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Abstract The CRISPR-Cas system provides adaptive 

immunity for bacteria and archaea against invading 

phages and foreign plasmids. In the Class 1 CRISPR-

Cas system, multi-subunit Cas proteins assemble with 

crRNA to bind to DNA targets. To disarm the bacterial 

defense system, bacteriophages evolved anti-CRISPR 

(Acr) proteins that actively inhibit the host CRISPR-

Cas function. Here we report the backbone resonance 

assignments of AcrIF7 protein that inhibits the type I-

F CRISPR-Cas system of Pseudomonas aeruginosa 

using triple-resonance nuclear magnetic resonance 

spectroscopy. We employed various computational 

methods to predict the structure and binding interface 

of AcrIF7, and assessed the model with experimental 

data. AcrIF7 binds to Cas8f protein via flexible loop 

regions to inhibit target DNA binding, suggesting that 

conformational heterogeneity is important for the 

Cas–Acr interaction. 
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Introduction 

 

Clustered regularly interspaced short palindromic 

repeats (CRISPRs) and CRISPR-associated (Cas) 

proteins constitute a variety of RNA-guided 

endonucleases that confer adaptive immunity on 

bacteria and archaea.1–3 Upon infection, host bacteria 

employ the CRISPR-Cas system to integrate short 

fragments of invading nucleic acids as a spacer into 

the CRISPR loci. The CRISPR sequences are 

transcribed and processed into CRISPR RNAs 

(crRNAs) that guide Cas effector proteins to degrade 

foreign sequence upon subsequent invasion. The 

CRISPR-Cas systems are grouped into two classes 

based on the nature of the interference complex (multi-

subunits or a single protein), and further divided into 

dozens of types and subtypes according to the 

phylogeny and targeting nucleic acids.4 Pseudomonas 

aeruginosa possesses type I-C, I-E, and I-F CRISPR-

Cas systems to fend off invading phages and plasmids. 

Among these, the type I-F CRIPSR-Cas system is 

comprised of a DNA-binding CASCADE complex 

and an effector Cas3 protein.5 The CASCADE 

complex contains Cas5, Cas6, Cas8, and six Cas7 

subunits that assemble with crRNA. Once the 

CASCADE complex recognizes and binds to the 

target sequence, the Cas3 nuclease is recruited to 

process both strands of target DNA in a progressive 

manner. 

Bacteriophages have evolved different counter-
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defense mechanisms to neutralize the bacterial 

CRISPR-Cas machinery.6 Among others, anti-

CRISPR (Acr) proteins of phage origin directly inhibit 

the CRISPR-Cas function in host bacteria.7–9 AcrIF7 

first discovered in P. aeruginosa prophages 

effectively inhibits the type I-F CRISPR-Cas system 

of P. aeruginosa.10 The structure and mechanism of 

AcrIF7 have been recently reported by NMR 

spectroscopy and cryogenic electron microscopy.11,12 

In this report, we describe the backbone assignment of 

AcrIF7 using the triple-resonance NMR spectroscopy. 

We also describe a comparative analysis of structures 

and interfaces obtained from popular prediction 

programs and experimental data. 

 

 

Experimental Methods 

 

Sample preparation- The synthetic AcrIF7 (a.a. 1–67) 

gene was cloned into a modified pET28a vector with 

an N-terminal His6-tag and a maltose binding protein 

(MBP) tag followed by a tobacco etch virus (TEV) 

protease cleavage site. The plasmid was transformed 

into a BL21star(DE3) strain of Escherichia coli cells 

(Invitrogen), and the cells were grown in minimal 

media with 15NH4Cl and/or 13C6-glucose as sole 

nitrogen or carbon sources, respectively. Cells were 

grown at 37°C until the optical density at 600 nm 

reached 0.6, induced with 0.5 mM isopropyl-β-D-

thiogalactopyranoside at 17°C, and harvested by 

centrifugation after 16 hours of induction. Cell pellets 

were resuspended in 20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), pH 7.0, 300 

mM NaCl, 5 mM β-mercaptoethanol (BME) and 10% 

(w/v) glycerol. After cell lysis using Emulsiflex and 

centrifugation, the supernatant was loaded onto a 5-ml 

HisTrap-HP column (GE Healthcare) pre-equilibrated 

with the binding buffer (20 mM HEPES, pH 7.0, 300 

mM NaCl, 5 mM BME, 10% (w/v) glycerol and 30 

mM imidazole). The column was washed with the 

same buffer, and a linear gradient of imidazole (up to 

500 mM) was applied to elute the bound protein. The 

Figure 1. (A) 1H-15N HSQC spectrum of AcrIF7. The backbone amide resonances are annotated with the residue types and 

numbers. Residues at the binding interface for Cas8f are marked with red circles. Chemical shift perturbation plots from 

experimental shifts and those calculated by (B) SHIFTX2, and (C) SPARTA+. The binding interface of AcrIF7 for Cas8f are 

indicated with shaded boxes in orange. 
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N-terminal His6-MBP tag was cleaved by TEV 

protease and separated by the HisTrap-HP column. 

Protein was further purified by the size-exclusion 

chromatography using a HiLoad 26/60 Superdex 75 

column (GE Healthcare) equilibrated with buffer (20 

mM HEPES, pH 7.0, 150 mM NaCl and 2 mM 1,4-

dithiothreitol (DTT).  

NMR experiments and data analysis- The NMR 

sample of 0.7 mM 13C,15N-AcrIF7 was prepared in 20 

mM HEPES, pH 7.0, 150 mM NaCl, 2 mM DTT and 

10% (v/v) D2O. NMR spectra were recorded at 25°C 

on 800 and 900 MHz spectrometers equipped with a 

z-shielded gradient triple resonance probe. Sequential 

assignment of 1H, 15N and 13C resonances were 

Figure 2. Conformational difference and dynamic property of AcrIF7. (A) Structural alignment of free AcrIF7 (PDB 6M3N, 

green) and AcrIF7 bound to Cas8f (PDB 7JZX, cyan). Changes in β1–β2 loop and α1 helix conformations upon binding of 

AcrIF7 and Cas8f are highlighted by red arrows in the top panel. Major conformational differences are shown in bottom panels 

with key residues involved in the binding shown as sticks. Cas8f is shown in gray. (B) Cα RMSD between the free and Cas8f-

bound Acrf7 (top). The binding interface of AcrIF7 for Cas8f are indicated with shaded boxes in orange. The random coil index 

(middle) and order parameter (bottom) locate the dynamic regions as a function of residue number of AcrIF7. 
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achieved by three-dimensional triple resonance 

through-bond scalar correlation experiments 

CBCA(CO)NH, HNCACB, HNCO, HN(CA)CO, and 

HBHA(CO)NH. NMR spectra were processed using 

the NMRPipe,13 and analyzed using NMRview and 

NMRFAM-Sparky programs.14,15 Based on the 

experimental backbone chemical shifts, the backbone 

fold was predicted using a CS-Rosetta program.16,17 

Backbone random coil index (RCI) and order 

parameter were predicted using the TALOS+ program 

and the RCI web server.18,19 Structures were displayed 

using the PyMOL software (The PyMOL Molecular 

Graphics System, Version 2.0 Schrödinger, LLC.). 

 

 

Results and Discussion 

 

Backbone assignment of AcrIF7- AcrIF7 (67 amino 

acids) exhibited a well dispersed 2D 1H–15N HSQC 

NMR spectrum typically observed in compact folded 

proteins (Figure 1A). We performed the sequential 

assignment of backbone 1H, 15N, and 13C resonances 

of AcrIF7 using a combination of three-dimensional 

CBCA(CO)NH and HNCACB NMR experiments, 

and also HNCO and HN(CA)CO experiments.20,21 The 

backbone chemical shifts were completely assigned 

except for the Cα resonance of Ser30 and the Cβ 

resonance of Ser42 that were absent in the 

CBCA(CO)NH and HNCACB spectra. 

Based on the backbone chemical shifts, we initially 

attempted to generate a predicted backbone fold using 

the CS-Rosetta program. The predicted AcrIF7 fold 

exhibited a β-sheet with three β-strands with two 

flanking α-helices that were similar to our 

experimental structure. However, a closer examination 

revealed a distinct difference in the β-sheet topology. 

The experimentally determined structure of AcrIF7 

adopted a β1-β3-β2 sheet (Figure 2A), whereas the 

CS-Rosetta program produced a β1-β2-β3 sheet. In 

addition, CS-Rosetta failed to locate the long loop 

between β1 and β2 strands that was important to the 

binding to the target Cas8f protein. This contrasts our 

previous study where the CS-Rosetta fold and the 

solution structure of AcrIIA4 agreed well in the three-

dimensional topology of a β1-β2-β3 sheet22,23. It seems 

to us that the CS-Rosetta prediction have a preference 

toward sequential packing of β-strands. 

In the complex structure of AcrIF7 and Cas8f, AcrIF7 

blocks the DNA binding site of the Csy complex, 

competing with the protospacer adjacent motif of 

double-stranded target DNA. We attempted to 

calculate the amide resonance chemical shifts of 

AcrIF7 in complex with Cas8f using SHIFTX and 

SPARTA+ to assess the correlation of chemical shift 

perturbation and experimental binding interface.24,25 

SHIFTX predicts backbone and side chain chemical 

shifts based on empirical hypersurface approach 

combined with quantum mechanical calculations. 

SPARTA+ is a knowledge-based predictive method 

that calculates chemical shifts using analogous 

sequences and torsion angles in the public database. 

We calculated the chemical shifts of AcrIF7 in 

complex with Cas8f using both programs, and 

obtained chemical shift perturbation (CSP) of amide 

resonances by subtracting our experimental shifts of 

free AcrIF7. Neither of the calculated CSPs provided 

sufficient information on the binding interfaces, 

prompting a need for an improvement in the predictive 

parameters (Figures 1B and C). 

 

Differences in structural coordinates upon Cas8f 

binding and dynamics of AcrIF7- We compared the 

free and Cas8f-bound AcrIF7 structures to examine 

whether AcrIF7 undergoes conformational changes 

upon binding to Cas8f in the Csy complex. The 

structural alignment indicated that AcrIF7 mostly 

maintained its β1β2α1α2β3 fold of regular secondary 

structures regardless of Cas8f binding (Figure 2A). 

Notable conformational changes were observed in the 

β1–β2 loop region to avoid steric clash with Cas8f. 

The same loop also served a major binding interface 

for Cas8f, assisted by hydrogen bonds between Glu34 

of AcrIF7 and Arg24 and Lys119 of Cas8f. We 

previously showed that Asp13 and Glu34 of AcrIF7 

were important to Cas8f binding from mutagenesis 

combined with calorimetric measurements for binding 

affinity. Indeed, those residues participated in the 

binding interface via hydrogen bonds to Arg24, Lys71, 

and Lys119 of Cas8f.11,12 

The root-mean-square deviations of Cα positions 

between the free and Cas8f-bound AcrIF7 structures 

showed that the long β1–β2 linker loop (residues 10–
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18) and the β2–α1 loop (residues 23–28) exhibited 

larger differences (rmsd > 2 Å) than the rest of the 

molecule (Figure 2B). We note that those residues with 

largest differences in the structural coordinates form 

the main binding interface for the Cas8f interaction. In 

order to find out whether the conformational changes 

are related to the dynamics of AcrIF7, random coil 

index (RCI) and predicted order parameter (S2) of 

AcrIF7 were obtained from the chemical shift of 

AcrIF7. We note that the binding interface for Cas8f 

exhibits relatively high RCI and low S2, indicating that 

the binding interfaces of AcrIF7 are dynamic and 

flexible. It has been reported that dynamic loop 

regions of AcrIIA4 also constitute the binding 

interfaces for type II-A Cas9.20 It is interesting that the 

dynamic feature also appears at the end of the α1 helix 

(residue 35–37) that is part of the binding interface for 

Cas8f. We speculate the conformational plasticity of 

AcrIF7 may facilitate its target recognition and tight 

binding. Given that the sequences of those binding 

interfaces are well conserved among AcrIF7 homologs, 

we suppose that flexible loops play an important role 

for the AcrIF7–Cas8f interaction across different host 

strains. 

In summary, we obtained the backbone chemical shifts 

of AcrIF7 using established strategies of sequential 

assignment, and employed the chemical shifts to 

investigate the conformations and dynamics of AcrIF7 

via computational and experimental analysis. While 

AcrIF7 adopted a compact backbone fold, it was the 

dynamic regions that served as the binding interface 

for Cas8f to inhibit target DNA binding. Further 

analysis of backbone dynamics using relaxation 

parameters, and descriptions of μs-ms and ps-ns time-

scale motions might provide useful information for 

understanding molecular mechanism of Acr proteins. 

Our finding suggests a link between dynamics and 

function of Acr proteins, which likely evolved during 

the arms race between phages and bacteria. 
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