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Abstract 

 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs) and CRISPR 

associated (Cas) proteins provide an adaptive immune system of bacteria and archaea 

against invading foreign nucleic acids.  In type I-F CRISPR-Cas system, Cas proteins 

(Csy1-4) form a surveillance complex with CRISPR RNA (crRNA) to recognize the 

target nucleic acids. In this study, I report the biochemical characterization of Csy1-

Csy2 heterodimer from Xanthomonas albilineans (XaCsy1-Csy2 heterodimer) by 

analyzing its interaction with crRNA and AcrF2, an anti-CRISPR (Acr) protein from 

a phage infecting Pseudomonas aeruginosa. Electrophoretic mobility shift assays 

revealed that the binding of XaCsy1-Csy2 heterodimer to the 5ʹ-handle of the crRNA 

is sequence-specific. Size exclusion chromatography and isothermal titration 

calorimetry analyses demonstrated tight binding between the AcrF2 and XaCsy1-

Csy2 heterodimer. Furthermore, the X-ray crystal structure of AcrF2 was solved to 

a resolution 1.34 Å and enabled a more detailed structural analysis of the residues 

involved in the interactions with the Csy1-Csy2 heterodimer. These results provide 

biochemical information of the Csy1-Csy2 heterodimer from a previously 

uncharacterized bacterial species and also suggest that the AcrF2 protein has broad 

specificity in inhibiting the type I-F CRISPR-Cas system.  

 

Key words: AcrF2, CRISPR RNA, Crystal structure, Type I-F CRISPR-Cas 

system, X-ray crystallography, Xanthomonas albilineans Csy1-Csy2 

heterodimer  
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Introduction 

 

Many bacteria and archaea have developed effective defense mechanisms against 

invading foreign nucleic acids such as viruses and plasmids (Bolotin et al., 2005). 

Clustered regularly interspaced short palindromic repeats (CRISPRs) and the 

CRISPR-associated (Cas) proteins compose an adaptive immune system of 

prokaryotes (Barrangou et al., 2007; Brouns et al., 2008; Wiedenheft et al., 2012; 

Marraffini, 2015). This defense system provides sequence-specific protection 

against invading double stranded DNA (dsDNA) or in some cases, RNA.  

CRISPR-Cas system operates with CRISPR RNA (crRNA) and Cas proteins. 

CRISPRs consist of an array of short “repeat” sequences (approximately 30-40 base 

pairs (bp)) and are interspaced with similarly sized “spacer” sequences from foreign 

plasmid or viral origin (Bolotin et al., 2005; Mojica et al., 2005; Pourcel et al., 2005). 

Spacers, playing major roles in this immune system, contain complementary 

sequences of invading nucleic acids. The cas genes encoding Cas proteins are located 

adjacent to the CRISPR array in microbial genomes (Fig. 1) (Horvath and Barrangou, 

2010; Reek et al., 2013; Jiang and Doudna, 2015). 

There are three major steps in this system; spacer acquisition, expression, and 

interference (Fig. 1) (Marraffini, 2015). During the spacer acquisition step, a small 

fragment sequence originating from viral genome is integrated into the CRISPRs as 

a spacer (Sternberg et al., 2016; Amitai and Sorek, 2016; Jackson et al., 2017). In 

the expression step, a long precursor crRNAs (pre-crRNAs) are transcribed and 

matured into short crRNAs which have only one spacer sequence (van der Oost et 

al., 2014; Mohanraju et al., 2016). In the interference step, each crRNA combines 

with Cas proteins to form a crRNA-guided surveillance complex that has the ability  
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Figure 1. Overview of CRISPR-Cas system 

CRISPR loci consist of repeats (black rectangles) and spacers (colored and numbered 

rectangles) sequences from phage and plasmid origin. In the spacer acquisition step, 

the sequence from the invading viral genome is integrated into the CRISPR-array, 

spacer. In the expression step, the CRISPR-array is transcribed and processed into 

small crRNAs containing a spacer and a repeat. Lastly, in the interference step, the 

crRNA in the Csy surveillance complex acts as a guide to recognize the invading 

nucleic acids and then the target is degraded by Cas protein.  
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to recognize the target sequences complementary to the crRNA and finally, destruct 

the foreign nucleic acids (Mohanraju et al., 2016; Nishimasu and Nureki, 2017). 

According to an updated classification of CRISPR-Cas systems, they are 

classified into two classes (Class 1 and Class 2) and six types with subdivision 

categorized into around 20 subtypes (Makarova et al., 2011; Makarova et al., 2015; 

Shmakov et al., 2017; Koonin et al., 2017). Class 1 CRISPR-Cas system, containing 

type I, III and IV, requires Cas multiprotein surveillance complexes and crRNA to 

recognize the target.  

In subtype I-F CRISPR-Cas system, six Cas proteins exist; Cas1, Cas2/3, Csy1, 

Csy2, Csy3, Csy4. Csy1, Csy2 Csy3 and Csy4, known as Cas8f, Cas5f, Cas7f, and 

Cas6f, respectively, participate in forming a subtype I-F crRNA-guided surveillance 

complex (Csy complex) (Fig. 2) (Wiedenheft et al., 2011; Richter et al., 2012; van 

Dujin et al., 2012). The stoichiometry of the Csy complex is 

Csy11:Csy21:Csy36:Csy41:crRNA1. The structure of the Csy complex from 

Pseudomonas aeruginosa (Pa) was previously studied by electron microscopy (EM) 

and mass spectrometry (Wiedenheft et al., 2011; van Dujin et al., 2012; Chowdhury 

et al., 2017). Csy1 and Csy2 originating from P. aeruginosa (PaCsy1 and PaCsy2, 

respectively) form a heterodimeric subcomplex with 5ʹ-handle of the crRNA 

(Wiedenheft et al., 2011; Chowdhury et al., 2017). Six Csy3 (PaCsy3) proteins are 

arranged along the spacer part of the crRNA (Wiedenheft et al., 2011; Chowdhury 

et al., 2017). Csy4 (PaCsy4), generating matured crRNAs from the long CRISPR 

transcripts, is involved with the 3ʹ-stem of the crRNA (Haurwitz et al., 2010; 

Chowdhury et al., 2017). For target degradation, Cas3 nuclease, fused with Cas2 in 

the type I-F system, is recruited by the Csy complex and cleavages target DNA 

(Rollins et al., 2017). 
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Figure 2. Type I-F CRISPR-Cas system of Xanthomonas albilineans 

Schematic representations of the type I-F CRISPR-Cas system and the crRNA of X. 

albilineans. The type I-F CRISPR-Cas system of X. albilineans contains six Cas 

proteins and a single CRISPR locus. The CRISPRs consist of 24 repeats (black 

diamonds, 28 nt) and 23 spacers (white rectangles, 32 nt) repeatedly.  
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In the response to the CRISPR-mediated immunity of bacteria, phages have 

evolved anti-CRISPR (Acr) proteins that block the host CRISPR-Cas systems (Fig. 

3) (Bondy-Denomy and Davidson, 2014; Maxwell, 2016; Shabbir et al., 2016; 

Sontheimer and Davidson, 2017; Maxwell, 2017). Several Acr proteins have been 

identified in phages infecting P. aeruginosa (Bondy-Denomy et al., 2013; Pawluk et 

al., 2014; Pawluk et al., 2016). It is shown that these proteins inhibit the immune 

system of the type I-F CRISPR-Cas system of P. aeruginosa in various modes 

(Bondy-Denomy et al., 2015). AcrF1 protein blocks hybridization of crRNA to the 

complementary DNA target by binding to the Csy3 backbone of the Csy complex of 

P. aeruginosa (Bondy-Denomy et al., 2015; Maxwell et al., 2016) and AcrF2 

interacts with PaCsy1-Csy2 subcomplex to prevent interactions with target dsDNA 

(Bondy-Denomy et al., 2015; Chowdhury et al., 2017; Peng et al., 2017). AcrF3 

inhibits the endonuclease function of Cas3 by interacting with PaCas3 (Bondy-

Denomy et al., 2015; Wang et al., 2016).  

Here, I conducted biochemical study of X. albilineans Csy1-Csy2 heterodimer by 

analyzing its interactions with crRNA and AcrF2 in type I-F CRISPR-Cas system. 

The formation of XaCsy1-Csy2 heterodimer is essential to recognize the 5ʹ-handle 

of the crRNA and to bind to AcrF2. When the XaCsy1 and XaCsy2 existed alone, 

they did not interact with either crRNA or AcrF2. Also the crystal structure of AcrF2 

was determined at 1.34 Å  resolution, enabling a more detailed structural analysis of 

the surface residues for interaction with the Csy1-Csy2 heterodimer. To sum up, the 

data revealed in this paper provide biochemical information of the Csy1-Csy2 

heterodimer from a previously uncharacterized bacterial species and also suggest 

that the AcrF2 protein has broad specificity in inhibiting the type I-F CRISPR-Cas 

systems. 
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Figure 3. The anti-CRISPR proteins in type I-F CRISPR-Cas system 

Some phages carry anti-CRISPR (acr) genes which are expressed into anti-CRISPR 

(Acr) proteins. These proteins have ability to inhibit the CRISPR-Cas system of the 

host and enable to propagate the phages. There are ten distinct proteins (AcrF1-

AcrF10) inactivating the type I-F CRISPR-Cas system. 
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Materials and Methods 

 

Cloning 

The csy1 and csy2 genes from Xanthomonas albilineans GPE P73 genominc DNA 

were synthesized in pBHA vector (Bioneer, Korea) and amplified from the vector 

using polymerase chain reaction (PCR) with primers including 5ʹ-NdeI and 3ʹ-XhoI 

restriction enzyme sites. Each genes was cloned into pET28a(+) vector (Novagen) 

which contains a N-terminal (His)6-maltose binding (MBP) protein tag and a tobacco 

etch virus (TEV) protease cleavage site. The csy1 and csy2 genes from Xanthomonas 

campestris pv. Raphani 756C were cloned with the same method mentioned above. 

Likewise, for untagged XaCsy2 protein, the csy2 gene was cloned into pET21a 

vector which does not contain a tag.   

The originally synthetic gene of AcrF2 (NCBI accession number NC_005178) 

was cloned into pET32a vectors, via NcoI and XhoI restriction enzyme sites, with a 

N-terminal thioredoxin protein (trx) tag and a TEV protease cleavage site. However, 

because of the faulty annotation issue of the gene, I performed a site-directed 

mutagenesis for insertion of additional six amino acid residues between the TEV 

protease cleavage site and the N-terminus of the AcrF2. The information of the genes 

and the all primers used in the PCR shown in Table 1 and Table 2, respectively. 

 

Protein expression and purification 

To produce Csy1-Csy2 heterodimers, csy1 gene was cloned into pET28a vector 

which contains a N-terminal (His)6-maltose binding protein (MBP) tag and csy2 gene 

was cloned into pET21a vector without a tag. These two genes were used for  
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Table 1. The genes used in the experiments  

Origin of gene Protein Genbank No. 

Xanthomonas albilineans 

GPE PC73 chromosome 

Csy1 CBA 17527.1 

Csy2 CBA 17528.1 

Xanthomonas campestris pv. Raphani 

756C chromosome 

Csy1 AEL 09136.1 

Csy2 AEL 09137.1 

Pseudomonas virus D3112 AcrF2 2648149 

 

 

Table 2. The primers used for cloning 

Name Direction Primer sequence 

(His)6-MBP tagged 

XaCsy1 

Forward 
5ʹ-AGATATACATATGACAGAAGA 

TCCGCAACATTTAAC-3ʹ 

Reverse 5ʹ-AATTCCTCGAGTTATGTAACACCTCCAGC-3ʹ 

(His)6-MBP tagged 

XaCsy2 

Forward 5ʹ-AGATATACATATGTCAAGTTGTCCGCCGTTC-3ʹ 

Reverse 
5ʹ-AATTCCTCGAGTTAATCAAAA 

TGATGTGTTGTTGC-3ʹ 

(His)6-MBP tagged 

XcCsy1 

Forward 
5ʹ-AGATATACATATGACAGAA 

CCAACCGAAAGAATAG-3ʹ 

Reverse 5ʹ-AATTCCTCGAGTTATGCCTGGTCTCC-3ʹ 

Untagged XaCsy2 
Forward 

5ʹ-GCAACAACACATCATTTTGAT 
TAAGAGCACCACCACCAC-3ʹ 

Reverse 
5ʹ-GTGGTGGTGGTGCTCTTAATC 

AAAATGATGTGTTGTTGC-3ʹ 

Untagged XcCsy2 
Forward 

5ʹ-GCCAGATTTTAATTTCTCTCT 
TGATTAAGAGCACCACCAC-3ʹ 

Reverse 
5ʹ-GTGGTGGTGCTCTTAATCAAGA 

GAGAAATTAAAATCTGG C-3ʹ 

AcrF2 
Forward 

5ʹ-ATGACTAAGACCGCACAAA 
TGATCGCTCAGCAGCAC-3ʹ 

Reverse 
5ʹ-TGCGGTCTTAGTCATTCCCT 
GAAAATACAGGTTTTCAG-3ʹ 
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transformation into Escherichia coli BL21 (DE3) cells at once. The transformed cells 

were cultured in LB medium at 37 °C until the Optical Density at 600 nm (OD600) 

reached 0.6. And then protein expression was induced by adding an isopropyl-β-D-

thiogalactopyranoside (IPTG) at a final concentration of 0.5 mM. After induction, 

the cells were incubated for 15 hours at 17 °C. Cells were harvested by centrifugation 

at 5000 g for 5 min at 4 °C. After discarding the supernatant, the cell pellets were 

resuspended in lysis buffer (20 mM Tris-HCl pH7.5, 150 mM NaCl, 10% (w/v) 

glycerol, 5 mM β-mercaptoethanol (BME)). The resuspended cells were lysed by 

sonication for 4 min at 40% amplitude and then clarified by centrifugation at 30000 

g for 30 min at 4 °C. The supernatant was filtered by 0.45 µM and then loaded onto 

a 5 mL HisTrap HP column (GE Heatlhcare, Illinois, USA) pre-equilibrated with 

binding buffer (20 mM Tris-HCl pH7.5, 150 mM NaCl, 10% (w/v) glycerol, 5 mM 

BME, 30 mM Imidazole). After the column was washed with the buffer and bound 

Csy1-Csy2 complex protein was eluted by a linear gradient of imidazole up to 450 

mM. To remove the (His)6-MBP tag on the Csy1 protein, the bound protein was 

treated with TEV protease and untagged Csy1-Csy2 protein was separated by a 

HisTrap HP column. The untagged Csy1-Csy2 complex was further purified by size 

exclusion chromatography (SEC) using a HiLoad 16/60 Superdex 200 column (GE 

Healthcare, USA) equilibrated with SEC buffer (20 mM Tris-HCl pH 7.5, 300 mM 

NaCl, 5% (w/v) glycerol, 2 mM dithiothreitol (DTT)).  

To purify XaCsy1 and XaCsy2 separately, each csy1 and csy2 gene was 

individually cloned into pET28a vector which contains a N-terminal (His)6-MBP tag 

and TEV cleavage site. XaCsy1 was purified with the same method as Csy1-Csy2 

complex, however, XaCsy2 was unstable without (His)6-MBP tag, so it was purified 

by two-step procedure containing affinity chromatography using the 5 mL HisTrap 
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HP column and SEC using the Superdex 200 column as explained above for the 

Csy1-Csy2 complex.  

To purify AcrF2, acrF2 gene was cloned into pET32a vector which contains a N-

terminal thioredoxin-(His)6 tag and TEV protease cleavage site. AcrF2 was 

expressed and purified as mentioned above for Csy1-Csy2 complex except using a 

different buffer (20 mM phosphate, pH 7.0, 150 mM NaCl, 5% (w/v) glycerol, 2 mM 

DTT). For crystal structure determination, selenomethionyl-AcrF2 protein was 

expressed in E.coli BL21 (DE3) cells and purified. The cells were grown in M9 

medium which was supplemented with selenomethionine (Mark et al., 2001). The 

conditions and steps of purification of selenometyionyl-AcrF2 were identical with 

those for native AcrF2 protein.  

The amino acid sequences of protein constructs after purification are shown in Table 

3. All purification steps were performed at 4 °C. All of the purified proteins were 

analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and visualized by Coomassie staining.  

Competent cells were purchased from Enzynomics (Korea), antibiotics and LB 

medium were purchased from Duchefa (Netherlands). IPTG was purchased from 

EMD-calbiochem (San Diego, USA). Other chemicals used in experiments were 

purchased from Sigma-Aldrich (Missouri, USA).  

 

Analytical size exclusion chromatography 

Analytical size exclusion chromatography (Analytical SEC) was performed using a 

Superdex 200 10/300 GL column (GE Healthcare, Illinois, USA) to determine that 

there are interactions among Cas or Acr proteins. Before beginning the experiments,  
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Table 3. The amino acid sequences of each protein construct after purification 

Construct 

name 
Amino acid sequence 

XaCsy1 

GHMTEDPQHLTRSERFRSAIAAFIDARREAKLKGNEGDSDT

DSKYDYATWLSDAARRVSQIQAVTHVLKATHPDARGSSLHV

APTRLQAHTEVGTHVLGTDYAEDVVGNAAALDVFKLLKLE

VDGRRLLDWMQDDDADLRVALHDNAKVASDWMGAFCNL

VRHDALPSSHQAAKQVYWLVGDEPREDTHYHLLQPLFSSSL

AHAVHADIQDARFGERNKQARQAYRDKHPFDGTYHDYRNL

VARKLGGTKPQNISQLNSERGGINYLLASLPPRWTQEERPRT

LLKLDSALDRFAYFDEVPTLIKKLADFLATDPPKNDATQKKR

EGMENDLINKLALFAAETAVRFEPGWSRNPDCVLPLSQQLW

LDAERVELPIRIDPEHAEWEQQDRNFVDTYHLGDWQDEIAG

QFATWLNDRLRAAGITGLGDDQYRHWAKQAIVDAAWPVP

MRRRAPAGGVT 

(His)6-MBP 

tagged XaCsy2 

MGSSHHHHHHSKIEEGKLVIWINGDKGYNGLAEVGKKFEDTGI

KVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLL

AEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALLIYNKDLL

PNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFWPLIAADGG

YAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTD

YSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQ

PSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDK

PLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWY

AVRTAVINAASGRQTVDEALKDAQTNSSSENLYFQGHMSSCPPF

DHLLVVPHLRVQNANAVSSPLTHGFPSITAFLGLMWALERK

ARIAGLDLAFNAVGVVCHDHQEQVTQGNFVKSFCLTRNPV

NKDGATAAIVEEGRIHLELSLVFAVHSMRWLGDPATHVAD

LAVVTKLLAGMRVAGGSVLPSTHGWRPRHQAQVIACTGTP

SDQQALFRKLRLRLLPGFALVARDDLLGTRLAELQEHTPEA

TGLHAWLSLSRINWRHVPDAAAGKGEWQHDRSGRGWIVPI

PVGYGALGAVHKAGSVANARDANTPFRFVESLYSVGEWIS

PHRLQTPHHLLWYADSQPAADLYRCRNDYRPATTHHFD 

Untagged 

XaCsy2 

MSSCPPFDHLLVVPHLRVQNANAVSSPLTHGFPSITAFLGLM

WALERKARIAGLDLAFNAVGVVCHDHQEQVTQGNFVKSFC

LTRNPVNKDGATAAIVEEGRIHLELSLVFAVHSMRWLGDPA

THVADLAVVTKLLAGMRVAGGSVLPSTHGWRPRHQAQVI

ACTGTPSDQQALFRKLRLRLLPGFALVARDDLLGTRLAELQ

EHTPEATGLHAWLSLSRINWRHVPDAAAGKGEWQHDRSGR

GWIVPIPVGYGALGAVHKAGSVANARDANTPFRFVESLYSV

GEWISPHRLQTPHHLLWYADSQPAADLYRCRNDYRPATTH

HFD 

*The start residue (Methionine) is underlined. 

*The sequence of the (His)6-MBP tag and the additional sequence after TEV 

proteolysis are marked in italics.  
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Table 3. The amino acid sequences of each protein construct after purification 

(Continued) 

Construct 

name 
Amino acid sequence 

XcCsy1 

GHMTEPTERIDRFRSAIADFIDGRRLAKLKDGDDDAGAASR

YDYATWLADAARRVGQIQAVTHVLKATHPDARGSSLHVPPD

SLPQHAEVGSHLLGAHYAQDVVGNAAALDVFKFLKIEVEG

RGLLAWMQAGDSDLRTALHPDTDIATGWMQAFAALARSEP

QLSSHAMAKQVYWLVGDQPTDDTHYHLLQPLFSSALAQVV

HADIQDARFGETNKQARQAQRTKQPHTETYRDYRNLVARK

LGGTKPQNISQLNSERGGVNYLLASLPPSWTLEHPRSLLNTD

SAMDRFGYGKQVRAIVKTLADFLLGDPPRTDKTRRIRERIEQ

ELGAQLAVFGAQTQARFAPGWTRDADCRLPLDEQLWLDPE

RAELPVRRDPQDPEWTQDDDAFNAAYTFGDWPDQVAGRFA

NWVNARLHKAGLTSIGDSEYRHWAKQALVEAAWPAPLQQR

APAGDQA 

Untagged 

XcCsy2 

MNRCPAFSHLLVLPHLHIHNANAISSPLTHGFPSMTALLGLM

WALQRKVHAAGLELTFDAIGAVCHAHQEQVTEGGFVKAFH

LTRNPVGKDGKTAAIVEEGRIHLELSLVLGVHSQRWGDDPQ

AQQADTDTVAELLAGMRIAGGSVRPPSQSGRHRYQPWTLD

LTGTEDDRAKKFRKARMRLLPGFALVERADLLDARLAELQA

ADPDANRLDAWLSLSRINWRYRSHTPDETPGWSNDRSGRG

WTVPIPVGYGALGELQAAGSVANARDPSTRCRFVESLYSLG

QWISPHRLDAPQQLLWYPSSDPDLGLYRCRNDFAAAVVDDE

MPDFNFSLD  

AcrF2 
GMTKTAQMIAQQHKDTVAACEAAEAIAIAKDQVWDGEGY

TKYTFDDNSVLIQSGTTQYAMDADDADSIKGYADWLDDEA

RSAEASEIERLLESVEEE 

*The start residue (Methionine) is underlined. 

*The sequence of the (His)6-MBP tag and the additional sequence after TEV 

proteolysis are marked in italics.  
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the column was equilibrated with buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 

mM DTT). When examining the formation of complex, same amounts (20 µM) of 

 protein samples were incubated together for 1 hour at 4 °C. After incubation, the 

samples were loaded onto the column at 0.5 mL/min of flow rate. All of the control 

SEC experiments were performed individually and the elution fractions were 

analyzed by SDS-PAGE gel and visualized by Coomassie staining.  

 

Isothermal titration calorimetry 

Isothermal titration calorimetry (ITC) experiments were performed to analyze the 

interactions between proteins or between protein and crRNA at 25 °C using a 

MicroCal iTC 200 (GE Healthcare, USA). Protein sample which was put into a 200-

µl chamber were titrated with 19 times consecutive 2-µl injections.  

To analyze the interaction between XaCsy1 and XaCsy2 which form XaCsy1-

Csy2 heterodimer, 20 µM of XaCsy1 in buffer (20 mM Tris-HCl pH 7.5, 150 mM 

NaCl, 5% (w/v) glycerol, 1 mM tris(2-carboxyethyl)phosphine(TCEP)) was titrated 

with 200 µM of (His)6-MBP-tagged XaCsy2 in the syringe.  

To examine that crRNA binds to the XaCsy1-Csy2 heterodimer, 250 µM of 

synthetic 5ʹ-handle of the crRNA (Bioneer, Korea) was injected into the chamber 

containing 25 µM of XaCsy1-Csy2 heterodimer in buffer (20 mM Tris-HCl pH 7.5, 

150 mM NaCl).  

For the binding analysis between the XaCsy1-Csy2 heterodimer and AcrF2, 

consecutive 1-µl injections of 500 µM of AcrF2 were titrated into the chamber 37 

times containing 70 µM of XaCsy1-Csy2 heterodimer in buffer (20 mM Tris-HCl 

pH 7.5, 150 mM NaCl, 5% (w/v) glycerol, 1 mM TCEP). Origin lab (Massachusetts, 

USA) software was used for data processing and analysis of the ITC data.  
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Electrophoretic mobility shift assay 

To examine the crRNA binding to XaCsy1-Csy2 heterodimer, electrophoretic 

mobility shift assays (EMSAs) were performed. To demonstrate that RNA binding 

to XaCsy1-Csy2 heterodimer is sequence-specific, different sequences of RNA 

oligonucleotides were ordered. A total of 5 RNA oligonucleotides containing a 

fluorescein label at the 3ʹ-end were synthesized and then purified high performance 

liquid chromatography (Bioneer, Korea). The 5ʹ-handle of the crRNA, 3ʹ-stem of the 

crRNA, repeat part of the crRNA, reverse complement of the 5ʹ-handle of the crRNA, 

poly U8 RNA were synthesized. All of the RNA nucleotides used in experiments are 

shown in Table 4.  

The RNAs were refolded under heating condition at 65 °C for 10 minutes 

followed by cooling to room temperature. 2.0 µM of RNAs were incubated with 2.0 

µM of proteins in reaction buffer (20 mM HEPES pH 7.5, 150 mM NaCl) for 1 hour 

at 20 °C. The mixtures of RNA-protein were analyzed by 9% polyacrylamide gels.  

 

Crystallization of an anti-CRISPR protein, AcrF2 

The screening kit, PACT (Molecular Dimensions, Ohio, USA) was used for initial 

crystallization of native AcrF2 (3.56 mM). Among 96 conditions, two of them had 

found initial crystals at 20 °C. These were the reservoir number A11 (0.1 M Sodium 

acetate pH 5.0, 0.2 M Calcium chloride dihydrate, 20% (w/v) PEG 6000) and B11 

(0.1 M MES pH 6.0, 0.2 M Calcium chloride dihydrate, 20% (w/v) PEG 6000). 

These two conditions are same except for the pH. Crystal of selenomethionyl-AcrF2 

were optimized and grown at 20 °C by the sitting-drop vapor diffusion method from 

39 mg/ml protein solution in buffer (20 mM sodium phosphate pH 7.0, 300 mM 

NaCl, 5% (w/v) glycerol, 2 mM DTT)  mixed with the same amount of reservoir 
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Table 4. The RNA oligonucleotides sequences used in EMSA 

Name of RNA 

oligonucleotide 
Description RNA sequence 

5ʹ-handle 5ʹ-handle of crRNA 5ʹ-CUCAGAAA-3ʹ 

3ʹ-stem 3ʹ-stem of crRNA 
5ʹ-GUUCACUGCC 

GUGUAGGCAG-3ʹ 

Repeat Repeat part of crRNA 
5ʹ-GUUCACUGCCUGGU 

AGGCAGCUCAGAAA-3ʹ 

RC 
Reverse complementary of 

5ʹ-handle of crRNA 
5ʹ-UUUCUGAG-3ʹ 

U8 Poly U8 RNA 5ʹ-UUUUUUUU-3ʹ 
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solution (0.1 M MES pH 5.5, 0.4 M CaCl2, 21% (w/v) PEG 6000), in a 1:1 ratio. The 

crystals were cryo-protected in the reservoir solution supplemented containing 12% 

(w/v) ethylene glycol and then flash frozen in liquid nitrogen. The crystal pictures 

were taken by UVEX-M (JANSi UVEX, Seattle, USA). 

 

Structure determination and refinement of AcrF2 

Diffraction data of selenomethionyl-AcrF2 were collected at 7A beamline in Pohang 

Accelerator Laboratory (Pohang, Korea) at 100 K. The structure of selenomethionyl-

AcrF2 was determined by single-wavelength anomalous diffraction (SAD). The 

diffraction data sets were processed with HKL2000 (Otwinowski and Minor 1997). 

Determinations of selenium positions of selenomethionyl-AcrF2, density, 

modification, and model building were completed by using PHENIX (Adams et al., 

2010). The final structure of AcrF2 was completed with alternate cycles of manual 

fitting in COOT (Emsley and Cowtan 2004) and refinement in PHENIX (Adams et 

al., 2010). MolProbity (Chen et al. 2010) was used for assessing the stereochemical 

quality of the final model.  

 

Size exclusion chromatography-Multi Angle Light Scattering 

Size exclusion chromatography-Multi Angle Light Scattering (SEC-MALS) was 

performed to analyze the absolute molecular weight of AcrF2 by TSKgel 

G2000SWxl column (Tosoh Bioscience, Japan) and with a DAWN HELEOS II 18-

angle light scattering detector (Wyatt Technology, CA, USA). The column was 

equilibrated with buffer (20 mM Sodium phosphate pH 7.0, 300 mM NaCl, 2 mM 

DTT), and 11 mg/ml of AcrF2 was loaded onto the column at 0.5 ml/min of flow 

rate at 25 °C.  Data analysis was carried out using ASTRA 6 software (Wyatt 
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Technology, CA, USA) to determine the molar mass and mass distribution of the 

sample. 

 

Mass spectrometry 

To analyze protein bands from the SDS-PAGE gel of purified XaCsy1-Csy2 

heterodimer, Orbitrap-Mass spectrometry was performed after trypsin digestion. 

This experiment was performed at National Center for Inter-University Research 

Facilities (NCIRF, Korea).  

To confirm the selenomethionine-labeling of AcrF2, matrix-assisted laser 

desorption ionization time-of-flight (MALDI-TOF) was performed. The 

selenomethionine-labeling of AcrF2 protein in buffer (20 mM Phosphate pH 7.0, 

300 mM NaCl, 5% (w/v) glycerol, 2 mM DTT) was prepared as 3 mg/ml 

concentration in 50 µL. The native protein was prepared with the same condition of 

the selenomethionine-labeling of AcrF2 as a negative control. MALDI-TOF mass 

spectrometry was performed at the NCIRF.  
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RESULTS 

 

Purification of Cas proteins 

To purify XaCsy1-Csy2 heterodimer, a N-terminal (His)6-MBP tagged XaCsy1 and 

XaCsy2 without a tag were co-expressed in E. coli BL21 (DE3) cells and co-purified 

by affinity chromatography. During the first immobilized metal affinity 

chromatography (IMAC), the (His)6-MBP tagged XaCsy1-Csy2 heterodimer was 

bound to the nickel charged Histrap column. When imidazole concentration began 

increase, around 76.5 mM of imidazole, XaCsy1-Csy2 heterodimer co-eluted (Fig. 

4A). After TEV protease proteolysis for removal the (His)6-MBP tag, the second 

IMAC was performed to separate the tag, TEV protease, and XaCsy1-Csy2 

heterodimer (Fig. 4B). In this step, XaCsy1-Csy2 has no tag, there is no interaction 

between the protein and column. Finally the XaCsy1-Csy2 heterodimer eluted early 

in the chromatography. Lastly, size exclusion chromatography (SEC) was performed 

for high purify of protein (Fig. 4C). XcCsy1-Csy2 heterodimer and XaCsy1 proteins 

were purified as same method mentioned above (Figs. 5 and 6, respectively). In the 

first IMAC, XcCsy1-Csy2 heterodimer and XaCsy1 eluted at 79.2 mM and 85.5 mM 

of imidazole, respectively. According to the SEC data, XaCsy1 (calculated MW: 52 

kDa) forms a monomer (measured MW: 64.7 kDa). 

XaCsy2 was unstable without a tag, a (His)6-MBP tag was required for solubility 

of the protein. The (His)6-MBP tagged XaCsy2 was purified in two steps. After the 

first IMAC (Fig. 7A), the SEC was performed (Fig. 7B). During the first IMAC, the 

(His)6-MBP tagged XaCsy2 eluted at 95.4 mM of imidazole. According to the SEC   

data, the (His)6-MBP tagged XaCsy2 (calculated MW: 79 kDa) might form a   
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Figure 4. Elution profiles of XaCsy1-Csy2 heterodimer 

Elution profiles of chromatography and SDS-PAGE analysis of XaCsy1-Csy2 

heterodimer from each purification step. (A) The first IMAC purification was 

performed using a 5 mL Histrap HP column. (B) After TEV proteolysis for removal 

of the tag, the second IMAC was performed. (C) Finally Size exclusion 

chromatography was further performed using the HiLoad 16/60 Superdex 200 

column. On the chromatogram, navy blue and green lines display the protein 

absorbance at 280 nm and the imidazole concentration (mM), respectively. Each lane 

number is the same as the fraction number in the chromatogram. Eluted samples 

were analyzed by 10.5% SDS-PAGE gel and visualized by Coomassie staining. On 

the SDS-PAGE gel, “M” and “BI” mean the protein ladder and the sample before 

injection, respectively (XaCsy1: 52 kDa, XaCsy2: 36 kDa, (His)6-MBP-tag: 43 kDa). 
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Figure 5. Elution profiles of XcCsy1-Csy2 heterodimer 

Elution profiles of chromatography and SDS-PAGE analysis of XcCsy1-Csy2 

heterodimer from each purification step. (A) The first IMAC purification. (B) The 

second IMAC after TEV proteolysis. (C) Size exclusion chromatography after the 

second IMAC. On the chromatogram, navy blue and green lines display the protein 

absorbance at 280 nm and the imidazole concentration (mM), respectively. Eluted 

samples were analyzed by 10.5% SDS-PAGE gel and visualized by Coomassie 

staining. On the SDS-PAGE gel, “M” and “BI” mean the protein ladder and the 

sample before injection, respectively (XcCsy1: 50 kDa, XcCsy2: 37 kDa, (His)6-

MBP-tag: 43 kDa). 
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Figure 6. Elution profiles of XaCsy1 

Elution profiles of XaCsy1. (A) The first IMAC purification. (B) The second IMAC 

after TEV proteolysis. (C) Size exclusion chromatography after the second IMAC.  

On the chromatogram, navy blue and green lines display the protein absorbance at 

280 nm and the imidazole concentration (mM), respectively. Eluted samples were 

analyzed by 10.5% SDS-PAGE gel and visualized by Coomassie staining. On the 

SDS-PAGE gel, “M” and “BI” mean the protein ladder and the sample before 

injection, respectively (XaCsy1: 52 kDa, (His)6-MBP-tag: 43 kDa). 

 

 

  

  



３１ 

 
 

 

 

A 

 

 

  



３２ 

 
 

 

 

B 

 

  



３３ 

 
 

 

 

C 

 

 

  



３４ 

 
 

 

 

 

 

 

 

 

 

Figure 7. Elution profiles of (His)6-MBP tagged XaCsy2 

Elution profiles of (His)6-MBP tagged XaCsy2 from each purification step. The 

(His)6-MBP tagged XaCsy2 was purified by two-step procedure, (A) IMAC and (B) 

size exclusion chromatography. In the SEC, peak1 (void volume), peak 2 and peak 

3 were observed. High purify of target protein eluted at the peak 3. On the 

chromatogram, navy blue and green lines display the protein absorbance at 280 nm 

and the imidazole concentration (mM), respectively. Eluted samples were analyzed 

by 10.5% SDS-PAGE gel and visualized by Coomassie staining. On the SDS-PAGE 

gel, “M” and “BI” mean the protein ladder and the sample before injection, 

respectively (XaCsy2: 36 kDa, (His)6-MBP-tag: 43 kDa). 
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monomer corresponding a peak 3 (measured MW: 50 kDa) shown in Fig. 7B.  

 

A stable heterodimer complex formation of XaCsy1 and XaCsy2 

For biochemical experiments of Csy1 and Csy2 from the type I-F CRISPR Cas 

system of X. albilineans, the stable XaCsy1-Csy2 complex was prepared by co-

expression method and confirmed by SEC. The complex co-eluted in SEC (Fig. 4C), 

suggesting that these two proteins (XaCsy1 and XaCsy2) form a stable hetero 

complex. The two proteins were identified by Mass spectrometry using two bands 

from the gel of Fig. 4C (Table 5). 

Furthermore, these were individually purified to examine the complex formation 

property of XaCsy1 and XaCsy2. XaCsy1 was purified successfully without XaCsy2 

proteins. However, XaCsy2 was precipitated and unstable without XaCsy1, 

indicating that XaCsy2 is stable when it interacts with XaCsy1, and a N-terminal 

(His)6-MBP tag was required for solubility of the protein. Analytical SEC was 

performed with individually purified untagged XaCsy1 and (His)6-MBP tagged 

XaCsy2. Compared to an elution volume of each individual protein, XaCsy1 and 

XaCsy2 were moved together as a smaller elution volume (Fig. 8A). This result 

implies the formation of the XaCsy1-Csy2 complex.  

Isothermal titration calorimetry (ITC) experiment was also performed to 

determine the binding affinity and stoichiometry of the interaction between these 

two proteins. As shown Fig. 8B, XaCsy1 protein bound to XaCsy2 protein with 

micromolar affinity, Kd = 0.971 ± 0.109 µM. The binding stoichiometry, N value, of 

XaCsy2 to XaCsy1 was calculated as 1.00 ± 0.01. These results show XaCsy1 and 

XaCsy2 can form directly a heterodimeric complex without other Cas proteins or 

crRNA.  
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Table 5. Orbitrap mass spectrometry analysis of XaCsy1-Csy2 heterodimer 

* Two protein bands (Fig. 4C) of purified XaCsy1-Csy2 heterodimer were analyzed 

by mass spectrometry. LC-MS/MS was used after trypsin digestion. The calculated 

molecular weight of XaCsy1 and XaCsy2 are 52 kDa and 36 kDa, respectively. 

According to the results of mass spectrometry, the measured molecular weight of 

XaCsy1 and XaCsy2 were 51.7 kDa and 35.9 kDa, respectively. 

 

  

Protein Coverage (%) MW (kDa) Caculated PI Score 

XaCsy1 80.3 51.7 6.3 2562 

XaCsy2 72.5 35.9 8.6 1501 
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Figure 8. The interaction between XaCsy1 and XaCsy2 

(A) The interaction between XaCsy1 and XaCsy2 was confirmed by analytical SEC 

using a Superdex 200 10/300 GL column. Individually purified XaCsy1 (20 µM) and 

(His)6-MBP tagged XaCsy2 (20 µM) were used. Elution fractions were analyzed by 

10.5% gradient SDS-PAGE gel and visualized with Coomassie staining (XaCsy1: 

52kDa, and (His)6-MBP tagged XaCsy2: 78 kDa). (B) The ITC data shows that there 

is an interaction between XaCsy1 and XaCsy2. XaCsy1 (20 µM) was put in the 

chamber and (His)6-MBP tagged XaCsy2 (200 µM) was put in the syringe. The 

(His)6-MBP tagged XaCsy2 was injected consecutively 20 times into the chamber 

containing XaCsy1. 
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XaCsy1-Csy2 heterodimer recognizes the 5ʹ-handle of the crRNA 

In the cryo-EM structures of P. aeruginosa Csy complex, the 5ʹ-handle of the crRNA 

is associated with PaCsy1-Csy2 heterodimer (Chowdhury et al., 2017; Guo et al., 

2017). The sequence of the 5ʹ-handle (8nt) from the X. albilineans (5ʹ-CUCAGAAA-

3ʹ) is identical with that from the P.aeruginosa crRNAs (5ʹ-CUAAGAAA-3ʹ); except 

for one nucleotide. To examine whether XaCsy1-Csy2 heterodimer binds to the 

crRNA as sequence-specific, EMSAs were performed using 3ʹ-fluorescein labeled 

RNA oligonucleotides.  

In the assays, Fig. 9A shows that the mobility of the 5ʹ-handle RNA band in the 

gel is dramatically decreased when XaCsy1-Csy2 heterodimer was added. Also, 

when more XaCsy1-Csy2 heterodimer were added, the shifted RNA band became 

more intensified. This indicates that XaCsy1-Csy2 heterodimer has the ability to 

bind to the 5ʹ-handle of the crRNA on its own.  

The ITC test was also performed to demonstrate the interaction between XaCsy1-

Csy2 heterodimer and crRNA quantitatively. The data from the ITC experiment 

revealed that there is tight binding between the XaCsy1-Csy2 heterodimer and the 

5ʹ-handle of the crRNA as Kd = 21.9 ± 6.0 nM (Fig. 9B). The binding stoichiometry, 

N value, of the 5ʹ-handle of the crRNA was calculated as 0.790 ± 0.003 per a 

XaCsy1-Csy2 heterodimer.  

The EMSAs were conducted with various RNA substrates which have different 

sequences each other but, the same length to demonstrate whether XaCsy1-Csy2 

heterodimer binds to the RNA with sequence-specific manner. I used the reverse 

complementary sequence of the 5ʹ-handle of the X. albilineans crRNA (5ʹ-

UUUCUGAG-3ʹ, RC) and poly U RNA (5ʹ-UUUUUUUU-3ʹ, U8). As shown in Fig. 

10A, those two 8-nucleotide RNAs were scarcely shifted in the presence of 
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Figure 9. The interaction between XaCsy1-Csy2 heterodimer and the 5ʹ-handle 

of the crRNA 

(A) The EMSA was performed to analyze the interaction between the 5ʹ-handle of 

the crRNA (8 nt) and XaCsy1-Csy2 heterodimer. As amounts of XaCsy1-Csy2 

heterodimer (0.25, 0.5, 1.0, 2.0 and 4.0 µM) increased, the shifted RNA bands 

became thicker. (B)The ITC was performed to analyze the binding of the 5ʹ-handle 

of the crRNA to XaCsy1-Csy2 heterodimer. The XaCsy1-Csy2 heterodimer (20 µM) 

was put in the chamber and the 5ʹ-handle of the crRNA (250 µM) was put in the 

syringe. The 5ʹ-handle of the crRNA was injected into consecutively 20 times into 

the chamber containing XaCsy1-Csy2 heterodimer.  
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Figure 10. Binding of XaCsy1-Csy2 heterodimer to the 5ʹ-handle of the crRNA 

is sequence-specific 

(A) In the EMSA experiment, various 8-mer RNAs (2.0 µM) such as the 5ʹ-handle 

of the crRNA, reverse complement (RC) of the 5ʹ-handle and poly U8 RNA (U8) 

were used as substrates. And the same amount of XaCsy1-Csy2 heterodimer (2.0 

µM) with RNA substrates were used for demonstrating the interaction. The band 

shift was detected in the presence of the 5ʹ-handle (lane 2), not RC and U8 (lane 4 

and 6). (B) EMSA with XaCsy1-Csy2 heterodimer and poly U8 RNA. The shifted 

poly U8 RNA band was not observed with increasing amounts (0.25, 0.5, 1.0, 2.0 

and 4.0 µM) of XaCsy1-Csy2 heterodimer. (C) EMSA with XaCsy1-Csy2 

heterodimer and RC of the 5ʹ-handle of the crRNA. The shifted RC of the 5ʹ-handle 

of the crRNA band was not observed with increasing amounts (0.25, 0.5, 1.0, 2.0 

and 4.0 µM) of XaCsy1-Csy2 heterodimer.  
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the XaCsy1-Csy2 heterodimer (lane 4 and 6), describing that the binding between 

XaCsy1-Csy2 heterodimer and the 5ʹ-handle of the crRNA is sequence-specific. 

Additionally, the mobility of the U8 or RC RNA bands was not observed in the gels 

in the presence of XaCsy1-Csy2 heterodimer (Figs 10B and 10C, respectively).  

Furthermore, more EMSAs were performed to test whether XaCsy1-Csy2 

heterodimer can recognize the other parts of the crRNA. For the tests, I used the 20-

nt RNA substrates which is the part of 3ʹ-stem of the crRNA. In Fig. 11A, lane 4, the 

retardation of the band of the 3ʹ-stem crRNA was negligible, implying that the 

XaCsy1-Csy2 heterodimer recognizes specifically the 5ʹ-handle part of the crRNA. 

Interestingly, the binding of the XaCsy1-Csy2 heterodimer to the 28-nt of X. 

albilineans repeat RNA containing both the 5ʹ-handle and 3ʹ-stem, was relatively 

week compared with the only 5ʹ-handle part of crRNA (Fig. 11A, lane 6 and Fig. 

11B). These results shows that the flanking sequences of the 5ʹ-handle influence the 

binding affinity to the XaCsy1-Csy2 heterodimer.  

Finally I analyzed the binding between the individual proteins of the XaCsy1-

Csy2 heterodimer and the 5ʹ-handle of the crRNA by performing EMSAs with the 

separately purified XaCsy1 and XaCsy2 proteins. As referred to earlier, the N-

terminal (His)6-MBP-tagged XaCsy2 proteins were used in these assays since the 

XaCsy2 was unstable without a tag under the experimental conditions I set. In Fig. 

12, lane 3 and 4, when the XaCsy1 protein or the (His)6-MBP-tagged XaCsy2 protein 

existed alone, shifted band was not detectable. By contrast, when both XaCsy1 and 

(His)6-MBP-tagged XaCsy2 protein existed together, the significant mobility shift 

was observed (Fig. 12, lane 5). It indicates that the formation of XaCsy1-Csy2 

heterodimer is essential for crRNA binding. These results are consistent with the 

cryo-EM structure data of P. aeruginosa Csy complex, which shows the crevice  
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Figure 11. The interaction between XaCsy1-Csy2 heterodimer and different 

parts of the crRNA 

(A) The mobility of the 3ʹ-stem of the crRNA (20-nt) is negligible (lane 4). Whereas 

repeat (28-nt) of the crRNA including both 5ʹ-handle and 3ʹ-stem sequences bound 

weakly to XaCsy1-Csy2 heterodimer (lane 6). (B) The EMSA was performed using 

the repeat part of the crRNA with increasing amounts of XaCsy1-Csy2 heterodimer 

(0.25, 0.5, 1.0, 2.0, and 4.0 µM). The shifted RNA bands were observed, suggesting 

that the flanking sequences of the 5ʹ-handle could influence the binding affinity to 

XaCsy1-Csy2 heterodimer.  
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Figure 12. The 5ʹ-handle of the crRNA does not bind to individual components 

of XaCsy1-Csy2 heterodimer 

The EMSA was performed to analyze whether the 5ʹ-handle of the crRNA binds to 

separately purified XaCsy1 or (His)6-MBP tagged XaCsy2. The shifted band was not 

detected in the presence of XaCsy1 or tagged XaCsy2 alone (lane 3 and 4, 

repectively). However, when these two proteins were added together, the shifted 

band was observed (lane 5).  
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 made from the PaCsy1-Csy2 complex provides binding interface for the 5ʹ-handle 

of the crRNA (Chowdhury et al., 2017; Guo et al., 2017).  

 

Purification of AcrF2 

AcrF2 which is an anti-CRISPR protein was purified in three steps. During the first 

IMAC, the trx tagged AcrF2 eluted at 81 mM of imidazole (Fig. 13A). After TEV 

protease proteolysis to remove the trx tag, the second IMAC was performed to 

separate the trx tag, TEV protease, and the AcrF2 protein (Fig. 13B). In this step, 

since the AcrF2 has no tag, there is no interaction between the protein and column. 

Finally the AcrF2 eluted early in the chromatogram. Lastly, size exclusion 

chromatography (SEC) was performed for high purify of AcrF2 (Fig. 13C). 

According to the SEC data, AcrF2 (calculated MW: 10.6 kDa) forms a monomer 

(measured MW: 13.4 kDa). Selenomethionyl-AcrF2 was purified as same method 

with native AcrF2 (Fig. 14).  

 

AcrF2 binds to XaCsy1-Csy2 heterodimer 

According to the previous study, AcrF2 inhibits the P. aeruginosa type I-F CRISPR-

Cas system by binding to the PaCsy1-Csy2 heterodimer. In this study, I tested 

whether AcrF2 derived from P. aeruginosa phage can interact with the XaCsy1-

Csy2 heterodimer which is from a different bacterial species.  

In the analytical SEC (Fig. 15A), XaCsy1-Csy2 and AcrF2 co-eluted together as 

a small elution volume than compared to those of each AcrF2 and XaCsy1-Csy2 

heterodimer. This result indicates that these two proteins directly interact with each 

other.   



５２ 

 
 

 

 

 

 

 

 

 

Figure 13. Elution profiles of AcrF2 

(A) The first IMAC of native AcrF2 is shown. (B) After TEV proteolysis, for 

removal the trx tag, the second IMAC was performed. (C) Lastly, the size exclusion 

chromatography step was performed. On the chromatogram, the navy blue and green 

lines represent the absorbance at 280 nm and imidazole concentration (mM), 

respectively. Eluted samples were analyzed by 15% SDS-PAGE gel, and visualized 

by Coomassie staining. On the SDS-PAGE gel, “M” and “BI” means the protein 

ladder and the sample before injection, respectively (AcrF2: 10.6 kDa, trx tag: 

approximately 12 kDa).  
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Figure 14. Elution profiles of Selenomethionyl-AcrF2 

To solve the crystal structure of AcrF2 with SAD, Selenomethionyl-AcrF2 was 

purified. Purification steps are same as native AcrF2. The chromatogram and SDS-

PAGE gel results of (A) The first IMAC, (B) the second IMAC after cleavage the 

tag and (C) the size exclusion chromatography by which the high purify of target 

protein eluted. 
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Figure 15. AcrF2 binds to XaCsy1-Csy2 heterodimer 

(A) The interaction between AcrF2 (10.6 kDa) and XaCsy1-Csy2 heterodimer 

(XaCsy1: 52 kDa, XaCsy2: 36 kDa) was observed in the analytical SEC. Each 

elution fraction was analyzed by 10.5% gradient SDS-PAGE gel and visualized with 

coomassie staining. (B) The ITC was performed to analyze the binding affinity 

between AcrF2 and XaCsy1-Csy2 heterodimer quantitatively. AcrF2 (500 µM) was 

injected consecutively 37 times into the chamber containing XaCsy1-Csy2 

heterodimer (70 µM). 
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In the ITC experiment (Fig. 15B), the binding stoichiometry, N value, of AcrF2 

protein to the XaCsy1-Csy2 heterodimer was calculated as 0.840 ± 0.001 and the 

dissociation constant was determined as Kd = 7.2 ± 1.9 nM. From this result, AcrF2 

protein tightly binds to XaCsy1-Csy2 heterodimer and this tendency is similar with 

those between AcrF2 and PaCsy1-Csy2 from P. aeruginosa (Bondy-Denomy et al., 

2015). In other words, the interaction of AcrF2 and Csy1-Csy2 heterodimer is broad 

specificity in the type I-F CRISPR-Cas systems.  

I further tested to support the broad specificity of AcrF2 Csy1-Csy2 subcomplex, 

by indicating a direct interaction between the AcrF2 and the Csy1-Csy2 from 

Xanthomonas campestris (XcCsy1-Csy2) which is another Xanthomonas bacterium. 

In the analytical SEC data, AcrF2 was co-eluted with the XcCsy1-Csy2 heterodimer 

(Fig. 16), as seen in the analytical SEC experiment of XaCsy1-Csy2 heterodimer.  

The sequence identities among the P. aeruginosa, X. albilineans, X. campestris 

are ~38% and ~46% for Csy1 and Csy2, respectively (Figs. 17A and B). Especially, 

XaCsy1 and XaCsy2 have 65% and 63% identities, respectively, with XcCsy1 and 

XcCsy2.  

Whether or not AcrF2 interacts with the individual components of the XaCsy1-

Csy2 heterodimer, analytical SEC was performed with separately purified XaCsy1 

and (His)6-MBP-tagged XaCsy2 proteins. AcrF2 did not co-elute with either XaCsy1 

or (His)6-MBP-tagged XaCsy2 (Figs. 18A and B, respectively). However, when 

AcrF2 was incubated with both XaCsy1 and (His)6-MBP-tagged XaCsy2 together, 

AcrF2 did co-elute with these two Csy proteins, suggesting that three protein (AcrF2, 

XaCsy1, and (His)6-MBP-tagged XaCsy2) form a ternary complex (Fig. 18C). This 

result is similar to EMSAs of the 5ʹ-handle of the crRNA binding. There were no 

interactions between the 5ʹ-handle of the crRNA and individual components of  
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Figure 16. AcrF2 binds to X. campestris Csy1-Csy2 heterodimer 

AcrF2 bound not only to XaCsy1-Csy2 heterodimer but also X. casmpestris Csy1-

Csy2 heterodimer (XcCsy1: 50.3 kDa, XcCsy2: 37 kDa), which is from another 

Xanthomonas bacterium. Each elution fraction was analyzed by 10.5% gradient 

SDS-PAGE gel and visualized with coomassie staining. 
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Figure 17. Sequence alignments of Csy1 and Csy2 homologues  

(A) Amino acid sequence alignment of PaCsy1, XaCsy1 and XcCsy1 proteins. 

Secondary structure elements are shown based on PaCsy1 in the cryo-EM structure 

of the AcrF2-bound P. aeruginosa Csy complex (PDB ID: 5UZ9). The PaCsy1 

residues in close proximity (<6 Å ) to AcrF2 are indicated by discontinued blue bars. 

The sequence identities among PaCsy1 and Xanthomonas Csy1 are ~38%. XaCsy1 

and XcCsy1 have 65% sequence identity. (B) Amino acid sequence alignment of 

PaCsy2, XaCsy2, and XcCsy2 proteins. Secondary structure elements are shown 

based on PaCsy2 in the cryo-EM structure (PDB ID: 5UZ9). The sequence identities 

among PaCsy2 and Xanthomonas Csy2 are ~46%. XaCsy2 and XcCsy2 have 63% 

identity.  
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Figure 18. Heterodimerization of XaCsy1 and XaCsy2 is essential for binding 

to AcrF2.  

Analytical SEC experiments were performed to analyze the interaction between 

AcrF2 and individual components of the XaCsy1-Csy2 heterodimer, (A) XaCsy1 

and (B) XaCsy2. AcrF2 did not co-elute with XaCsy1 or (His)6-MBP tagged XaCsy2. 

(C) The binding of AcrF2 was observed when separately purified XaCsy1 and tagged 

XaCsy2 were incubated together with AcrF2. Each elution fraction was analyzed by 

10.5% gradient SDS-PAGE gel and visualized with coomassie staining. 
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XaCsy1-Csy2 heterodimer, whereas, the shifted band was observed when the 5ʹ-

handle of the crRNA was incubated with individually purified proteins together, 

XaCsy1 and (His)6-MBP-tagged XaCsy2 (Fig. 12). Consequently, the formation of 

XaCsy1-Csy2 heterodimer is required not only for 5ʹ-handle of the crRNA 

recognizing but also for AcrF2 binding. 

 

Overall structure of AcrF2 

To better understand of AcrF2 binding to XaCsy1-Csy2 heterodimer, I earned initial 

crystals of AcrF2 (Figs. 19 A and B). The crystal structure of AcrF2 was solved at a 

resolution of 1.34 Å  using single-wavelength anomalous diffraction with a 

selenomethionine derivatized protein crystal. Data collection and structure 

refinement statistics are summarized in Table 6. 

In the asymmetric unit, two molecules of AcrF2 were contained, which form a 

dimer by swapping their C-terminal regions, residues 56-94, as shown Fig. 20. 

However, the previous study about the cryo-EM structure of AcrF2 and the SEC data 

with multi-angle light scattering (SEC-MALS) experiments of AcrF2 I performed 

support monomeric form of AcrF2 (Fig. 21). Moreover, when one of the monomeric 

form in the dimeric structure of AcrF2 is docked into the P. aeruginosa Csy complex 

at the cryo-EM structure, the dimerization interface of AcrF2 clashes with PaCsy1 

(Fig. 12) (Chowdhury et al., 2017). This dimeric assembly of AcrF2 is seen as a 

crystallographic artifact and its monomeric form is biologically relevant. Therefore, 

here I explain the structure of the physiologically relevant monomeric form of AcrF2 

which is composed of the N-terminal region (residues 1-52) of one AcrF2 molecule 

and the swapped C-terminal region (residues 56-94) of the other molecule in an 

asymmetric unit (Fig. 23). 
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Figure 19. Initial crystals of native AcrF2 protein 

The crystals were found in two crystallization conditions, (A) 0.1 M Sodium acetate 

pH 5.0, 0.2 M Calcium chloride dehydrate, 20% (w/v) PEG 6000 and (B) 0.1 M 

MES pH 6.0, 0.2 M Calcium chloride dehydrate, 20% (w/v) PEG 6000. “BF” means 

bright field and “UV” means ultraviolet on the figures.  
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Table 6. Data collection, phasing and refinement statistics of AcrF2 

Space group P43212 

Unit cell parameters (Å) a=b=65.5, c=101.3 

Wavelength (Å) 0.9793 

Data collection statistics  

Resolution range (Å) 50.00–1.34 (1.39–1.34) 

Number of reflections 1402615 (50291) 

Completeness (%) 100.0 (100.0) 

Rmerge
b 0.102 (0.582) 

Redundancy 27.9 (25.6) 

Mean I/σ 29.8 (6.4) 

Phasing statistics  

f', f'' used in phasing -8.0, 4.5 

Figure of merit 0.540 

Refinement statistics  

Resolution range (Å) 23.17–1.34 

Rcryst
c/Rfree

d (%) 18.0/19.6  

RMSD bonds (Å) 0.006 

RMSD angles (deg) 0.961 

Average B-factor (Å2) 15.1 

Number of water molecules 364 

Ramachandran favored (%) 98.9 

Ramachandran allowed (%) 1.1 

aValues in parentheses are for the highest-resolution shell. 
bRmerge =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. 
cRcryst = ΣhFobs-Fcalc/ΣhFobs, where Fobs and Fcalc are the observed and 

calculated structure factor amplitudes, respectively. 
dRfree was calculated as Rcryst using ~ 5% of the randomly selected unique 

reflections that were omitted from structure refinement. 
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Figure 20. Crystal structure of AcrF2  

(A) Schematic representation of the secondary structure of AcrF2. The swapped C-

terminal region is displayed in green color. The amino acid sequence of AcrF2 is 

shown and numbered below. (B) Dimeric assembly of AcrF2 formed by swapping 

the C-terminal regions in the crystal lattice. Chain A and chain B are displayed in 

violet and green colors, respectively. The secondary structure annotations are also 

indicated.    

 

  



７６ 

 
 

 

 

A 

 

 

 

B 

 

 

 

  



７７ 

 
 

 

 

 

 

 

 

 

 

 

Figure 21. SEC-MALS analysis of AcrF2 

In the SEC-MALS data, AcrF2 is monomeric state, not dimeric form in solution. 

Navy blue and red colored lines represent the normalized absorbance at 280 nm and 

the molecular mass (Da) of AcrF2, respectively. The theoretically calculated 

molecular mass is 10.6 kDa and the experimentally measured molecular mass is 11.3 

kDa.  
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Figure 22. Overlap of the dimerization interface in the crystal structure of 

AcrF2 with that of Csy1 binding 

In the crystal structure of AcrF2, one monomeric unit consists of the N-terminal 

region (residues 1-52) of chain A and the C-terminal region (residues 56-94) of chain 

B, was aligned structurally with AcrF2 of cryo-EM structure (PDB ID: 5UZ9) of the 

AcrF2-bound P. aeruginosa Csy complex. The steric clash is observed between the 

PaCsy1 (orange color) and the other monomeric unit of AcrF2.  
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Figure 23. Biologically relevant AcrF2 monomeric units from the crystal 

structure 

Biologically relevant monomeric unit of AcrF2 is composed of the N-terminal region 

(residues 1-52) of chain A and the swapped C-terminal region (residues 56-94) of 

chain B. this monomeric structure of AcrF2 is displayed in rainbow color, from N-

terminus (blue) to the C-terminus (red).  
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The overall crystal structure and topology of AcrF2 are almost identical to those 

of cryo-EM structures reported in previous study (Chowdhury et al., 2017; Guo et 

al., 2017). The AcrF2 structure is consisted of a four-stranded antiparallel β-strand 

(β1- β4) and two pairs of antiparallel α-helices (α1-α2 and α3-α4). The root mean 

square deviation (RMSD) values of Cα atomic position between the two of the cryo-

EM structures and the crystal structure of AcrF2 range from 1.5 to 2.0 Å  are shown 

in Table 7 (Chowdhury et al., 2017; Guo et al., 2017). In the α1 and α2 regions, there 

were the largest structural deviations between the crystal structure and five of cryo-

EM structure of AcrF2 (Fig. 24). In these regions, the structural differences were 

also observed among 5 models of cryo-EM structure. It is suggested that intrinsic 

structure of AcrF2 is flexible. Nevertheless, thanks to the high resolution electron 

density map, it was possible to determine atomic positions more precisely; even 

including the side chains potentially interacting with Csy1-Csy2 heterodimers.  

In the Protein Data Bank (PDB) (Berman et al., 2000), to search homologous 

structure of the crystal structure of AcrF2 using the Dali server (Holm et al., 2008), 

there was no match. In the previous cryo-EM structure of AcrF2-bound P. 

aeruginosa, the researchers suggested that AcrF2 is a double strand DNA (dsDNA) 

mimic and a small acidic protein which inhibits the target recognition by binding to 

the “Lysine-rich, vise-like” structure of Csy1 and Csy3 (Chowdhury et al., 2017). 

Also, several acidic residues of AcrF2 were found in close to the surface Lysine 

residues of Csy1 and Csy2, including D30, E36, D75, D76, E85, E87, and E91 

(Chowdhury et al., 2017). The electrostatic potential of crystal structure of AcrF2 

was calculated using the Adaptive Poission-Boltzamann Solver (APBS) (Baker et 

al., 2001). The negatively charged residues, mentioned above, are closely located at 

its binding interfaces with Csy1 and Csy3 which are formed by residues in or  
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Table 7. RMSD values (minimum-maximum) of pairwise comparisons between 

the EM structure of AcrF2 and X-ray structure of AcrF2 

PDB ID  

(residue 

range) 

5YHR_1 5UZ9_1 5UZ9_2 5UZ9_3 5UZ9_4 5UZ9_5 6B47 

5YHR_1*  

(2-93) 

0.65** 

(0.11 – 

2.13) 

– – – – – – 

5UZ9_1 

(6-93) 

1.91 

(0.26 -

6.82) 

 – – – – – 

5UZ9_2 

(6-93) 

1.68 

(0.16 - 

5.63) 

0.92 

(0.07 - 

2.87) 

 – – – – 

5UZ9_3 

(6-93) 

1.86 

(0.29 - 

5.94) 

1.16 

(0.19 - 

3.25) 

1.08 

(0.11 - 

3.20) 

 – – – 

5UZ9_4 

(6-93) 

1.86 

(0.27 - 

6.11) 

1.17 

(0.13 - 

3.16) 

1.09 

(0.14 - 

3.17) 

0.10 

(0.01 - 

0.33) 

 – – 

5UZ9_5 

(6-93) 

1.88 

(0.19 - 

7.02) 

1.24 

(0.16 - 

3.19) 

1.28 

(0.22 - 

3.45) 

1.10 

(0.10 - 

2.86) 

1.09 

(0.10 - 

2.73) 

 – 

6B47 

(3-87) 

2.14 

(0.34 - 

5.93) 

1.66 

(0.20 - 

4.03) 

1.67 

(0.27 - 

4.34) 

1.87 

(0.29 - 

5.23) 

1.88 

(0.35 - 

5.28) 

1.98 

(0.22 - 

5.14) 

 

*monomeric AcrF2 unit composed of the N-terminal region (1-53) from chain A and 

the swapped C-terminal region (54-93)  

**The RMSD value between two physiologically relevant AcrF2 monomer forms in 

the asymmetric unit 
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Figure 24. Structure alignments of the crystal structure and the cryo-EM 

structures of AcrF2.  

The crystal structure (PDB ID: 5YHR) and the cryo-EM structures (PDB ID: 5UZ9 

and 6B47) of AcrF2 were aligned structurally. The secondary structure elements are 

annotated. The structural deviations were observed in the α1 and α2 helices between 

crystal structure and the cryo-EM structures of AcrF2. Furthermore, the structural 

differences in these regions were also observed among the cryo-EM structures (from 

model 1 to model 5). 
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adjacent to the β1 strand and the α4 helix regions (Fig. 25). E36, D75, and D76 are 

in close proximity to another near the C-terminus of β1 strand, whereas D30, E85, 

E87, and E91 are located adjacent to the opposite side of the central β strand. So in 

the crystal structure of AcrF2, this arrangement of carboxyl side chains resembles 

the negative charge distribution of the dsDNA as previous suggestion. These two 

groups of carboxyl side chains, excluding E91, are separated by 16-19 Å . This 

distance is similar to the distance between the phosphates of base-pairing nucleotides 

in the B-form dsDNA (~18 Å ) helix. In the same group, the distance between 

carboxyl side chains ranged from 5 to 10 Å  which is similar with the intrastrand 

phosphate-phosphate distance (~7 Å ). 
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Figure 25. The negatively charged residues of the crystal structure of AcrF2 

(A) The carboxyl side chains of negatively charged residues which are located at its 

binding interfaces with Csy1 and Csy3 are shown as sticks. (B) Electrostatic 

potential map of monomeric units of AcrF2 (red = −75 kT, blue = +75 kT). PyMOL 

with the Adaptive Poisson-Bolzmann Solve (APBS) plugin was used.  
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Discussion 

 

In this study, I performed several biochemical experiments to understand the 

mechanisms of type I-F CRISPR-Cas system and Acr protein. XaCsy1 and XaCsy2 

form a stable heterocomplex without crRNA and the other Cas proteins (Fig. 4 and 

Table 5). XaCsy2 was more stable and soluble when it is with XaCsy1, even without 

a (His)6-MBP tag (Fig. 4). Notably in the cryo-EM structures of P. aeruginosa Csy 

complex, the elongated conformation of PaCsy1 has extensive contact with the more 

globular PaCsy2 (Fig. 26) (Chowdhury et al., 2017; Guo et al., 2017). In the 

analytical SEC experiments, XaCsy1 was earlier eluted than the (His)6-MBP-tagged 

XaCsy2 (Fig. 8A) even though the molecular mass of tagged XaCsy2 (79 kDa) is 

greater than that of XaCsy1 (52 kDa). It is consistent with the extended form of 

XaCsy1. In the circular dichroism (CD) data, XaCsy1 is shown folded α-helical 

protein (Fig. 27), indicating that the earlier elution of XaCsy1 in analytical SEC was 

not caused by unfolding structure, but resulted from its innate extended conformation.  

The XaCsy1-Csy2 heterodimer has the sequence-specific binding affinity to the 

5ʹ-handle of the crRNA (8 nt). In EMSAs, the shifted RNA band which has different 

sequence, either RC or U8, was not observed in the presence of XaCsy1-Csy2 

heterodimer (Fig. 10A, lanes 4 and 6). The sequence of the 5ʹ-handle of the crRNA 

is seemed to be important for the binding. However, there was scarcely binding 

affinity between XaCsy1-Csy2 heterodimer and X. albilineans repeat RNA (28 nt) 

compared the 5ʹ-handle of the crRNA (Fig. 11A), even though the repeat RNA 

includes the sequence of the 5ʹ-handle of the crRNA. The interaction between 

XaCsy1-Csy2 heterodimer and the 5ʹ-handle part of the crRNA may be impeded by  
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Figure 26. Cryo-EM structure of PaCsy1-Csy2 heterodimer 

In the cryo-EM structure of P. aeruginosa Csy complex, the PaCsy1 which has 

elongated structure contacts with more globular PaCsy2. PaCsy1 and PaCsy2 are 

displayed in orange and pink, respectively (PDB ID: 5UZ9).  
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Figure 27. Circular dichroism spectrum of XaCsy1 

The circular dichroism (CD) spectrum was obtained from XaCsy1 (3.9 µM) in buffer 

(10 mM sodium phosphate pH 7.0) by using a J-815 (JASCO, Japan) circular 

dichroism spectrometer at 20 °C. The spectrum indicates that XaCsy1 is a typical α-

helical protein.  
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the hairpin structure of preceding 20-nt sequence in the repeat becoming that 3ʹ-stem 

of another crRNA (Fig. 2). Furthermore, in the process of crRNA generation, the 

CRISPR array is transcribed into a long pre-crRNA and then processed into small 

crRNAs including a 5ʹ-handle, a spacer, and a 3ʹ-stem by the endoribonuclease, Csy4 

(Fig. 2). (Haurwitz et al., 2010; Sorek et al., 2013; van der Oost et al., 2014). 

Therefore, through the experimental results, I could suggest that generating small 

crRNA is occurred ahead of XaCsy1-Csy2 heterodimer binding. In other words, 

these results propose that the heterodimer is formed prior to its binding to the crRNA 

during the formation of crRNA-guided surveillance complex. The separately 

purified proteins, XaCsy1 and (His)6-MBP-tagged XaCsy2, did not form a complex 

with the 5ʹ-handle part of the crRNA in the EMSAs (Fig. 12, lanes 3 and 4). It was 

not expected that the binding to the the 5ʹ-handle of the crRNA would be completely 

lost without residual affinity with the individual components of XaCsy1-Csy2 

heterodimer. Because the Csy complex of P. aeruginosa in the cryo-EM structures 

show that the 5ʹ-handle of the crRNA is located proximity to both Csy1 and Csy2 

(Chowdhury et al., 2017; Guo et al., 2017). According to the cryo-EM structures of 

P. aeruginosa Csy complex, AcrF2, which is from a P. aeruginosa phage, is only 

associated with PaCsy1 not with PaCsy2 (Chowdhury et al., 2017; Guo et al., 2017). 

Interestingly, from my analytical SEC experiments, AcrF2 did not interact with 

XaCsy1. I confirmed that AcrF2 did interact with XaCsy1-Csy2 heterodimer by 

analytical SEC and ITC experiments (Fig. 15). These results suggest that XaCsy1 

and XaCsy2 maybe form a suitable structure for binding to AcrF2.  

To sum up, from the experimental data revealed on this paper, I concluded that 

the formation of a stable complex of XaCsy1-Csy2 is required for binding to both 

the 5ʹ-handle of the crRNA and AcrF2, even though the binding interfaces for the 5ʹ-
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handle of the crRNA and AcrF2 are completely different from the cryo-EM 

structures (Chowdhury et al., 2017; Guo et al., 2017). The individually purified 

proteins, XaCsy1 and (His)6-MBP-tagged XaCsy2, did not interact with the 5ʹ-

handle of the crRNA or AcrF2 (Figs. 12, 18A and B). And the (His)6-MBP-tag on 

the XaCsy2 did not influence the interactions since the binding affinities were 

observed when both XaCsy1 and (His)6-MBP-tagged XaCsy2 were added together 

(Figs. 12 and 18C).  

I earlier demonstrated that AcrF2 binds to Csy1-Csy2 heterodimers of X. 

albilineans and X. campestris bacteria. For better understanding about the 

interactions between AcrF2 and Csy1-Csy2 heterodimer, I investigated the relevant 

residues between P.aeruginosa and two of Xanthomonas bacteria. In the previous 

research of P. aeruginosa Csy complex, charge-swapped mutations in PaCsy1 

(K28E, K31E, K247E; the regions where AcrF2 is positioned closely) resulted in 

sever binding defects for AcrF2 (Chowdhury et al., 2017). In the sequence alignment 

of PaCsy1, XaCsy1, and XcCsy1, K28 and K247 are conserved in these three Csy1 

proteins, and XaCsy1 and XcCsy1 have K30 instead of K31. Considering the fact 

that K31 of PaCsy1 is located in the middle of the flexible loop connecting two α-

helices (Chowdhury et al., 2017), it is likely that the K30 residue of XaCsy1 and 

XcCsy1 can interact with AcrF2 in a similar way to K31 in PaCsy1. In addition to 

the Lys residues, most (23 of 25) of the PaCsy1 residues found in close proximity 

(<6 Å ) to AcrF2 in the cryo-EM structure (Chowdhury et al., 2017) are also 

conserved in XaCsy1 and XcCsy1 (Fig. 17A). There is only until 38% sequence 

identity between PaCsy1 and two Xanthomonas Csy1 homologues. These 

observations propose that AcrF2 recognizes Csy1 residues, which are essential for 

target DNA binding affinity since the conserved residues play important roles in the 
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function of the protein. Therefore, the analyses I did indicate that AcrF2 can interact 

with other Csy1 homologues from different species, suggesting broad specificity of 

AcrF2 for repressing the adaptive immune function of the type I-F CRISPR-Cas 

system.  

Previous cryo-EM structures for the AcrF2-bound P. aeruginosa Csy complex 

have been determined in moderate resolutions (Chowdhury et al., 2017; Peng et al., 

2017; Guo et al., 2017). One of the studies reported that the average resolution was 

3.4 Å , the authors stated that the density of acidic residues on AcrF2 was not 

sufficient to confidently model the positions of side chains (Chowdhury et al., 2017). 

Another study about Csy1-Csy2-AcrF2 subcomplex but they could not model it 

(Peng et al., 2017). Most recently, Guo et al. (2017) reported the cryo-EM structure 

of the Csy complex bound to AcrF2 at resolution of 3.2 Å . In this study, I determined 

the crystal structure of AcrF2 at resolution of 1.34 Å , enabling a more detailed 

structural analysis of the AcrF2 protein, including the negatively charged residues 

involved the interactions with the Csy complex. In the crystal lattice, AcrF2 is shown 

a dimer by swapping the C-terminal elements, β4 and α3–α4. However, I speculate 

that dimerization of AcrF2 is a crystallographic artifact since other experimental 

evidences are consistent with a monomeric AcrF2. This phenomenon is occasionally 

observed particularly under the non-physiological crystallization conditions for 

example low pH (Liu and Eisenberg, 2002; Huang et al., 2012). In experimental 

condition, AcrF2 was crystallized under acidic conditions, pH 5.5. 
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Abstract in Korean 

 

CRISPR-associated 단백질과  

anti-CRISPR 단백질의 생화학적 연구 

 
서울대학교 대학원 

농생명공학부 응용생명화학전공 

홍수지 

 
CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats–CRISPR 

associated proteins) system은 박테리아와 고세균의 면역 시스템이다. 숙주세포 

내로 침입한 phage 또는 plasmid등의 유전물질을 인식하고 파괴하여 면역성을 

나타내며, 이는 후대로 계승이 가능하다. 반면에 CRISPR-Cas system에 대항하

는 phage 유래 Anti-CRISPR (Acr) 단백질이 존재한다. Type I-F CRISPR-Cas 

system에서는 Cas 단백질인 Csy1, Csy2, Csy3, Csy4가 crRNA와 surveillance 

complex 를 이루어 target을 인식하는 역할을 한다. Type I-F CRISPR-Cas system

을 저해하는 AcrF 단백질은 AcrF1-AcrF10로 10가지 종류가 존재한다. 본 연구

에서는 Xanthomonas albilineans (Xa)유래 Csy1과 Csy2가 안정한 heterodimer를 

형성하는 것을 확인하였고, XaCsy1-Csy2 heterodimer와 각각 crRNA, AcrF2 간

의 상호작용을 다양한 생화학적 실험을 통해 보여주고 있다. Electrophoretic 

mobility shift assay를 통해 XaCsy1-Csy2 heterodimer과 crRNA의 5-handle 부분 
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간의 상호작용이 sequence specific함을 보였다. 또한 Analytical size exclusion 

chromatography와 Isothermal titration calorimetry 실험을 통해 XaCsy1-Csy2 

heterodimer와 AcrF2간의 상호작용이 있음을 보였다. 이전의 Pseudomonas 

aeruginosa 유래 Csy complex 의 cryo-EM structure상에서, AcrF2는 PaCsy1과 구

조적으로 바인딩 하고 있다. 더 나아가 AcrF2를 결정화하여 단백질 3차 구조를 

1.34 Å 으로 규명하였다. 이는 AcrF2와 Csy1-Csy2 heterodimer간 상호작용에 중

요한 역할을 하는 것으로 보여지는 residues에 대해 더 자세한 분석을 가능하게 

하였다. 또한 P. aeruginosa를 감염시키는 phage유래 AcrF2는 P. aeruginosa 뿐 

아니라 Xathomonas 속 박테리아의 type I-F CRISPR-Cas system에도 작용하여 

CRISPR-Cas system을 저해하는 것으로 생각된다.  

 

주요어: AcrF2, crisprRNA, crystal structure, Type I-F CRISPR-Cas system, X-

ray crystallography, Xanthomonas albilineans Csy1-Csy2 heterodimer 
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