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double helix, proposed by Sternberg et al.6 to 
be a Brownian ratchet motion that forms the 
R-loop structure present in the active form of 
the Cas9 complex (Fig. 1d).

Competition assays using DNAs of vary-
ing sequence and length show that the PAM is 
required not only for stable Cas9-DNA asso-
ciation but also for efficient DNA cleavage. A 
single-stranded DNA target is cleaved much 
more slowly than a double-stranded DNA 
substrate. In a hybrid substrate containing a 
short double-stranded sequence adjacent to the 
single-stranded target, the presence of a PAM 
sequence in the noncomplementary strand 
activates the target for cleavage. This is an 
important observation as it suggests that there 
might be a second PAM-mediated checkpoint 
in target specificity. It also highlights the need 
for further work to achieve a high-resolution 
structural analysis of the whole Cas9-DNA-
RNA complex, including the PAM-containing 
strand, to visualize whether a PAM-dependent 
rearrangement is required for activation.

Although some tolerance for target mis-
match is no doubt desirable in the context of 
phage resistance, the opposite is true for gene 
editing or gene modification applications. 
The three new studies provide the functional 
and structural foundation for analyzing and 
optimizing the specificity of Cas9 targeting. 
Given the requirement of the PAM for both 
targeting and activation, swapping individual 
PAM interacting motifs among different Cas9 
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proteins is one possible approach. Another is 
fusing Cas9 to other DNA binding domains 
as a means of enhancing specificity, similar 
to what has been done for homing endonu-
cleases11. As these examples indicate, there are 
many exciting directions for engineering Cas9 
to modulate the specificity of DNA recognition 
and cleavage.
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