 

preventing formation of the active CRISPR-Cas9 surveillance complex. 
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Further we investigated to block mechanism of DNA to NmeCas9-sgRNA 

complex. AcrIIC2 dimer binds to bridge helix of NmeCas9 to interferes 

with sgRNA binding, and prevents target DNA loading into NmeCas9. 

(Yalan Zhu et al., 2019). In type II-A Streptococcus pyogenes Cas9, 

conformational rearrangement upon sgRNA is well known (Jiang, Zhou, 

Ma, Gressel, & Doudna, 2015). We further investigated that effect of 

AcrIIC2 to bridge helix of NmeCas9. AcrIIC2 dimer occur conformational 

change in NmeBH like a sgRNA. We expected that it need for AcrIIC2 tight 

and stable contact to BH region for off-switch.  

AcrIIC3 directly inhibits target DNA cleavage of type II-C Cas9 of 

Neisseria meningitidis. Here, I show that AcrIIC3 interacts with the HNH 

nuclease domain of N. meningitidis Cas9 to inhibit its nuclease activity in 

an allosteric manner. The crystal structure of the AcrIIC3–HNH complex 

reveals that AcrIIC3 binds opposite the active site on the HNH nuclease 

domain. AcrIIC3 employs a unique interface for HNH, allowing it to 

discriminate between Cas9 orthologs, which contrasts with the broad 

spectrum of Cas9 inhibition by AcrIIC1. Interface residues of HNH provide 

key electrostatic and hydrophobic interactions that determine the host 

specificity of AcrIIC3. Mutations that replace HNH interfaces of 

N.meningitidis Cas9 with those of Geobacillus stearothermophilus Cas9 or 

Campylobacter jejuni Cas9 significantly attenuate AcrIIC3 binding, 

illustrating that the divergent interaction surface confers the host specificity 

of AcrIIC3. Our study demonstrates that the variable sequences of binding 
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interface can define the target specificity of Acr proteins, suggesting 

potential applications in Cas9 control for gene editing.  

  

 

Keyword : CRISPR-Cas, Cas9, Anti-CRISPR, Nuclease 
Student Number : 2012-24006 
  



 

 iv 

CONTENTS 
 

ABSTRACT ....................................................................................... i 

CONTENTS ..................................................................................... iv 

LIST OF FIGURES ...................................................................... vii 

LIST OF TABLES .......................................................................... ix 

ABBREVIATION ............................................................................ x 

1. Abstract ..................................................................... １ 

2. Introduction ............................................................. ３ 

2.1 General Introduction ........................................................ ３ 

2.1.1 CRISPR-Cas9 system ............................................................ ３ 

2.1.2 anti-CRISPR protein ............................................................. ４ 

2.2 Anti-CRISPR AcrIIC2 ..................................................... ７ 

2.3 Anti-CRISPR AcrIIC3 ..................................................... ８ 

Chapter I. ........................................................................ ９ 

Structure and inhibition mechanism of anti-CRISPR 
AcrIIC2 ........................................................................... ９ 

3. Materials and Methods ........................................ １０ 

3.1 Cloning, expression, and purification ......................... １０ 

3.1.1 AcrIIC2 ............................................................................... １０ 

3.1.2 NmeBH and SpyBH ........................................................... １１ 

3.2 Isothermal titration calorimetry ................................. １１ 

3.3 Circular dichroism spectroscopy ................................ １２ 

3.4 Multi-angle light scattering analysis ........................... １２ 

3.5 Crystallization and X-ray data collection ................... １３ 



 

 v 

3.6 Structure determination, refinement, and analysis ... １４ 

3.7 sgRNA preparation ....................................................... １４ 

3.8 In vitro cleavage assays ................................................. １５ 

3.9 Electrophoresis mobility shift assay ............................ １５ 

3.10 NMR spectroscopy .................................................... １６ 

4. Results .................................................................. １７ 

4.1 Biophysical, biochemical and novel structure of AcrIIC2 .. １７ 
4.2 AcrIIC2 blocks the DNA from binding to the sgRNA-Cas9 
Complex ............................................................................................ ３０ 

4.3 Dimeric mutant of AcrIIC2 ................................................... ３２ 

4.4 AcrIIC2 can cause conformational change of NmeBH ....... ３８ 

5. Discussion ............................................................ ５４ 

Chapter II. ....................................................................... 56 

Structure and inhibition mechanism of anti-CRISPR 
AcrIIC3 ........................................................................... 56 

6. Materials and Methods ............................................ 57 

6.1 Cloning, expression, and purification ............................. 57 
6.1.1 AcrIIC3 ................................................................................... 57 
6.1.2 NmeHNH ................................................................................ 57 
6.1.3 NmeCas9 ................................................................................. 58 

6.3 Isothermal titration calorimetry ..................................... 59 

6.4 Crystallization and X-ray data collection ....................... 60 
6.4.1 AcrIIC3 ................................................................................... 60 
6.4.2 complex of NmeHNH and AcrIIC3 ...................................... 60 

6.5 Structure determination, refinement, and analysis ....... 61 
6.5.1 AcrIIC3 and NmeHNH-ACrIIC3 ........................................ 61 

6.6 sgRNA preparation ........................................................... 62 

6.7 In vitro cleavage assays .................................................... 63 

6.8 NMR spectroscopy ............................................................ 63 

7. Results ...................................................................... 64 



 

 vi 

7.1 AcrIIC3 forms a novel fold .............................................. 64 

7.2 AcrIIC3 targets the Cas9 HNH domain in an allosteric 
manner ....................................................................................... 76 

7.3 Binding interface confers host specificity ................... ９４ 

8. Discussion ........................................................ １０４ 

9. Conclusion ....................................................... １０８ 

10. Reference .......................................................... １１０ 

11. 국문초록 .......................................................... １１７ 
 

  



 

 vii 

LIST OF FIGURES 
 

 
Chapter I .  Structure and inhibition mechanism of anti-CRISPR 
AcrIIC2 
 
 

Figure 1. Characterization of AcrIIC2-------------------------------- 20 

Figure 2. Crystal structure of AcrIIC2-------------------------------- 22 

Figure 3. DNA cleavage by NmeCas9 in the absence and 
presence of AcrIIC2------------------------------------------ 

 
24 

Figure 4. Dimerization interface of AcrIIC2------------------------- 26 

Figure 5. Electrostatic potential surface of AcrIIC2 dimer--------- 28 

Figure 6. Cas9 inhibition by AcrIIC2, and gel shift assay---------- 32 

Figure 7. Shape of the superstructure ofAcrIIC2 dimer------------ 36 

Figure 8. Mutant for abrogating oligomerization-------------------- 38 

Figure 9 Interactions involving BH in SpyCas9-------------------- 44 

Figure 10 BH domain of NmeCas9------------------------------------ 46 

Figure 11 ITC for the interaction between AcrIIC2R65D/R66D and 
NmeBH-------------------------------------------------------- 

 
48 

Figure 12 NMR titration of NmeBH with AcrIIC2R65D,R66D -------- 50 

Figure 13 Comparison of secondary structure between free 
NmeBH and NmeBH interacted with AcrIIC2----------- 

 
52 

 
  



 

 viii 

Chapter II .  Structure and inhibition mechanism of anti-CRISPR 
AcrIIC3 
 
 

Figure 14. Biophysical, biochemical of AcrIIC3------------------- 68 

Figure 15. structural characterization of AcrIIC3------------------- 70 

Figure 16. Structures of AcrIIC3 (this study) and E. coli Cas2 
(PDB code 5XVN,chain N)------------------------------- 

 
72 

Figure 17. DNA cleavage by NmeCas9 in the absence and 
presence of AcrIIC3--------------------------------------- 

 
74 
 

Figure 18. AcrIIC3 binds to the HNH domain of NmeCas9------ 82 

Figure 19. ITC for the interaction between AcrIIC3 and 
NmeHNH--------------------------------------------------- 

 
84 

Figure 20. AcrIIC3 binds to the HNH domain of NmeCas9------ 86 

Figure 21. Interactions between AcrIIC3, NmeHNH, and 
AcrIIC1----------------------------------------------------- 

 
88 

Figure 22. Structural comparison between AcrIIC3, NmeHNH, 
and AcrIIC1------------------------------------------------ 

 
90 

Figure 23. Interaction surfaces of AcrIIC3 and NmeHNH-------- 92 
 

Figure 24. ITC for the interaction between AcrIIC3 mutants and 
NmeHNH--------------------------------------------------- 

 
94 

Figure 25. Conserved and variable sequences among AcrIIC3 
and HNH orthologs---------------------------------------- 

 
98 

Figure 26. The interaction surface of NmeHNH-------------------- 100 
 

Figure 27. ITC for the titration of AcrIIC3 and NmeHNH 
mutants ----------------------------------------------------- 

 
102 

Figure 28. A structural model of AcrIIC3 bound to the HNH 
domain of Cas9 structures-------------------------------- 

 
108 

 



 

 ix 

LIST OF TABLES 

 

 

Chapter I .  Structure and inhibition mechanism of anti-CRISPR 
AcrIIC2 
 

Table 1. Statistics for data collection, phasing, and model refinement of 

AcrIIC2 --------------------------------------------------------------------------------54 

 

Chapter II .  Structure and inhibition mechanism of anti-CRISPR 
AcrIIC3 
 

Table 2. Statistics for data collection, phasing, and model refinement of 

AcrIIC3---------------------------------------------------------------------------------76 

Table 3. Equilibrium dissociation constants (KD), binding free energies (DG), 

binding enthalpies (DH), and entropies (DS) for the interaction between 

AcrIIC3 and NmeHNH mutants---------------------------------------------------104 

  



 

 x 

 
ABBREVIATION 

 

BME   β-Mercaptoethanol 

CSP   Chemical shift perturbation 

DTT   dithiothreitol 

EDTA   Ethlyenediaminetetraacetic acid 

HSQC   Heteronuclear single quantum coherence 

spectroscopy  

IPTG   Isopropyl β-D-1-thiogalactopyranoside  

ITC   Isothermal titration calorimetry 

MALS   Multi-angle light scattering 

NMR   Nuclear magnetic resonance 

OD   Optical density 

PMSF   Phenylmethanesulfonyl fluoride 

SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis 

TEV   Tobacco Etch Virus 

RMSD   Root mean square deviation 

 

 



 

 １ 

1. Abstract 

Clustered regularly interspaced short palindromic repeats (CRISPR)-

Cas systems constitute the adaptive immunity of bacteria and archaea, 

degrading nucleic acids of invading phages and plasmids. In response, 

phages employ anti-CRISPR (Acr) proteins as a counter defense 

mechanism to neutralize the host immunity.  

In this work, we investigated the mechanism of activity of anti-CRISPR 

protein AcrIIC2. Previously, this protein was shown to inhibit the activity 

of Neisseria meningitidis (Nme) CRISPR-Cas9 (Pawluk, Amrani, et al., 

2016). We revealed that AcrIIC2 blocks loading of the target DNA, thereby 

preventing formation of the active CRISPR-Cas9 surveillance complex. 

Further we investigated to block mechanism of DNA to NmeCas9-sgRNA 

complex. AcrIIC2 dimer binds to bridge helix of NmeCas9 to interferes 

with sgRNA binding, and prevents target DNA loading into NmeCas9. 

(Yalan Zhu et al., 2019). In type II-A Streptococcus pyogenes Cas9, 

conformational rearrangement upon sgRNA is well known (Jiang, Zhou, 

Ma, Gressel, & Doudna, 2015). We further investigated that effect of 

AcrIIC2 to bridge helix of NmeCas9. AcrIIC2 dimer occur conformational 

change in NmeBH like a sgRNA. We expected that it need for AcrIIC2 tight 

and stable contact to BH region for off-switch.  

AcrIIC3 directly inhibits target DNA cleavage of type II-C Cas9 of 

Neisseria meningitidis. Here, I show that AcrIIC3 interacts with the HNH 
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nuclease domain of N. meningitidis Cas9 to inhibit its nuclease activity in 

an allosteric manner. The crystal structure of the AcrIIC3–HNH complex 

reveals that AcrIIC3 binds opposite the active site on the HNH nuclease 

domain. AcrIIC3 employs a unique inter- face for HNH, allowing it to 

discriminate between Cas9 orthologs, which contrasts with the broad 

spectrum of Cas9 inhibition by AcrIIC1. Interface residues of HNH provide 

key electrostatic and hydrophobic interactions that determine the host 

specificity of AcrIIC3. Mutations that replace HNH interfaces of 

N.meningitidis Cas9 with those of Geobacillus stearothermophilus Cas9 or 

Campylobacter jejuni Cas9 significantly attenuate AcrIIC3 binding, 

illustrating that the divergent interaction surface confers the host specificity 

of AcrIIC3. Our study demonstrates that the variable sequences of binding 

interface can define the target specificity of Acr proteins, suggesting 

potential applications in Cas9 control for gene editing.  
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2. Introduction 

2.1 General Introduction 

2.1.1 CRISPR-Cas9 system 

CRISPR-Cas systems are RNA-protein based adaptive immune systems 

in bacteria and archaea against derived from DNA fragments of 

bacteriophages and plasmid that have previously infected the prokaryote 

(Barrangou et al., 2007; Brouns et al., 2008; Marraffini & Sontheimer, 

2008). The CRISPR-Cas system acquires a short sequences of the phage 

genome and integrated it into the CRISPR genetic locus where pre CRISPR 

RNA (crRNA) containing the spacer sequence is transcribed for the 

production of mature crRNA. Using an RNA molecule as a guide, the 

CRISPR-Cas complexes detects and cleavages nucleic acids that scan a 

complementary sequences corresponding to the guide RNA (Scheme 1). 

CRISPR-Cas systems are organized into two classes, which can be further 

into six types (I-VI) and several subtypes, including their variants. Class 1 

(type I, III and IV) require a complex of multiple cas proteins, while Class2 

(type II, V, and VI) use a single protein to targets and degrades invading 

nucleic acid. Cas9 (Abudayyeh et al., 2016; Mohanraju et al., 2016; 

Shmakov et al., 2017), type II protein, is an enzyme for genome editing and 

requires two native RNA part, crRNA and trans-activating CRISPR RNA 

(tracrRNA), for its foreign DNA targeting activity (Jinek et al., 2012). 
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scheme 1. CRISPR-Cas9 Confers Adaptive Immunity (Jiang & Doudna, 

2017). 

 

2.1.2 anti-CRISPR protein 

Phages and bacteria have evolved protein inhibitors that pressure the 

normal active of CRISPR-Cas systems. These arms race result in anti-

CRISPR proteins naturally occurring off-switch for CRISPR-Cas9. Anti-

CRISPR (Acr) proteins, natural inhibitors of Cas proteins, were first 

identified in the genome of bacteriophages infecting Pseudomonas 

aeruginosa that possesses the type I-F CRISPR-Cas system [2]. Further 

investigation of Acr proteins against type I-F and type I-E CRISPR-Cas 
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systems drew attention to the conserved anti-CRISPR-associated gene 1 

(aca1) that appeared next to Acr loci in phage genomes (Pawluk, Staals, et 

al., 2016). The finding of aca1 led to the discovery of more Acr proteins 

via bioinformatics analysis searching for co-localized genes, which in turn 

identified new anti-CRISPR-associated genes (aca2 and aca3) and 

additional Acr genes (Pawluk, Amrani, et al., 2016). Acr proteins against 

type II CRISPR-Cas systems were identified in plasmids and prophages of 

N. meningitidis (type II-C) and Listeria monocytogenes (type II-A) (Pawluk, 

Amrani, et al., 2016; Rauch et al., 2017). Type II Acr proteins suppress 

target DNA cleavage of Cas9 in vitro and in vivo, promising a new tool for 

spatiotemporal control of genome editing and gene drives (Basgall et al., 

2018; Bubeck et al., 2018; Shin et al., 2017). 

Acr proteins have novel sequences and structures that bear little 

homology to prokaryotic and eukaryotic proteomes (Stanley & Maxwell, 

2018; Yuwei Zhu, Zhang, & Huang, 2018). Structural investigations of Acr 

proteins bound to a multi-subunit interference complex (type I) or a single 

effector Cas9 protein (type II) have illustrated that Acr proteins employ 

different mechanisms to inhibit CRISPR-Cas function. First, Acr proteins 

may occupy the DNA binding region of the interference complex (AcrF1, 

AcrF2, and AcrF10) or Cas9 (AcrIIA2 and AcrIIA4) to compete with target 

DNA interactions(Bondy-Denomy et al., 2015; Chowdhury et al., 2017; 

Dong et al., 2017; Guo et al., 2017; Jiang et al., 2019; Kim et al., 2018; Liu, 

Yin, Wang, & Wang, 2019; Yang & Patel, 2017). Second, Acr proteins may 

prevent the nuclease from approaching target DNA already bound to the 
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interference complex or Cas9. AcrF3 and AcrE1 prevent the access of Cas3 

to target DNA bound to the interference complex, whereas AcrIIC1 masks 

the active site of the Cas9 HNH nuclease domain to inhibit target DNA 

cleavage (Harrington et al., 2017; Pawluk et al., 2017; Wang et al., 2016). 

Lastly, AcrIIA1 and AcrIIA6 exhibit nucleic acid binding, but their exact 

functional mechanisms remain unclear (Hynes et al., 2018; Ka, An, Suh, & 

Bae, 2017). 
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2.2 Anti-CRISPR AcrIIC2 

Anti-CRISPR proteins have revealed novel sequences and structures 

that bear little homology with those of prokaryotic and eukaryotic 

proteomes. The mechanism of anti-CRISPR activity is currently under 

active investigation, and includes the prevention of either target DNA 

binding (AcrF1, AcrF2, AcrF4, AcrIIA2, AcrIIA4, and AcrIIC3) or 

nuclease recruitment (AcrF3). Conformational inhibition has also been 

added to the repertoire, which arrests the nuclease in a catalytically inactive 

state (AcrIIC1). Three anti-CRISPR proteins (AcrIIC1, AcrIIC2, and 

AcrIIC3) have been found to inhibit type IIC Cas9 from N. meningitidis 

(Pawluk, Amrani, et al., 2016). The AcrIIC proteins directly bind to 

sgRNA-loaded N. meningitidis Cas9 and inhibits RNA-guided cleavage 

activity of dsDNA or ssRNA targets (Pawluk, Amrani, et al., 2016; 

Rousseau, Hou, Gramelspacher, & Zhang, 2018). In here, I determined 

structure of AcrIIC2, and revealed that inhibitor mechanism of AcrIIC2 into 

Cas9. AcrIIC2 prevent loading DNA into Cas9 through binding to bridge 

helix of Cas9. I observed conformational change of bridge helix upon 

binding AcrIIC2. Taken together, AcrIIC2 prevents sgRNA from binding 

to bridge helix, thereby losing the DNA scanning ability of the sgRNA-

Cas9 complex. 
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2.3 Anti-CRISPR AcrIIC3 

AcrIIC3 directly binds to type II-C Cas9 of N. meningitidis (NmeCas9) 

and strongly inhibits its nuclease activity (Pawluk, Amrani, et al., 2016). It 

has been suggested that AcrIIC3 causes Cas9 dimerization to reduce target 

DNA binding, but the inhibitory mechanism was not clearly understood 

(Harrington et al., 2017). Here I report that AcrIIC3 targets the HNH 

nuclease domain of NmeCas9 (NmeHNH), similar to AcrIIC1, but with a 

distinct inhibitory mechanism. The complex structure indicates that 

AcrIIC3 binds to NmeHNH on the side opposite the active site, 

demonstrating that AcrIIC3 is a novel allosteric Cas9 inhibitor. Our 

structure is generally consistent with the recent structural report (Yalan Zhu 

et al., 2019), and notable differences are described in detail. I further 

demonstrate that sequence variations of HNH interfaces between Cas9 

orthologs explain the narrow specificity of AcrIIC3 compared to the 

broadly active AcrIIC1. I finally propose a structural model in which 

AcrIIC3 hinders the conformational transition of Cas9 required for target 

DNA binding and processing.  
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Chapter I.  

Structure and inhibition mechanism of anti-

CRISPR AcrIIC2  
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3. Materials and Methods 

3.1 Cloning, expression, and purification  

3.1.1 AcrIIC2 

The synthetic acrIIC2 gene was cloned into a pBT7. Escherichia. coli 

BL21 (DE3) cells containing these constructs were cultured in lysogeny 

broth medium at 37◦C until the optical density at 600 nm reached 0.6-0.8. 

Protein expression was induced by the addition of 1 mM isopropyl- β-D-

thiogalactopyranoside, followed by incubation at 16◦C for 20 h. Cells were 

harvested by centrifugation and resuspended in lysis buffer [50 mM NaCl, 

2 mM β-mercaptoethanol (BME), 1 mM phenyl- methylsulfonyl fluoride, 

20 mM Tris–HCl pH 7.4]. After lysis by using EmulsiFlex-C3 (AVESTIN) 

and centrifugation, the supernatant was loaded onto a 5 ml HiTrap Q HP 

column (GE Healthcare) that was pre-equilibrated with elution buffer (50 

mM NaCl, 2 mM BME, 20 mM Tris–HCl pH 7.4). After washing the 

column with elution buffer, the bound proteins were eluted by applying a 

linear gradient of Nacl (up to 1 M). The proteins were further purified using 

a HiLoad 16/60 Superdex 200 column (GE Healthcare) equilibrated with 

size exclusion chromatography buffer (200 mM NaCl, 2 mM BME, 20 mM 

Tris–HCl pH 7.4). Finally, AcrIIC2 was loaded onto a Mono-Q anion 

exchange column (GE Healthcare) equilibrated with buffer (2 mM BME, 

20 mM Tris–HCl pH 7.4) and eluted with a linear gradient of NaCl (up to 

1 M).  
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3.1.2 NmeBH and SpyBH 

NmeBH and SpyBH gene were cloned into a pET15b-MBPtag. Rosetta 

(DE3) cells containing these constructs were cultured in lysogeny broth 

medium at 37◦C until the optical density at 600 nm reached 0.6-0.8. Protein 

expression was induced by the addition of 0.5 mM isopropyl-β-D-

thiogalactopyranoside, followed by incubation at 16◦C for 20 h. Cells were 

harvested by centrifugation and resuspended in lysis buffer (100 mM NaCl, 

2 mM BME, 1 mM phenyl-methylsulfonyl fluoride, 20 mM Tris–HCl pH 

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

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

that was pre-equilibrated with elution buffer (100 mM NaCl, 2 mM BME, 

20 mM Tris–HCl pH 8.8). After washing the column with elution buffer, 

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

2 M). The proteins were further purified using a 5-mL HisTrap HP column 

that was quilibrated with elution buffer (300 mM NaCl, 2 mM BME, 20 

mM Tris–HCl pH 8.8). and eluted by a linear gradient of 20–500 mM 

imidazole  

 

3.2 Isothermal titration calorimetry 

Isothermal titration calorimetry experiments were performed at 25°C 

using an iTC200 calorimeter (Malvern). To measure the affinity of AcrIIC2 

for NmeBH, 10 μM NmeBH in the sample cell was titrated with 200 μM 



 

 １２ 

AcrIIC2R65D/R66D in 20 mM Tris-Hcl, pH 8.8, 300 mM NaCl, and 2 mM 

BME. Twenty consecutive 2 μL aliquots of AcrIIC2R65D/R66D were titrated 

into the cell, with an injection duration of 4 sec and an inter-injection 

interval of 150 sec. The heats associated with dilution of the titrants were 

subtracted from the measured heats of binding. The titration data were 

analyzed using the Origin version 7.0 program provided with the instrument. 

All titration experiments were performed in triplicates. 

 

3.3 Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy was conducted at 25°C using a 

J-815 CD spectrometer (Jasco Products, Oklahoma City, OK, USA). Wave 

scans were acquired by sampling data at 0.5 nm intervals between 190 and 

260 nm for far UV CD measurement. Far UV CD spectroscopy was carried 

out with 10 μM of protein, 20 mM sodium phosphate pH 7.4, and 2 mM 

BME using a 1 mm quartz cuvette. Each far UV CD spectrum was obtained 

from an average of 3 scans and the results were presented as the mean 

residue ellipticity (deg･cm2/dmol) at each wavelength.  

 

3.4 Multi-angle light scattering analysis 

Multi-angle light scattering (MALS) analysis was performed on a 

TSKgel G3000SWXL (Tosoh Bioscience LLC 0008541) at 25°C. SEC-

MALS experiments were performed using an Agilent 1200 HPLC System 

(Agilent Technologies, Santa Clara, CA, USA) combined with a Wyatt 
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Dawn Heleos II and a Wyatt Optilab T- rEX differential refractometer 

(Wyatt, Santa Barbara, CA, USA). For chromatographic separation, 

samples were eluted in 200 mM NaCl, 2 mM BME, 20 mM Tris–HCl pH 

7.4. The equipment was precalibrated with 1 mg/ml bovine serum albumin 

(dimer, 133 kDa; monomer, 66 kDa) and the results were normalized and 

analyzed using Astra software (Wyatt).  

 

3.5 Crystallization and X-ray data collection 

The protein crystals of AcrIIC2 were grown using the sitting-drop vapor 

diffusion method at 20°C by mixing equal volumes (0.4 μl each) of the 

protein solution (at 16 mg/ml concentration in 20 mM sodium phosphate 

pH 7.4, and 2 mM BME) and the reservoir solution consisting of 30%[v/v] 

propanop-2, 0.3 M ammonium acetate, 10 mM Tris-HCl pH7.0. A 

cryoprotectant solution consisting of 20% (v/v) glycerol added to the 

reservoir solution was used for data collection under liquid nitrogen stream. 

The crystal was vitrified in the nitrogen gas stream and the data were 

collected using a Pilatus3 6 M CCD area detector (Dectris) at the BL-11C 

experimental station of Pohang Light Source, Korea. Crystals of AcrIIC2 

belong to the hexagonal space group P6522, with unit cell parameters of a 

= 71.4 Å, b = 71.4 Å, c = 316.6 Å, α = 90.0°, β = 120.0°, and γ = 90.0°. All 

raw data were processed and scaled using the HKL2000 program package 

(Otwinowski and Minor, 1997). Table 1 summarizes data collection 

statistics. 
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3.6 Structure determination, refinement, and analysis 

A set of SAD data from a crystal of the SeMet-substituted AcrIIC2 was 

used to solve the phase problem at a resolution of 2.62 Å. Phase calculation, 

density modification, and initial model building were carried out using the 

PHENIX AutoSol and AutoBuild suite of programs (Adams et al., 2010). 

The models were further built manually using the program COOT (Emsley 

et al., 2010) and refined with the program REFMAC (Vagin et al., 2004), 

including the bulk solvent correction. Water molecules and ligands were 

added using the program COOT and were manually inspected. 5% of the 

data were randomly set aside as the test data for the calculation of 

Rfree_ENREF_28 (Brunger, 1992). Stereochemistry of the final structures 

were evaluated using MolProbity_ENREF_29 (Chen et al., 2010). 

 

3.7 sgRNA preparation 

DNA encoding a minimal T7 promoter upstream of an sgRNA (with a 

random sequence, i.e., no genomic target in E. coli: 5'-

TAATACGACTCACTATAGGGTGCGCGGCGCATTACCTTTACGTT

GTAGCTCCCTTTCTTATTTCGGAAACGAAATGAGAACCGTTGCT

ACAATAAGGCCGTCTGAAAAGATGTGCCGCAACGCTCTGCCCC

TTAAAGCTT-3') was synthesized by Bioneer. The DNA template for 

RNA transcription was prepared by using the Gigaprep kit (Epigenetics). 

The sgRNA was prepared in vitro by mixing rNTPs (rATP, rGTP, rCTP, 

and cUTP), MgCl2, T7 RNA polymerase (P266L mutant) (Guillerez, Lopez, 
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Proux, Launay, & Dreyfus, 2005), inorganic pyrophosphatase, and the 

DNA template in the transcription buffer. After 6 hours of transcription at 

37°C, synthesized RNA was precipitated by ethanol treatment overnight, 

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

electro-eluted (Elutrap, Whatman). Purified RNA was desalted and 

exchanged into water using Amicon (Millipore). 

 

3.8 In vitro cleavage assays 

500 nM NmeCas9 was incubated with 500 nM sgRNA in 20 mM Tris-

HCl, pH 7.5, 10 mM KCl, 5 mM MgCl2, 1 mM DTT, and 5% (v/v) glycerol 

at 37°C for 5 min. AcrIIC2 was added (0.5/1/2.5/5 µM) to the NmeCas9-

sgRNA complex, and the mixture was incubated at 37°C for 10 min. Next, 

DNA substrate linearized by AseI digestion was added to a final 

concentration of 5 nM, and the reaction was incubated at 37°C for 30 min. 

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

and visualized on 1% agarose, 1× TAE gels. 

 

3.9 Electrophoresis mobility shift assay 

Binding reactions were conducted in Binding Buffer (20 mM Tris-HCl, 

pH 7.5, 150 mM KCl, 5 mM EDTA, 5 mM MgCl2, 1 mM DTT, 5% (v/v) 

glycerol). Cas9 and sgRNA were incubated first for 5 min at 37°C to allow 

for guide binding. Next the Cas9–sgRNA complex was diluted to the 

indicated concentration and a constant amount of 20 mM Acr was added to 
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each sample and allowed to incubate for 10 min at room temperature. DNA 

target was then added (< 0.05 nM). The binding reaction was incubated at 

37°C for 30 min at room temperature. Samples were analyzed by 4% 

polyacrylamide/0.5 % TBE gel electrophoresis.  

 

3.10 NMR spectroscopy 

The NMR sample contained 0.2 mM 15N-NmeBH in 20 mM sodium 

phosphate, pH 7.4, 100 mM NaCl, 0.01% NaN3, 2 mM BME. 15N–1H 

heteronuclear single quantum correlation spectra of AcrIIC3 were recorded 

at 25°C on a Bruker 850 MHz spectrometer equipped with a z-shielded 

gradient triple resonance cryoprobe. The NMR spectra were processed and 

analyzed using NMRPipe (Delaglio et al., 1995) and  NMRView (Johnson 

& Blevins, 1994) programs. 
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4. Results 

4.1 Biophysical, biochemical and novel structure of AcrIIC2 

The circular dichroism spectrum of AcrIIC2 (1–124, 14.2 kDa) showed 

a broad minimum at 215 nm, indicating a mainly b-stranded structure (Fig. 

1A). AcrIIC2 eluted in the void volume during the size exclusion 

chromatography using a Superdex 75 column, indicating a large oligomer 

via self-association. I measured the absolute molecular weight of the 

AcrIIC2 oligomer by multi-angle light scattering at varying concentrations. 

The molecular weight of the AcrIIC2 oligomer was measured as 41 ± 12 

kDa at the concentration of 2 mg/ml, and oligomers with larger molecular 

weights appeared at higher concentrations, such that the oligomer with 

~100 ± 20 kDa dominated at the concentration of 10 mg/ml (Fig. 1B). 

Trailing shoulders on the elution peaks and polydisperse molar mass 

distributions indicated that the AcrIIC2 oligomers were in dynamic 

equilibrium between multiple oligomeric states that were populated 

according to the total concentration and the association constant. Given the 

calculated molecular mass of AcrIIC2 as 14,163.9 Da, the oligomer of 41 

± 12 kDa corresponded to a trimer. The crystal structure of AcrIIC2, 

however, revealed a dimer in the asymmetric unit, suggesting that the 

observed molar mass indeed represented an equilibrium between the dimer 

and the tetramer of AcrIIC2. 
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I have determined the crystal structure of AcrIIC2 to a resolution of 2.2 

Å. The data collection and refinement statistics are summarized in Table 1. 

AcrIIC2 forms a homodimer with a characteristic a+b fold. The AcrIIC2 

monomer exhibits a six-stranded antiparallel b-sheet structure with the 

+1,+1,+3, –1, –1 topology, and two a-helices at the N- and C-termini (Fig. 

2A,B). The long C-terminal helix packs tightly onto the b-sheet, stabilizing 

the core structure, whereas the short N-terminal helix does not directly 

interact with the b-strands, and instead is held in position via hydrogen 

bonding with neighboring b2‒b3 and b6‒a2 loops. In addition, there are 

long loop regions with high B-factor values between the b3 and b4 strands, 

and between the b6 strand and the a2 helix. The search for structural 

homologs deposited in the protein data bank using the Dali server (Holm, 

2010) did not return significant matches of AcrIIC2, thus the structure of 

AcrIIC2 represents a novel fold. Structures with the highest Z-scores 

(structural similarity scores) were the bovine salivary protein from 30b 

(PDB ID = 5WD6; Z-score = 5.5; RMSD = 3.2 Å for 72 Ca atoms) and the 

cholesteryl ester transfer protein (PDB ID = 2OBD; Z-score = 4.6; RMSD 

= 3.5 Å for 78 Ca atoms), but the secondary structure topology was very 

different from that of AcrIIC2. 

The dimerization of AcrIIC2 buries overall ~2,590 Å2 of the solvent-

accessible surface area, and forms 15 hydrogen bonds and 4 salt bridges 

between protomers. The AcrIIC2 dimer is mainly stabilized by the 
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intermolecular antiparallel b-sheet formation between two b2 strands of 

individual protomers (Fig. 2C,D).  

AcrIIC2 completely inhibited the nuclease activity of NmeCas9, 

indicating that the fold is functionally competent (Fig. 3) 

Specifically, backbone carbonyl and amide groups of His16 in the b2 

strand form hydrogen bonds to those of Glu18 of the other protomer (Fig. 

4A). In addition, the N-terminal a1 helix provides a large dimer interface 

via hydrogen bonding. The a1 helix (Lys4, Lys10 and Tyr11) forms 

hydrogen bonds with Arg38 in the b3 strand, and with Met82 and Asp84 in 

the b6‒a2 loop of the other protomer (Fig. 4B). Further, Asp108 and 

Asp115 in the a2 helix form salt bridges with Arg20 in the b1‒b2 loop of 

the other protomer (Fig. 4C). The inside of the dimer interface is largely 

hydrophobic; Phe8 is in close contact with Leu36 and Ile81 of the other 

protomer, and Tyr11, Pro12, and Ile15 pack against Phe26 of the other 

protomer (Fig. 4D). 

AcrIIC2 is an acidic protein with the pI value of 4.7. The electrostatic 

surface potential reveals highly negatively charged surfaces on one side of 

the AcrIIC2 dimer and positively charged surfaces on the other side (Fig. 

5). 
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Figure 1. Characterization of AcrIIC2. 

(A) The far UV CD spectrum of the 10 mM AcrIIC2 in 20 mM sodium 

phosphate (pH 7.4), and 1 mM β-mercaptoethanol. (B) SEC-MALS data of 

AcrIIC2 with varying injection concentrations. The molecular masses 

obtained from the light scattering and refractive index measurements 

correspond to the oligomer of AcrIIC2. 
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Figure 2. Crystal structure of AcrIIC2.  

(A) Schematic representation of the secondary structures of AcrIIC2. The 

amino acid sequence of AcrIIC2 is shown and numbered below. (B) 

Protomer structure of AcrIIC2 colored in the rainbow color scheme from 

N-terminus (blue) to C-terminus (red). Secondary structural elements are 

annotated. (C) Front view and (D) Top view of the AcrIIC2 dimer in the 

ribbon diagram with the transparent surface representation. Two subunits 

of the dimer are colored in green and blue, respectively.
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 ２４ 

Fig 3. DNA cleavage by NmeCas9 in the absence and presence of 

AcrIIC2. 

AcrIIC2 concentrations correspond to 0.5, 1.0, 2.5, and 5 μM against 0.5 

μM of the NmeCas9–sgRNA complex. 
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Figure 4. Dimerization interface of AcrIIC2.  

(A) Backbone carbonyl and amide groups of His16 in the b2 strand form 

hydrogen bonds to those of Glu18 of the other protomer. (B) the N-terminal 

a1 helix provides a large dimer interface via hydrogen bonding. The a1 

helix (Lys4, Lys10 and Tyr11) forms hydrogen bonds with Arg38 in the b3 

strand, and with Met82 and Asp84 in the b6‒a2 loop of the other protomer. 

(C) Asp108 and Asp115 in the a2 helix form salt bridges with Arg20 in the 

b1‒b2 loop of the other protomer . (D) The inside of the dimer interface is 

largely hydrophobic; Phe8 is in close contact with Leu36 and Ile81 of the 

other protomer, and Tyr11, Pro12, and Ile15 pack against Phe26 of the other 

protomer.
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Figure 5. Electrostatic potential surface of AcrIIC2 dimer. 

Pymol (www.pymol.org) was used to generate the surface charge 

(red=−1.0 kT, blue = +1.0 kT). The electrostatic surface potential 

reveals highly negatively charged surfaces on one side of the AcrIIC2 

dimer and positively charged surfaces on the other side. 
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4.2 AcrIIC2 blocks the DNA from binding to the sgRNA-Cas9 
Complex 

The apo-Cas9 protein undergoes a large conformational rearrangement 

upon sgRNA binding to form the binary complex, including a 65Å rigid 

body movement of the REC III domain of the REC lobe. The core region 

of the sgRNA makes extensive interactions with REC domains and the BH. 

Following PAM recognition, the crRNA-guide region searches for 

complementarity in the flanking DNA by unwinding the DNA duplex 

subsequently forming an R-loop between the crRNA-guide and the 

protospacer. 

I expected that these conformational change was interfered by results of 

binding AcrIIC2 strongly to BH. To determine the step at which AcrIIC2 

inhibition occurs, I conducted electrophoretic mobility shift assays, both of 

which showed that AcrIIC2 blocks the PAM-containing dsDNA substrate 

from binding to the NmeCas9–sgRNA. But, when AcrIIC3 was included in 

the reaction, Cas9 did not cleave the target DNA even though DNA binding 

was unaffected (Fig. 6). 
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Figure 6. Cas9 inhibition by AcrIIC2, and gel shift assay. 

Electrophoretic mobility shift assay results showing that AcrIIC2 block 

binding DNA to NmeCas9-sgRNA complex. The dsDNA and AcrIIC2 / 

AcrIIC3 were added to sgRNA-NmeCas9 simultaneously. 
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4.3 Dimeric mutant of AcrIIC2 

Wild-type AcrIIC2 oligomerized in a concentration-dependent manner. 

In the crystal, AcrIIC2 assembles to form triangular trimers and higher-

order oligomers, with each dimer contacting its neighbours through four 

charged interfaces: one generally positive and another generally negative. 

By using molecular visualization system, I found that AcrIIC2 is gradually 

stacked around the triangle to form a oligomer. Based on the sequence and 

structure, we selected Arg65 and Arg66 residues on the basic surface for 

charge-neutralizing mutations (Fig. 7A,B). I measured the absolute 

molecular weight of the AcrIIC2R65D/R66D by multi-angle light scattering at 

varying concentrations. R65D/R66D mutation resulted in an exclusively 

dimeric protein. (Fig. 8A). HSQC spectra of dimeric AcrIIC2R65D/R66D 

showed well-dispersed signals, which is typically observed in folded 

proteins (Fig. 8B). To test activity of AcrIIC2R65D/R66D as inhibitor in 

CRISPR-Cas system, I conducted in vitro cleavage assay. AcrIIC2R65D/R66D 

completely inhibited the nuclease activity of NmeCas9, indicating that the 

fold is functionally competent.  
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Fig 7. Shape of the superstructure ofAcrIIC2 dimer. 

AcrIIC2 assembles to form triangular hexamers and higher-order oligomers. 

Oligomer showed that Arg65 and Arg66 from the positive side of one dimer 

interacts with Asp43 and Asp44 of the negative side of another dimer. 
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Fig 8.  Mutant for abrogating oligomerization depend on 

concentration. 

(A) SEC-MALS data of the AcrIIC2R65D/R66D with an injection 

concentration of 1, 2, 10 mg/ml to compare with 10mg/ml AcrIIC2WT. The 

molecular masses obtained from the light scattering and refractive index 

measurements correspond to the dimer of the AcrIIC2R65D/R66D (B) The 15N–

1H heteronuclear single-quantum correlation NMR spectra of 15N -labeled 

AcrIIC2R65D/R66D exhibited well-dispersed backbone amide resonances, 

indicating a compact folded protein.  
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4.4 AcrIIC2 can cause conformational change of NmeBH 

Bridge Helix (BH) is wedged between the tracrRNA and the crRNA. 

The BH is an arginine-rich motif (ARM), and it is a universal feature of 

Cas9. BH plays a central role in function as it bridges the NUC and REC 

lobes and makes direct and indirect interactions with crRNA, tracrRNA, 

and target DNA. One side of the BH interacts with the seed region of the 

sgRNA, whereas the other side of the BH makes contacts with the first 

stem-loop of the tracrRNA. Collectively, the RNA forms a triangular 

structure that completely wrapped. 

It was shown in several Cas9 orthologs that mutating the arginine 

residues in the BH significantly reduced its activity. A comparison of apo 

(Fig. 9A, PDB code: 4cmp) and Cas9−sgRNA−DNA (Fig. 9B, PDB code: 

5y36) structures of SpyCas9 shows that a short loop in the BH in the 

apoprotein (residues Leu64-Thr67, called BH-loop hereafter) is 

transformed into a helix in the nucleic acid-bound forms (Fig. 9C). 

SpyCas9L65P,K65P (SpyCas92pro) was made for testing role of loop-to-helix 

conversion of the BH loop in the SpyCas9. The prolines are expected to 

interfere with the transition to the contiguous helix upon interacting with 

the sgRNA. Their results reveal that compared to the wild-type protein 

(SpyCas9WT), DNA cleavage activity of SpyCas9L65P,K65P decreases 

substantially against those with PAM-proximal mismatches. Taken 

together, conformational change of BH is necessary for activity of Cas9 as 

nuclease. In the case of Actinomyces naeslundii (Ana) Cas9 (type II-C), the 

BH and certain regions of the REC domain are disordered in one of the two 
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available apo crystal forms (PDB code: 4OGC), while they are ordered in 

another crystal form (PDB code: 4OGE). These facts imply that further 

studies are essential to conclusively show that loop-to-helix conversion 

occurs in Cas9 with response to sgRNA binding and whether Cas9 subtype-

specific differences exist in this mechanism.  

Here, I compared structures between NmeCas9-sgRNA-DNA (Fig. 10A, 

PDB code : 6jfu) and NmeBH-AcrIIC2 (Fig. 10B, PDB code : 6j9m and 

6jdj). Interestingly, NmeBH in all three structures was identical in helix 

form (Fig. 10C). Although the apo structure of NmeCas9 is not known yet, 

it is expected that conversion of BH was induced by interacting sgRNA to 

NmeCas9 likes SpyCas9. 

To investigate whether structure of the BH undergoes conformational 

change with AcrIIC2 binding or not, I confirmed interaction between 

NmeBH and AcrIIC2. In the calorimetry experiments, AcrIIC2 associated 

with NmeBH with 2 : 1 stoichiometry and an equilibrium dissociation 

constant (KD) of 33 ± 6 nM (Fig. 11). To investigate whether the 15N–1H 

heteronuclear single-quantum correlation NMR spectra of 15N-labeled 

NmeBH exhibited narrow spectral ranges as well as spectral overlap (Fig. 

12A). NMR titration were carried out to map the binding surfaces of the 

NmeBH and AcrIIC2R65D/R66D complex. Chemical shift changes of 

backbone amide groups of 15N-NmeBH were monitored, while titrating 

with AcrIIC2R65D/R66D. The backbone amide resonances of NmeBH show 

extensive chemical shift perturbations upon binding to AcrIIC2R65D/R66D, 
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thus implying a large conformational change upon complex formation. In 

titration of AcrIIC2R65D/R66D, the chemical shift change were in the fast 

exchange regime on the chemical shift time scale (Fig. 12B). Further, 

Circular dichroism (CD) was utilized to examine the secondary structure of 

the NmeBH and NmeBH combined with AcrIIC2R65D/R66D using circular 

dichroism. The CD of free NmeBH showed an intense negative band at 

198 nm, implying that the random coil. But NmeBH interacted with 

AcrIIC2 was higher ordered structure than free (Fig. 13). comprehensively, 

AcrIIC2 can cause conformational change of NmeBH like a sgRNA. 
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Fig 9. Comparison of BH domains of SpyCas9. 

Comparison for BH domain between apo-SpyCas9 and SpyCas9-sgRNA-

DNA. (A) The location of the BH is highlighted in green in the apo-

SpyCas9. (B) BH converts to a contiguous long helix in the binary and 

ternary complexes .
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Fig 10. Comparison of BH domains of NmeCas9. 

(A) Crystal structure of Nme2Cas9 in complex with sgRNA and target 

DNA (AGGCCC PAM). BH is highlighted in yellow color. (B,C) Structure 

of NmeBH+AcrIIC2. BH is highlighted in pink and purple colors. 
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Fig 11. ITC results for the interaction between AcrIIC2R65D/R66D 

mutants and NmeBH. 

Isothermal titration calorimetry assays for binding of AcrIIC2R65D/R66D to 

the NmeBH domain. Interaction between NmeHNH and AcrIIC2R65D/R66D 

showed 1:2 molar ratio. 
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Stoichiometry KD [nM] ΔG (kcal/mol) ΔH (kcal/mol) -TΔS (kcal/mol) 

2.06 32.7. ± 5.7 -15.9 ± 0.19 -10.2± 0.0 -2.74 ± 0.10 

KD = 33 ± 6 nM 
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Fig 12. NMR titration of NmeBH with AcrIIC2R65D,R66D. 

Comparison of 15N–1H HSQC spectra of free 15N-NmeBH (black) and the 

15N-NmeBH: AcrIIC2R65D/R66D complex (red). 
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Fig 13. Comparison of secondary structure between free NmeBH and 

NmeBH interacted with AcrIIC2. 

The far UV CD spectrum of the 5 mM NmeBH (green), 10mM AcrIIC2 

(blue), 5 mM NmeBH + 10 mM AcrIIC2 (purple), and NmeBH minus 

AcrIIC2 from NmeBH-AcrIIC2 complex (yellow) in 20 mM sodium 

phosphate (pH 7.4), and 1 mM β-mercaptoethanol. 
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Table 1. Statistics for data collection, phasing, and model refinement 

of AcrIIC2 

a Values in parentheses refer to the highest resolution shell. 
b CC1/2 [38] 
c Rmerge = Sh Si | I(h)i – < I(h) > | / Sh Si I(h)i, where I(h) is the 

intensity of reflection h, Sh is the sum over all reflections, and Si is 

the sum over i measurements of reflection h. 

d R = S | |Fobs| – |Fcalc| | / S |Fobs|, where Rfree and Rwork are calculated 

for a randomly chosen 5% of reflections that were not used for 

refinement and for the remaining reflections, respectively. 
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Dataset Native SeMet 

Protein AcrIIC2 AcrIIC2 

Data collection   

Space group P6522 P6522 

Cell dimension   

a, b, c (Å) 71.4, 71.4, 316.6 71.4, 71.4, 316.4 

α, β, γ (°) 90.0, 90.0, 120.0 90.0, 90.0, 120.0 

Wavelength (Å) 0.97960 0.97940 

Resolution (Å) 30.0‒2.20 (2.24‒
2.20) 

50.0–2.62 (2.67-

2.62) 

Total / unique 

reflections 
348,890 / 25,565 469,168 / 15,433 

Completeness (%) 99.9 (99.6) 99.8 (100.0) 

CC1/2
b 0.974 (0.882) 0.999 (0.979) 

<I > / <sI> 27.2 (2.6) 30.4 (24.2) 

Rmerge (%)c 12.2 (55.1) 27.4 (98.2) 

Model refinement   

Resolution (Å) 30.0‒2.20  

Rwork / Rfree (%)d 19.9 / 23.3  

No. non-hydrogen atoms / average B-

factors (Å2) 
  

Protein 2,916 / 42.2  

Water 288 / 49.9  

Phosphoric acid 15 / 67.6  

R.m.s. deviations   

Bond lengths (Å) 0.506  

Bond angles (°) 0.675  

Ramachandran plot   

Favored (%) 98.0  

Allowed (%) 2.0  

Outliers (%) 0  
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5. Discussion 

AcrIIC2 directly binds to type II-C Cas9 of N. meningitidis (NmeCas9) 

and strongly inhibits its nuclease activity (Pawluk, Amrani, et al., 2016). I 

investigated inhibitor mechanism of AcrIIC2 to NmeCas9. AcrIIC2 showed 

that block loading DNA to sgRNA-NmeCas9. It has been suggested that 

AcrIIC2 dimer bind to bridge helix (BH) of Cas9. In here, I newly covered 

conformational change of BH from interaction with AcrIIC2 dimer. 

BH is a long arginine-rich bridge helix as connect between a nuclease 

(NUC) lobe and a recognition (REC) lobe (Anders, Niewoehner, Duerst, & 

Jinek, 2014; Hirano et al., 2016; Huai et al., 2017; Jiang et al., 2016; Jiang, 

Zhou, Ma, Gressel, & Doudna, 2015; Jinek et al., 2014; Nishimasu et al., 

2015; Nishimasu et al., 2014; Yamada et al., 2017). The NUC lobe is 

comprised of two endonuclease domains, RuvC and HNH, and a 

responsible for recognizing the protospacer-adjacent motif (PAM), is 

essential to degrade target DNA (Deveau et al., 2008; Garneau et al., 2010; 

Gasiunas, Barrangou, Horvath, & Siksnys, 2012; Jinek et al., 2012; 

Marraffini & Sontheimer, 2010). The REC lobe and BH are involved in 

sgRNA recognition (Huai et al., 2017; Nishimasu et al., 2015; Yamada et 

al., 2017).  

The apo-SpyCas9 undergo a substantial conformational rearrangement 

upon sgRNA binding to form the binary complex, especially movement of 

REC lobe including BH (Jiang et al., 2015; Jinek et al., 2014). A 

comparison of apo-SpyCas9 and SpyCas9-sgRNA / SpyCas9-sgRNA-
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DNA structures of SpyCas9 showed that a short loop in the BH is ordered 

into a helix in the nucleic acid (sgRNA and DNA)  bound forms. The role 

of loop-to-helix transformation of the BH-loop was important for the 

SpyCas9 function. The SpyCas9 L64P,T67P, which is designed to interfere with 

the transition to the contiguous helix upon interacting with the sgRNA, 

decreased DNA cleavage activity compared to the wild-type (Babu et al., 

2019).  

I compared the structures of NmeCas9–sgRNA-DNA (PDB code 5JFU) 

(Sun et al., 2019) and NmeBH-AcrIIC2 (PDB code 6J9M, 6JDJ) 

(Thavalingam et al., 2019; Yalan Zhu et al., 2019). All of them, BH 

presented ordered helix form (Fig. 11). In type II-C Actinomyces naeslundii 

Cas9, the BH is disordered in one of the two available apo crystal forms 

(PDB code: 4OGC), while another is ordered in crystal form (PDB code: 

4OGE) (Jinek et al., 2014). 

I investigated whether BH of apo-NmeCas9 compose of short loop and 

helix. Our NMR and CD data showed that free-BH is partially disordered 

but BH of BH-AcrIIC2 complex is higher ordered. Interestingly, AcrIIC2 

can occur loop-to-helix transform in BH through interaction with. Binding 

affinity of sgRNA to NmeCas9 was measured as KD = 1.66 ± 0.18 nM 

(Yalan Zhu et al., 2019). Here, AcrIIC2R65D/R66D-NmeBH exhibited in the 

binding affinity with the KD = 32.7 ± 5.7 nM. I expected that ability of 

AcrIIC2 to BH structural conversion is important for strong and stable 

binding AcrIIC2-BH to achieve off-switch. 
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Chapter II.  

Structure and inhibition mechanism of 

anti-CRISPR AcrIIC3  
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6. Materials and Methods 

6.1 Cloning, expression, and purification  

6.1.1 AcrIIC3 

The synthetic AcrIIC3 gene was cloned into a pBT7 vector (ATCC), and 

the plasmid was introduced into Escherichia coli BL21(DE3) cells. The 

cells were grown in LB or minimal medium with 15NH4Cl as a sole nitrogen 

source at 37°C until the optical density at 600 nm reached 0.6–0.8, induced 

by the addition of 1 mM isopropyl-β-D-thiogalactopyranoside at 16°C for 

20 h, and harvested by centrifugation. Cell pellets were resuspended in 20 

mM sodium phosphate, pH 6.5, 50 mM NaCl, 2 mM BME, and 1 mM 

phenylmethylsulfonyl fluoride; lysed using EmulsiFlex-C3 (AVESTIN); 

and centrifuged at 20,000 g for 20 min. The supernatant was loaded onto a 

5-mL HiTrap SP column (GE Healthcare) and eluted by a linear gradient of 

0–1 M NaCl. The protein was then purified using a HiLoad 16/60 Superdex 

75 column (GE Healthcare) equilibrated with 20 mM sodium phosphate, 

pH 6.5, 150 mM NaCl, and 2 mM BME. Finally, AcrIIC3 was purified by 

a Mono S 10/100 cation exchange column with a linear gradient of 0–1 M 

NaCl.  

 

6.1.2 NmeHNH 

 

The NmeHNH(518–655) gene was cloned into a pET32a vector, and the 

plasmid was transformed into E. coli BL21(DE3) cells. The cells were 
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grown, induced, and harvested using the same procedure as for AcrIIC3. 

Cell pellets were resuspended in 20 mM Tris-HCl, pH 7.4, 300 mM NaCl, 

10% (v/v) glycerol, 20 mM imidazole, and 5 mM BME. After lysis, the 

supernatant was loaded onto a 5-mL HisTrap HP column (GE Healthcare) 

and eluted by a linear gradient of 20–500 mM imidazole. The His6-tag was 

removed using TEV protease in 50 mM Tris-HCl, pH 8.0, 5 mM BME, and 

50 mM NaCl, and the digestion reaction was loaded onto the HisTrap 

column. The flow-through was collected and loaded onto a Superdex 75 

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

200 mM NaCl, and 5 mM BME. Lastly, NmeHNH was loaded onto a 

MonoS column (GE Healthcare) and eluted with a gradient of 0.1‒1 M 

NaCl.  

 

6.1.3 NmeCas9 

 

For full-length NmeCas9 expression, the plasmid was transformed into 

E. coli BL21(DE3) Rosetta cells. The cells were grown, induced, and 

harvested using the same procedure as for AcrIIC3. Cell pellets were 

resuspended in 50 mM Tris-HCl, pH 7.4, 500 mM NaCl, 5% (v/v) glycerol, 

5 mM BME. After lysis, the supernatant was loaded onto a 5-mL HisTrap 

HP column (GE Healthcare) and eluted by applying a linear gradient of 20‒

500 mM imidazole. The protein was further purified using a HiLoad 16/60 

Superdex 200 column (GE Healthcare) equilibrated with 20 mM HEPES-

NaOH, pH 7.4, 250 mM NaCl, 5% (v/v) glycerol, 1 mM DTT.  
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6.2 Size exclusion chromatography  

 

To test the binding, 200 µM samples of AcrIIC3, AcrIIC1, and 

NmeHNH were prepared in 20 mM sodium phosphate, pH 7.4, 100 mM 

NaCl, and 5 mM BME. Individual proteins or mixtures were eluted on a 

Superdex 75 10/300 column, and fractions were analyzed by 

polyacrylamide gel electrophoresis (PAGE).  

 

6.3 Isothermal titration calorimetry 

 

Isothermal titration calorimetry experiments were performed at 25°C 

using an iTC200 calorimeter (Malvern). To measure the affinity of AcrIIC3 

for NmeHNH, 27 μM NmeHNH (or its mutants) in the sample cell was 

titrated with 270 μM AcrIIC3 (or its mutants) in 20 mM HEPES-NaOH, pH 

7.4, 200 mM NaCl, and 2 mM BME. Twenty consecutive 2 μL aliquots of 

AcrIIC3 were titrated into the cell, with an injection duration of 4 sec and 

an inter-injection interval of 150 sec. The heats associated with dilution of 

the titrants were subtracted from the measured heats of binding. The 

titration data were analyzed using the Origin version 7.0 program provided 

with the instrument. All titration experiments were performed in triplicates. 

  



 

 60 

6.4 Crystallization and X-ray data collection 

6.4.1 AcrIIC3 

 

The AcrIIC3 crystal was obtained by sitting-drop vapor diffusion at 

20°C, mixing equal volumes (0.4 μL each) of the protein solution (2.8 

mg/mL in 20 mM HEPES-NaOH, pH 7.4, 200 mM NaCl, 5% (v/v) glycerol, 

and 2 mM BME) and the reservoir solution of 0.02 M lithium chloride, 0.02 

M glycine, pH 10.0, 0.05 M magnesium chloride hexahydrate, and 33% 

(w/v) PEG 1000. A cryoprotectant solution consisting of 20% (v/v) glycerol 

was added to the reservoir solution for data collection under a liquid 

nitrogen stream. The crystal was vitrified in the nitrogen gas stream and the 

data were collected using a Pilatus3 6M CCD area detector (Dectris) at the 

BL-11C experimental station of Pohang Light Source, Korea. Crystals of 

AcrIIC3 belong to the orthorhombic space group P21212. All raw data were 

processed and scaled using the HKL2000 program (Jiang et al., 2016). 

 

6.4.2 complex of NmeHNH and AcrIIC3 

 

NmeHNH and AcrIIC3 were prepared in 20 mM HEPES-NaOH, pH 7.4, 

200 mM NaCl, 5% (v/v) glycerol, and 2 mM BME. 0.3 mM of NmeHNH 

and 0.3 mM of AcrIIC3 were mixed to form a complex, and the complex 

was purified using a Superdex 75 10/300 column and concentrated to 7 

mg/ml. The NmeHNH–AcrIIC3 complex crystal was obtained by sitting-

drop vapor diffusion at 20°C, mixing equal volumes (0.4 μL each) of the 
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protein solution [7 mg/mL in 20 mM HEPES-NaOH, pH 7.4, 200 mM NaCl, 

5% (v/v) glycerol, and 2 mM BME] and the reservoir solution of 0.07 M 

NaCl, 0.05 M sodium citrate, pH 4.5, and 22% (v/v) PEG 400. The data 

collection and processing were carried out by the same procedure as for 

AcrIIC3. Crystals of NmeHNH–AcrIIC3 belong to the tetragonal space 

group P43. 

 

6.5 Structure determination, refinement, and analysis 

6.5.1 AcrIIC3 and NmeHNH-ACrIIC3 

 

A set of single-wavelength anomalous dispersion data from a crystal of 

selenomethionine (SeMet)-substituted AcrIIC3 was used to solve the phase 

problem at a resolution of 2.32 Å. A set of model replacement data from a 

crystal of NmeHNH–AcrIIC3 was used to solve the phase problem at a 

resolution of 2.04 Å. Phase calculation, density modification, and initial 

model building were carried out using the AutoSol and AutoBuild modules 

of the PHENIX program (Adams et al., 2010). The models were further 

modified manually using the program COOT (Adams et al., 2010) and 

refined with the program REFMAC (Vagin et al., 2004), including bulk 

solvent correction. Water molecules and ligands were added using the 

program COOT and were manually inspected. 5% of the data were 

randomly set aside as the test data for the calculation of Rfree (Brünger, 

1992). The stereochemistry of the final structures was evaluated using 

MolProbity (Chen et al., 2010). The coordinates and structure factors have 
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been deposited in the RCSB Protein Data Bank (PDB) under accession 

codes 6JHV (AcrIIC3) and 6JHW (AcrIIC3–NmeHNH complex). 

 

6.6 sgRNA preparation 

 

DNA encoding a minimal T7 promoter upstream of an sgRNA (with a 

random sequence, i.e., no genomic target in E. coli: 5'-

TAATACGACTCACTATAGGGTGCGCGGCGCATTACCTTTACGTT

GTAGCTCCCTTTCTTATTTCGGAAACGAAATGAGAACCGTTGCT

ACAATAAGGCCGTCTGAAAAGATGTGCCGCAACGCTCTGCCCC

TTAAAGCTT-3') was synthesized by Bioneer. The DNA template for 

RNA transcription was prepared by using the Gigaprep kit (Epigenetics). 

The sgRNA was prepared in vitro by mixing rNTPs (rATP, rGTP, rCTP, 

and cUTP), MgCl2, T7 RNA polymerase (P266L mutant) (Guillerez et al., 

2005), inorganic pyrophosphatase, and the DNA template in the 

transcription buffer. After 6 hours of transcription at 37°C, synthesized 

RNA was precipitated by ethanol treatment overnight, purified using 12% 

denaturing PAGE (19:1 cross-linking ratio), and electro-eluted (Elutrap, 

Whatman). Purified RNA was desalted and exchanged into water using 

Amicon (Millipore). 
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6.7 In vitro cleavage assays 

 

500 nM NmeCas9 was incubated with 500 nM sgRNA in 20 mM Tris-

HCl, pH 7.5, 10 mM KCl, 5 mM MgCl2, 1 mM DTT, and 5% (v/v) 

glycerol at 37°C for 5 min. AcrIIC3 was added (0.25/0.5/1.25/2.5 µM) to 

the NmeCas9-sgRNA complex, and the mixture was incubated at 37°C for 

10 min. Next, DNA substrate linearized by AseI digestion was added to a 

final concentration of 5 nM, and the reaction was incubated at 37°C for 30 

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

min and visualized on 1% agarose, 1× TAE gels. 

 

6.8 NMR spectroscopy 

 

The NMR sample contained 0.2 mM 15N-AcrIIC3 in 20 mM sodium 

phosphate, pH 6.5, 100 mM NaCl, 0.01% NaN3, 2 mM BME. 15N–1H 

heteronuclear single quantum correlation spectra of AcrIIC3 were recorded 

at 25°C on a Bruker 600 MHz spectrometer equipped with a z-shielded 

gradient triple resonance cryoprobe. The NMR spectra were processed and 

analyzed using NMRPipe (Delaglio et al., 1995) and  NMRView (Johnson 

& Blevins, 1994) programs. 
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7. Results  

7.1 AcrIIC3 forms a novel fold 

AcrIIC3 (residues: 1–117, ~ 13.4 kDa) found in N. meningitidis 

prophages is a slightly basic protein with pI ~ 7.8. The 
15

N–
1
H 

heteronuclear single-quantum correlation NMR spectra of 15N-labeled 

AcrIIC3 exhibited well-dispersed backbone amide resonances, indicating a 

compact folded protein (Fig. 14A). I determined the crystal structure of 

AcrIIC3 to a resolution of 2.3 Å The structure of selenomethionine 

(SeMet)-substituted AcrIIC3 was determined by single-wavelength 

anomalous diffraction, and the data collection and refinement statistics are 

summarized in Table 1. The asymmetric units contained an AcrIIC3 dimer, 

in which the two protomers showed the same fold with a small RMSD of 

0.50 Å for heavy atom positions. The dimer structure in the asymmetric unit, 

however, was attributed to the crystal packing, since size exclusion 

chromatography indicated AcrIIC3 exists in solution as a monomer (Fig. 

14B). AcrIIC3 formed a four-stranded antiparallel b-sheet flanked by four 

a-helices and two 310 helices with a structural dimension of 45Å X 30Å X 

32Å (Fig. 15A,B). Helices α1 and α2 pack on one side of the β-sheet 

structure, and helices α3 and α4 pack on the other side (Fig. 15B). A search 

for structural homologs using the Dali server returned proteins with a 

ferredoxin fold. Structures with the highest Z-scores (structural similarity 

scores) were Cas2 from Escherichia coli [Protein Data Bank (PDB) ID = 
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5XVN; Z-score = 7.2; RMSD = 2.2 Å for 75 Cα atoms] and OR277 from 

Northeast Structural Genomics Consortium target proteins (PDB ID = 

2NEY; Z- score = 7.1; RMSD = 3.1 Å for 80 Cα atoms). A close 

examination, however, indicated that the secondary structural topology was 

quite different between AcrIIC3 and the ferredoxin fold. Cas2 and OR277 

showed a β1α1β2β3α2β4 ferredoxin fold with an antiparallel β- sheet of +2, 

1, –2 topology, whereas AcrIIC3 adopted a β1α1β2α2β3α3α4β4 fold with 

an antiparallel b-sheet of +1, –2, –1 topology (Fig. 16). Thus, the structural 

homology between AcrIIC3 and Cas2 may suggest convergent evolution, 

though it is not clear how AcrIIC3 and Cas2 adopt a similar fold to inhibit 

or assist the nuclease activity. AcrIIC3 completely inhibited the nuclease 

activity of NmeCas9, indicating that the fold is functionally competent (Fig. 

17). 
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Fig 14. Biophysical and biochemical characterization of AcrIIC3 

(A) A 15N–1H heteronuclear single quantum correlation NMR spectrum of 

15N-labeled AcrIIC3. (B) Size exclusion chromatogram of AcrIIC3 at 200 

μM of an injection concentration using a Superdex 75 column. Elution 

profiles of protein standards are shown in the background. 
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A B 
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Fig 15. Structural characterization of AcrIIC3 

(A) Schematic representation of the secondary structures of AcrIIC3. The 

amino acid sequence of AcrIIC3 is shown below the secondary structures. 

(B) Structure of AcrIIC3 colored in the rainbow color scheme from N 

terminus (blue) to C terminus (red). Secondary structural elements are 

annotated. 

  



 

 69 
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Fig 16. Comparison of structures of AcrIIC3 (this study) and E. coli 

Cas2 (PDB code 5XVN, chain N). 

Structures of AcrIIC3 (this study) and E. coli Cas2 (PDB code 5XVN, chain 

N) in schematic representations. The two structures partly align with a high 

Z-score ~ 7.2, but overall topology andconnectivity of secondary structures 

are different. 
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Fig 17. DNA cleavage by NmeCas9 in the absence and presence of 

AcrIIC3. 

AcrIIC3 concentrations correspond to 0.25, 0.5, 1.0, and 2.5 μM against 

0.5 μM of the NmeCas9–sgRNA complex. 
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Table 2. Statistics for data collection, phasing, and model refinement 

of AcrIIC3  

a Values in parentheses refer to the highest resolution shell. 
b CC1/2 [38] 
c Rmerge = Sh Si | I(h)i – < I(h) > | / Sh Si I(h)i, where I(h) is the intensity 

of reflection h, Sh is the sum over all reflections, and Si is the sum 

over i measurements of reflection h. 

d R = S | |Fobs| – |Fcalc| | / S |Fobs|, where Rfree and Rwork are calculated 

for a randomly chosen 5% of reflections that were not used for 

refinement and for the remaining reflections, respectively. 

  



 

 75 

Dataset SeMet Native 

Protein AcrIIC3 
AcrIIC3–

NmeHNH 

Data collection   

Space group P21212 P43 

Cell dimension   

a, b, c (Å) 74.21, 47.92, 71.41 53.82, 53.82, 163.36 

α, β, γ (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 

Wavelength (Å) 0.97940 0.97940 

Resolution (Å) 
50.0–2.32 (2.36-

2.32) 

50.0–2.04 (2.08-

2.04) 

Total / unique 

reflections 
201,482 / 11,533 145,170 / 29,510 

Completeness (%) 99.7 (100.0) 99.6 (100.0) 

CC1/2b 0.989 (0.968) 0.988 (0.931) 

<I > / <sI> 38.8 (6.2) 36.2 (3.6) 

Rmerge (%)c 11.0 (42.9) 7.1 (41.3) 

Model refinement   

Resolution (Å) 50.0–2.32 38.31–2.04 

Rwork / Rfree (%)d 19.0 / 24.1 21.9 / 23.9 

No. non-hydrogen atoms / average B-factors 

(Å2) 
  

Protein 1999 / 35.0 4,717 / 42.9 

Water 112 / 35.2 73 / 43.3 

R.m.s. deviations   

Bond lengths (Å) 0.008 0.013 

Bond angles (°) 0.864 1.581 

Ramachandran plot   

Favored (%) 96.5 95.8 

Allowed (%) 3.5 4.2 

Outliers (%) 0 0 
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7.2 AcrIIC3 targets the Cas9 HNH domain in an allosteric manner 

To understand how AcrIIC3 inhibits the Cas9 nuclease activity, I 

examined the interaction between AcrIIC3 and NmeHNH. AcrIIC3 

coeluted with NmeHNH as a heterodimer in the size exclusion 

chromatography (Fig. 18A). Furthermore, in the calorimetry experiments, 

AcrIIC3 associated with NmeHNH with 1 : 1 stoichiometry and an 

equilibrium dissociation constant (KD) of 18 ± 3.1 nM (Fig. 19). This 

affinity was com- parable to the KD of ~ 6.3 ± 3.4 nM measured between 

AcrIIC1 and NmeHNH (Harrington et al., 2017). I determined the crystal 

structure of AcrIIC3 bound to NmeHNH at a resolution of 2.0 Å (Table 2). 

The complex structure revealed that AcrIIC3 bound to NmeHNH at a site 

opposite the conserved active site residues: Asp587, His588, Asn602, and 

Asn611 (Fig. 20A). The binding mode of AcrIIC3 to NmeHNH makes a 

striking contrast with that of the AcrIIC1–NmeHNH complex, where 

AcrIIC1 directly targets the active site of NmeHNH (Fig. 20B). The 

complex structure suggests that NmeHNH, AcrIIC3, and AcrIIC1 can form 

a ternary complex without steric exclusion. Indeed, size exclusion 

chromatography confirmed that AcrIIC3 and AcrIIC1 could bind 

independently and simultaneously to NmeHNH (Fig. 21A,B). Thus, 

AcrIIC3 represents a novel Cas9 inhibitor targeting the HNH domain by 

blocking the nuclease activity in an allosteric manner. I note that our 

complex structure of AcrIIC3 and NmeHNH compares to the recent 

structure reported by Zhu et al. (PDB code 6J9N) [24]. AcrIIC3 showed an 
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RMSD of 0.71 Å over 115 aligned Cα positions between the two complex 

structures. The β1–α1 loop region (Gly14–Lys17) of AcrIIC3 exhibited the 

largest Cα RMSD of 3.1 Å, otherwise the secondary structures generally 

exhibited a good alignment (Fig. 22A). On the other hand, NmeHNH 

showed a larger RMSD of 1.84 Å over 134 aligned Cα positions between 

the two complex structures. The largest differences originated from N-

terminal α1 helix orientations and β1– β2 loop (Phe592–Phe600) 

conformations (Fig. 22A). Specifically, the α1 helix of NmeHNH that 

connects to the RuvC domain in full-length NmeCas9 is tilted toward the 

α2 helix by ~ 20° in our complex structure. I note that the α1 helix of 

NmeHNH is further tilted toward the α2 helix by ~ 20° in the complex 

structure of NmeHNH and AcrIIC1 (PDB code 5VGB; Fig. 22B) 

(Harrington et al., 2017). The structural differences, however, should be 

interpreted with caution, since the changes in the α1 helix orientation might 

originate from crystal packing contacts. Structures of full-length NmeCas9 

and its complex with AcrIIC3 and/or AcrIIC1 are awaited to clarify whether 

the observed conformational changes in the α1 helix have an impact on the 

Cas9 activity. The β1–β2 loop conformations of NmeHNH were also 

distinct between the two complex structures with the Cα RMSD of 4.6 Å. 

Nonetheless, the conformational differences in NmeHNH marginally 

perturbed the binding interface for AcrIIC3, so that side chain topology and 

key interactions at the interface were mostly unchanged between the 

complex structures. AcrIIC3 maintains its global fold upon complex 

formation with NmeHNH, yielding an RMSD of 0.34 Å over 105 aligned 
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Cα positions between free and complex states. AcrIIC3 employs β1 and β2 

strands, and α1 and α3 helices to interact with α1 and α2 helices of 

NmeHNH. The interface between AcrIIC3 and NmeHNH features polar 

surfaces with charge complementarity, allowing for numerous hydrogen 

bonds and salt bridges (Fig. 23A,B). Specifically, Arg5, Arg33, and Arg97 

of AcrIIC3 form salt bridges with Glu560, Glu539, and Glu572 of 

NmeHNH, respectively (Fig. 23C,D). In addition, the backbone carbonyl 

groups of Asn31, Ala32, and Val34 of AcrIIC3 form multiple hydrogen 

bonds with Lys532 of NmeHNH (Fig. 23C). Furthermore, Tyr40, Leu58, 

and Val96 provide large hydrophobic interfaces in addition to hydrogen 

bonding via their backbone and side chain groups (Fig. 23D). Overall, the 

complex formation buries ~2040 Å2 of solvent-accessible surface area and 

comprises 15 hydrogen bonds and 6 salt bridges between AcrIIC3 and 

NmeHNH. I note that NmeHNH employs C-terminal region of its α1 helix 

to associate with AcrIIC3, so that the binding interface for AcrIIC3 remains 

largely unperturbed regardless of the α1 helix orientation (Fig. 23C,D). I 

introduced mutations at the interaction surface of AcrIIC3 to determine the 

key interface residues for NmeHNH binding. AcrIIC3(R33E) exhibited a 

modest reduction in the binding affinity with the KD value of 44 ± 6.6 nM. 

This is in line with the sequence variation among AcrIIC3 orthologs in 

prophages that frequently contain glutamate instead of arginine at the 

position of Arg33 (Fig. 24 and Fig. 25A). Thus the R33E mutations in 

AcrIIC3 orthologs would not significantly impair the inhibitory activity. In 
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contrast, AcrIIC3(Y40A) showed a large decrease in affinity (KD ~ 1.2  

0.2 μM), and AcrIIC3(L58A) completely lost its binding to NmeHNH (Fig. 

24). Tyr40 is conserved as tyrosine or histidine among AcrIIC3 orthologs, 

and Leu58 is exclusively conserved. Changes in binding affinity are in good 

agreement with the inhibitory activity of AcrIIC3 against NmeCas9 (Yalan 

Zhu et al., 2019). The R33A/D38A/ Y40A mutation of AcrIIC3 slightly 

decreased NmeCas9 inhibition, whereas the M1S/F3S/L58S mutation 

abolished the inhibitory activity (Yalan Zhu et al., 2019). Complete loss of 

NmeCas9 inhibition can be explained by the mutation of Leu58 of AcrIIC3 

that is critical for NmeHNH binding. Thus, hydrophobic interactions of 

Leu58 as well as Tyr40 seem to be crucial for tight binding between 

AcrIIC3 and NmeHNH.  

 

  



 

 80 

Fig 18. AcrIIC3 binds to the HNH domain of NmeCas9. 

(A) Size exclusion chromatograms of AcrIIC3 and NmeHNH. (B) the 

SDS-PAGE profiles of the eluted peaks.  
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Fig 19. ITC result for the interaction between AcrIIC3 and NmeHNH. 

Integrated heats for the AcrIIC3–NmeHNH titration using a least-squares 

best fit curve for a one-site binding model. 
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Stoichiometry KD [nM] ΔG (kcal/mol) ΔH (kcal/mol) -TΔS (kcal/mol) 

1.07 21.3 ± 7 -15.9 ± 0.19 -6.05± 0.1 -4.41 ± 0.21 

KD = 18 ± 3.1 nM 
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Fig 20 . AcrIIC3 binds to the HNH domain of NmeCas9.  

Complex structure of AcrIIC3 (blue) and NmeHNH (green) as a cartoon 

diagram in the transparent surface representation. The active site residues 

of NmeHNH are shown in a space-filling representation. (D) The complex 

structure of AcrIIC3 (blue) and NmeHNH (green) superimposed onto the 

complex structure of AcrIIC1 (orange) and NmeHNH (purple; PDB code 

5VGB) using the NmeHNH coordinates.  
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Fig 21. Interactions between AcrIIC3, NmeHNH, and AcrIIC1. 

(A) Size exclusion chromatograms of individual and complexes of AcrIIC1, 

AcrIIC3, and NmeHNH using a Superdex 75 column, and (B) the SDS-

PAGE profiles of the eluted peaks.  
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Fig 22. Structural comparison between AcrIIC3, NmeHNH, and 

AcrIIC1. 

(A) Structural superposition of the AcrIIC3–NmeHNH complex structures 

in a Cα trace model. AcrIIC3 is colored in blue and red, and NmeHNH is 

colored in green and orange, for the PDB codes 6JHW (this study) and 6J9N, 

respectively. (B) Structural superposition of NmeHNH structures in 

complex with AcrIIC3 or AcrIIC1 as a Ca trace model. NmeHNH is colored 

in orange, green, and purple for the PDB codes 6J9N, 6JHW (this study), 

and 5VGB, respectively. 
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Fig 23. Interaction surfaces of AcrIIC3 and NmeHNH.  

(A, B) Binding interfaces α1 between AcrIIC3 (blue) and NmeHNH Ala32 

(green) as a cartoon diagram and an electrostatic surface potential Arg33 

representation. NmeHNH and AcrIIC3 are shown as a surface 

representation in (A) α2 and (B), respectively, and interface residues 

participating in salt bridges are annotated. (C, D) Close-up views of 

interface residues with intermolecular hydrogen bonds and salt bridges 

between AcrIIC3 (blue) and NmeHNH (green).  
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Fig 24. ITC for the interaction between AcrIIC3 mutants and 

NmeHNH. 

Isothermal titration calorimetry assays for binding of AcrIIC3 mutants to 

the NmeHNH domain. Interaction between NmeHNH and AcrIIC3 mutants. 

Three key residues on the interface of AcrIIC3 were mutated to neutralize 

the charge one at a time or alanine. KDs are mean SE (n=3). (c), no binding.
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KD = 44 ± 6.6 nM 

KD = 1,200 ± 200 nM 



 ９４ 

7.3 Binding interface confers host specificity 

AcrIIC3 is encoded only in prophages of N. meningitidis strains, 

whereas AcrIIC1 is found in prophages and plasmids of diverse bacterial 

genera harboring type II-C CRISPR-Cas systems (Pawluk, Amrani, et al., 

2016). AcrIIC1 from N. meningitidis exhibited strong inhibition against 

Geobacillus stearothermophilus Cas9 (GeoCas9) and Campylobacter 

jejuni Cas9 (CjeCas9) as well as NmeCas9 (Yalan Zhu et al., 2019). This 

broad specificity was attributed to the conserved HNH interfaces for 

AcrIIC1 between the Cas9 orthologs. In contrast, inhibition by AcrIIC3 was 

specific to NmeCas9. The sequence alignment of HNH domains between 

NmeCas9, GeoCas9, and CjeCas9 reveals that key interface residues for 

AcrIIC3 are largely divergent among the HNH orthologs (Fig. 25B). In 

particular, Lys532, Glu560, and Glu572 of NmeHNH, which participated 

in key hydrogen bonds and salt bridges with AcrIIC3, are present as Asp, 

Lys, and Lys in CjeHNH and as Thr, Ser, and Pro in GeoCas9, respectively. 

The interaction surface of NmeHNH illustrates widely varied sequences 

between Cas9 orthologs for AcrIIC3 binding, which contrasts the highly 

conserved interface residues for AcrIIC1 (Fig. 26A,B). NmeHNH exhibits 

44% and 43% of sequence identity with GeoHNH and CjeHNH, 

respectively. The surface model of NmeHNH color-coded by the sequence 

conservation scores illustrates that the conserved sequences mainly 

constitute the binding interface for AcrIIC1 (Fig. 26B). In contrast, the 

binding interface of NmeHNH for AcrIIC3 reveals highly variable 

sequences (Fig. 26A).  
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I examined whether the different binding inter- faces between HNH 

orthologs could explain the Cas9 specificity of AcrIIC3. Point mutations 

that replaced interface residues of NmeHNH with residues from CjeHNH 

resulted in a four to sevenfold reduction of binding affinity to AcrIIC3, 

yielding KD values of 130 ±  18 nM, 92 ± 7 nM, and 78 ± 14 nM for 

NmeHNH(K532D), NmeHNH(E560K), and NmeHNH(E572K), 

respectively (Fig. 27A). Altogether, the triple mutant 

NmeHNH(K532D/E560K/E572K) yielded a ~ 240-fold decrease in affinity, 

with a KD of 4.4 ± 1.0 μM (Fig. 27A). Thus, the difference in the HNH 

interface explains why AcrIIC3 inhibits NmeCas9 but not CjeCas9. The 

KD values were reproducible from three replicates of ITC measurement 

(Table 3). A similar mutation of NmeHNH to replace the interface with that 

of GeoHNH exhibited a modest affinity decrease, such that the triple mutant 

NmeHNH(K532T/E560S/E572P) had a KD of 44 ± 12 nM for AcrIIC3 (Fig. 

27B). I further examined L556F/Y559F mutations of NmeHNH that 

replaced even more of the interface of NmeHNH with that of GeoHNH. 

NmeHNH (K532T/L556F/Y559F/ E560S/ E572P) completely lost its 

ability to bind to AcrIIC3, illustrating that the two residues play a key role 

in discriminating between NmeHNH and GeoHNH for AcrIIC3 binding 

(Fig. 27B). Both Leu556 and Tyr559 of NmeHNH are located at the 

interface for AcrIIC3. Leu556 makes hydrophobic contacts with Ile37 of 

AcrIIC3, and Tyr559 employs its hydroxyl group to form a hydrogen bond 

with Glu92 of AcrIIC3 (Fig. 23D).  
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Fig 25. Conserved and variable sequences among AcrIIC3 and HNH 

orthologs.  

Sequence alignment of (A) AcrIIC3 orthologs from N. meningitidis 

prophages, and (B) HNH orthologs of NmeCas9, GeoCas9, and CjeCas9 

are shown in the WebLogo presentation [39]. AcrIIC3 residues for 

NmeHNH binding are highlighted with green arrows, and NmeHNH 

residues for AcrIIC3 and AcrIIC1 binding are highlighted with blue and 

orange arrows, respectively. Asterisks (*) denote interface residues for salt 

bridges, and conserved active site residues of HNH are shown in red boxes.  
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Fig 26. The interaction surface of NmeHNH.  

(A) Variable HNH sequences for AcrIIC3 binding, and (B) conserved HNH 

sequences for AcrIIC1 binding are visualized on the surface model of 

NmeHNH using the CONSURF program (Ashkenazy, Erez, Martz, Pupko, 

& Ben-Tal, 2010). AcrIIC3 and AcrIIC1 are colored in blue and orange as 

a cartoon diagram. The surface residues of NmeHNH are color coded 

according to the sequence conservation scores from the most variable in 

cyan to the most conserved in magenta. The Cartesian coordinate insets 

denote the orientation of NmeHNH that rotates ~ 180° between (A) and (B).  
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Fig 27. ITC for the titration of AcrIIC3 and NmeHNH mutants. 

The interface residues of NmeHNH for AcrIIC3 binding were replaced with 

those of (A) CjeHNH and (B) GeoHNH. All titration experiments were 

performed in triplicates, and the thermodynamic parameters are shown in 

Table 2.	  
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Table 3. Equilibrium dissociation constants (KD), binding free energies 

(DG), binding enthalpies (DH), and entropies (DS) for the interaction 

between AcrIIC3 and NmeHNH mutants. 

All titrations were carried out in 20 mM HEPES-NaOH, pH 7.4, 200 mM 

NaCl, and 2 mM BME at 25 °C. Individual titrations were performed in 

three replicates, and KD average values denote the average of the three 

replicates and the standard error of the mean. 

Titrations between AcrIIC3 and 

NmeHNH(K532T/L556F/Y559F/E560S/E572P) that replaced the interface 

of NmeHNH with that of GeoHNH were also performed in three replicates, 

but none of them showed the binding isotherm.  

  



 

 １０３ 

 KD ΔG ΔH −TΔS 

 (nM) (kcal·mol−1) (kcal·mol−1) (kcal·mol−1) 

NmeHNH to CjeHNH     

AcrIIC3 + NmeHNH(K532D) 

KD,average = 123 ± 5.4 nM 

130 ± 18 −9.4 ± 0.1 −4.5 ± 0.0 −4.9 ± 0.1 

130 ± 19 −9.4 ± 0.1 −4.3 ± 0.0 −5.1 ± 0.1 

110 ± 22 −9.5 ± 0.1 −3.9 ± 0.1 −5.2 ± 0.1 

AcrIIC3 + NmeHNH(E560K) 

KD,average = 82 ± 9.8 nM 

92 ± 7.0 −9.6 ± 0.1 −5.4 ± 0.0 −4.2 ± 0.1 

58 ± 10 −9.9 ± 0.1 −6.9 ± 0.1 −2.9 ± 0.1 

96 ± 15 −9.6 ± 0.1 −6.9 ± 0.1 −2.7 ± 0.1 

AcrIIC3 + NmeHNH(E572K) 

KD,average = 80 ± 7.8 nM 

78 ± 14 −9.7 ± 0.1 −4.8 ± 0.0 −4.9 ± 0.1 

98 ± 29 −9.6 ± 0.2 −4.4 ± 0.1 −5.2 ± 0.2 

65 ± 15 −9.8 ± 0.1 −4.2 ± 0.1 −5.7 ± 0.1 

AcrIIC3 + NmeHNH(K532D 

/E560K/E572D) 

KD,average = 5000 ± 310 nM 

4400 ± 960 −7.3 ± 0.1 −4.8 ± 0.3 −2.5 ± 0.3 

5700 ± 1600 −7.2 ± 0.2 −3.3 ± 0.3 −3.8 ± 0.3 

4900 ± 870 −7.2 ± 0.1 −4.7 ± 0.2 −2.5 ± 0.2 

NmeHNH to GeoHNH     

AcrIIC3 + NmeHNH(K532T 

/E560S/E572P) 

KD,average = 45 ± 5.0 nM 

44 ± 12 −10.0 ± 0.2 −6.8 ± 0.1 −3.3 ± 0.2 

56 ± 18 −9.9 ± 0.2 −5.4 ± 0.1 −4.5 ± 0.2 

35 ± 11 −10.2 ± 0.2 −5.7 ± 0.1 −4.5 ± 0.2 
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8. Discussion 

AcrIIC3 binds to the HNH domain to inhibit the nuclease activity of 

NmeCas9. Given that AcrIIC3 does not block the active site of NmeHNH, 

I postulated that AcrIIC3 binding could interfere with domain motions of 

Cas9 required for target DNA cleavage. The structure of NmeCas9 is 

currently not available, and two crystal structures have been reported for 

type II-C Cas9. The structure of Actinomyces naeslundii Cas9 represents an 

apo-form without crRNA (Jinek et al., 2014). The structure of CjeCas9 

contains guide RNA and target DNA, but lacks the HNH domain, which 

was truncated to improve crystallization (Yamada et al., 2017). To date, the 

structures of type II-A Streptococcus pyogenes Cas9 (SpyCas9) provide the 

best insight into structural changes during sgRNA binding, DNA 

recognition, and cleavage reactions (Anders et al., 2014; Jiang et al., 2016; 

Jiang et al., 2015). I examined conformational changes of SpyCas9 in the 

hope of extrapolating from it the structural mechanism of AcrIIC3 for Cas9 

inhibition. Target DNA recognition and cleavage by Cas9 proceed in 

multiple steps. Cas9 first binds to sgRNA and scans DNA sequences until 

it finds a protospacer adjacent motif (PAM). If Cas9-sgRNA encounters the 

PAM sequence, it interrogates the sequence complementarity of the 

flanking DNA sequence with the sgRNA, which eventually leads to local 

DNA melting and RNA–DNA heteroduplex (R-loop) formation. I 

compared the structures of SpyCas9–sgRNA (PDB code 4ZT0) (Jiang et 

al., 2015), SpyCas9– sgRNA bound to a PAM duplex (target DNA partially 
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duplexed with a PAM-containing DNA segment; PDB code 4UN3) 

(Anders et al., 2014), and Cas9–sgRNA bound to full dsDNA (PDB code 

5F9R) (Jiang et al., 2016). Cas9–sgRNA bound to the PAM duplex captures 

the target DNA interrogation stage after PAM recognition, and Cas9– 

sgRNA bound to full dsDNA visualizes the R-loop formation. When I 

superimposed the structure of the AcrIIC3–NmeHNH complex onto that of 

full-length SpyCas9, SpyCas9–sgRNA easily accommodated AcrIIC3 

without any steric collision, whereas the SpyCas9–sgRNA–DNA 

complexes resulted in severe overlap between the REC lobe of Cas9 and 

AcrIIC3 (Fig. 28). The steric clash with AcrIIC3 was more severe in the 

complex structure with the PAM duplex than that with the full dsDNA, 

implying that AcrIIC3 might interfere with conformational changes of Cas9 

required for sgRNA–DNA hybridization after PAM recognition. The steric 

hindrance of AcrIIC3 is consistent with the previous observation that 

AcrIIC3 reduced the DNA binding of NmeCas9 by ~ 10-fold (Harrington 

et al., 2017).  

Our structure highlights that AcrIIC3 discriminates between Cas9 orthologs 

via targeting the variable surface of the HNH nuclease domain. In contrast, 

AcrIIC1 recognizes the conserved active site of the HNH nuclease and thus 

inhibits multiple Cas9 orthologs. Phage Acr proteins may thus have evolved 

to modulate host specificity by targeting interaction surfaces with different 

degrees of sequence conservation. Both AcrIIC3 and AcrIIC1 bind to HNH 

and inhibit Cas9, but AcrIIC3 reduces target DNA binding, whereas 
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AcrIIC1 does not. This may be useful to modulate Cas9 function in the 

context of gene editing or transcriptional control. Given the diversity of Acr 

proteins, various mechanisms are expected to come into play for CRISPR-

Cas inhibition. 
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Fig 28. A structural model of AcrIIC3 bound to the HNH domain of 

Cas9 structures.  

(A) The domain structure of NmeCas9, and color codes for AcrIIC3, 

sgRNA, target DNA, and nontarget DNA. BH, bridge helix; CTD, C-

terminal domain. The AcrIIC3–HNH complex structure superposed on the 

HNH coordinate of (B) SpyCas9–sgRNA (PDB code 4ZT0), (C) SpyCas9–

sgRNA–PAM duplex (PDB code 4UN3), and (D) SpyCas9–sgRNA–

dsDNA (PDB code 5F9R).  
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9. Conclusion 
 

CRISPR-Cas systems are RNA-protein based adaptive immune systems 

in bacteria and archaea against derived from DNA fragments of 

bacteriophages and plasmid that have previously infected the prokaryote. 

Phages and bacteria have evolved protein inhibitor that pressure the normal 

active of CRISPR-Cas systems. These arms race result in anti-CRISPR 

proteins naturally occurring off-switch for CRISPR-Cas9. AcrIIC2 and 

AcrIIC3 directly binds to type II-C Cas9 of N. meningitidis (NmeCas9) and 

strongly inhibits its nuclease activity. 

In this study, I determined structure of AcrIIC2, AcrIIC3 and AcrIIC3-

NmeHNH complex. Through gel shift assay, AcrIIC2 block loading DNA 

onto NmeCas9-sgRNA complex. Further it occur by binding AcrIIC2 to 

NmeBH. BH region is necessary for formation R-loop of crRNA and 

tracrRNA. In that, AcrIIC2 interfere sgRNA bind to BH result in sgRNA 

impossible sequence-specific targeting. BH of apo-Cas9 contain loop and 

helix and BH undergo structural conversion, loop to helix, through binding 

not sgRNA but AcrIIC2. Collectively, AcrIIC2 can strong and stable 

interact with NmeBH like a sgRNA to neutralize Cas9 activity. 

In AcrIIC3 case, I revealed that AcrIIC3 bind to NmeHNH but biding 

region of NmeHNH is not active site for cutting DNA. Cas9 is well known 

that they undergo conformational change. Especially, binary complex 

(Cas9-sgRNA) showed a large movement of the REC III. After adding 

DNA (ternary complex), HNH domain move to the active position acts as 
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an allosteric switch that activates the RuvC such that the coordinated 

activities of both endonuclease sites bring about a concerted DNA cleavage. 

Taken together, AcrIIC3 is a novel allosteric Cas9 inhibitor by interfering 

movement of HNH domain to active position. And AcrIIC3 discriminates 

between Cas9 orthologs via targeting the variable surface of the HNH 

nuclease domain. The variable sequences of binding interface can define 

the target specificity of Acr proteins, suggesting potential applications in 

Cas9 control for gene editing. 
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11. 국문초록 

 
 
 
 

항크리스퍼 AcrIIC2 와 AcrIIC3 단백질의 

Cas9 저해에 대한 구조적 원리 연구 

 

서울대학교 대학원 

농생명공학부 바이오모듈레이션 전공 

김영임 

 

CRISPR-Cas 시스템은 박테리아와 고세균의 적응 면역체계로써, 

침투한파지와 플라스미드의 핵산을 분해시킨다. 이에따라 파지는 

숙주 면역을 무력화시키기 위한 방어체계로써 antit-CRISPR 단

백질을 사용한다. 

수막염균 (Neisseria meningitidis)의 CRISPR-Cas9 단백질 

(NmeCas9)을 억제하는 anti-CRISPR AcrIIC2와 AcrIIC3 단백질

의 고체상 구조를 엑스선결정학을 통해 규명하였다. 두 구조 모

두 위상배치상 새로운 접힘으로 이루어진 구조임을 밝혔다. 

본 연구에서는 AcrIIC2가 NmeCas9-sgRNA 복합체와 함께 존재

할 시, 대상 DNA가 NmeCas9-sgRNA 복합체와의 결합이 완전
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히 막힘을 밝혔다. 결과적으로, 외부 인자를 인식하기위한 Cas9

의 활성구조형성을 막음으로써 DNA 분해가 제한됨을 밝혔다. 

AcrIIC2는 농도에 따라 구성 단위가 달라짐을 밝혔고, 이러한 현

상에 기여하는 특정 아미노산의 변이를 통해 농도와는 독립적인 

이량체 AcrIIC2 돌연변이체를 만들었다. 핵자기 공명 분광학을 

통해 AcrIIC2 변이체는 NmeCas9의 BH 도메인과 결합함을 밝혔

으며 등온적정형열량계 측정을 통해 얻은 결합상수로부터 평형

상수를 제시하였다. 나아가, AcrIIC2가 BH와 결합 시, BH의 구조

적 변화를 야기함을 밝혔다. 이를 통해 AcrIIC2가 안정적으로 강

하게 BH에 결합하여 NmeCas9-sgRNA 복합체 형성 경로를 방

해 함을 제안하였다. 

AcrIIC3는 NmeCas9의 HNH도메인과 결합함을 밝혔고, 결합친화

성이 강함을 수치로 제시하였다. 엑스선결정학을 통해 AcrIIC3-

NmeHNH 구조를 규명하였다. 흥미롭게도 AcrIIC3는 HNH의 활성 

부위 반대편에 결합하였고 알로스테릭한 방식으로 NmeCas9의 

뉴클레아제로서의 활성을 억제함을 제안하였다. 또한, Cas9 오솔

로그 사이의 차이를 분석 및 돌연변이체를 이용한 결합력 측정

을 통해 다양한 Cas9을 억제하는 AcrIIC1과는 달리, AcrIIC3는 

NmeCas9의 특이적 인터페이스를 목표로 하는 숙주특이성을 설

명하였다. 이를 통해, 결합 인터페이스의 가변 시퀀스가 Acr 단

백질의 목표 특이성을 정의할 수 있다는 것을 증명하고 있으며, 
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이는 유전자 편집을 위한 Cas9 제어에 적용할 수 있을 것으로 

기대한다.  

 

핵심어 : 핵자기공명분광학, 엑스선결정학, Anti-CRISPR, AcrIIC2, 

AcrIIC3, NmeCas9, Cas9 
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