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The final cut: Cas9 editing
The ability of CRISPR-Cas9 to accurately and efficiently target and cleave any segment of double-stranded DNA 
based solely on the sequence of its loaded guide RNA has revolutionized genome editing. While many structural 
studies have shed light on the atomic details of DNA targeting, structures of the enzyme poised to perform 
catalysis have remained elusive. In this issue, Zhu, Clarke, Puppala et al. provide snapshots of the enzyme in action 
as it performs concerted cleavage of a target DNA1.

David W. Taylor

CRISPR (clustered, regularly 
interspaced, short palindromic 
repeats) and CRISPR-associated 

proteins (Cas) form RNA-guided 
surveillance complexes that target foreign 
nucleic acids for destruction as part of an 
adaptive immune system in bacteria and 
archaea. CRISPR-Cas systems are bifurcated 
into two classes, which can be further 
subdivided into myriad types and sub-types. 
Class II CRISPR-Cas effectors have garnered 
widespread attention because they need  
only a single polypeptide to recognize 
and cleave target DNA. Streptococcus 
pyogenes Cas9 (SpCas9) is the is the best-
characterized member of this class and 
remains one of the most widely used 
gene-editing technologies. Following the 
foundational discovery that SpCas9 requires 
both a guide CRISPR RNA (crRNA) and a 
trans-activating crRNA to create a double-
stranded break in DNA and that these 
RNAs can be fused into a single guide RNA 
(sgRNA) molecule that retains function2, 
it was almost immediately repurposed for 
genome-engineering applications3–5.

The first structural studies of the enzyme 
by X-ray crystallography and electron 
microscopy (EM) showed that apo-SpCas9 
(not loaded with nucleic acids) is bi-lobed 
and flat along its longest dimension and 
that the placement of the two nuclease 
domains is incompatible with DNA 
cleavage6. Low-resolution EM structures 
uncovered a dramatic, large-scale structural 
rearrangement that occurs after binding 
of crRNA and trans-activating crRNA to 
create a channel for DNA recognition. Later, 
atomic-resolution structures of SpCas9 
in complex with an sgRNA, a target DNA 
strand with and without a small segment 
of the non-target strand to mimic the 
protospacer-adjacent motif (PAM) (a strict 
requirement for target binding), and a 
complete dsDNA target began to shed light 
on the mechanism used by SpCas97–10.  
These structures showed that the gRNA 

molecule is pre-ordered in a helical  
fashion for binding the target strand, 
important residues of the protein read 
out the PAM sequence, and unwinding 
of the DNA duplex is either facilitated 
or stabilized by dramatic bending of the 
DNA. Importantly, none of these structures 
captured the HNH nuclease properly 
positioned on the target strand or the 
arrangement of residues for catalysis of the 
target strand or non-target strand by the 
HNH nuclease domain or RuvC nuclease 
domain, respectively.

In this issue, Zhu, Clarke, Puppala et al. 
use cryo-EM to determine the near-atomic-
resolution structures of intermediates along 
the reaction pathway of the SpCas9 enzyme1. 
These structures provide an unprecedented 
series of SpCas9 ‘snapshots’ during 
cleavage of a substrate DNA molecule 
(Fig. 1). After imaging a single cleavage 
reaction and performing extensive three-
dimensional classification and refinement 
of individual particles, the authors identify 
three predominant states: state I represents 
a checkpoint intermediate that precedes 
HNH- and RuvC-mediated cleavage, while 
states II and III show rearrangements that 
occur immediately following catalysis and 
conversion to a subsequent product-bound 
intermediate. Large-scale rearrangements 
and domain stabilization that are coupled 
during enzyme activity play key roles in 
regulating SpCas9’s cleavage efficiency  
and specificity.

The checkpoint intermediate that 
immediately precedes catalysis shows that 
the active site of the HNH domain is both 
~30 Å away from and rotated ~180° with 
respect to the cleavage site in the target 
strand (Fig. 1a). Importantly, the REC2 
domain is sterically blocking access to this 
DNA strand at this point. Subsequent to 
cleavage, the post-catalysis state shows that 
the HNH domain has undergone a dramatic 
rearrangement and has aligned side chains 
and a putative Mg2+-binding pocket for 
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Fig. 1 | Snapshots of Cas9 in action. a, Loading 
of gRNA (here, sgRNA) into SpCas9 licenses 
the enzyme for binding of double-stranded 
DNA. The HNH domain remains disordered in a 
checkpoint state while the enzyme investigates 
complementarity between the gRNA and the 
double-stranded DNA target molecule. b, After 
sequence verification and cleavage, the enzyme 
converts into its post-catalysis conformation. The 
REC2 domain dissociates from the target strand, 
and the HNH domain undergoes a large-scale 
structure rearrangement, placing the catalytic 
residues in line with the phosphodiester backbone. 
c, In the product state, SpCas9 is reset to a 
checkpoint-like intermediate in which the REC2 
domain becomes reordered and the target strand 
and non-target strand are held by the REC2–REC3 
domains and RuvC domain, respectively. These 
interactions are probably responsible for the 
unusual stability of Cas9 bound to target DNA.
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We have already experience with most of them…
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Using CRISPRs to record cellular states

Assaying the order of 
transcriptional events in cells

using CRISPR/Cas9 



Silvo Conticello’s Lab
s.conticello@ispro.toscana.it

the tinkerers…
FRANCESCA  NICCHERI 

UDAY  MUNAGALA

MARTINA  CHIECA 
SALVATORE   DI GIORGIO 
FRANCESCO  DONA TI 
GAIA LEM BO
RICCARDO PECORI

FILIPPO  MARTIGNANO 

DANILO TARANTINO
ANTONIA  ROMITELLI 

KATIA CaPITANI

SERENA ToRRINI
JUAN  PALOMINO


