
anti-CRISPRs. Previous work has shown
that CRISPR loci sometimes contain
spacers complementary to locations in
their own genome, which should result in
autoimmunity (i.e., crRNA-guided target-
ing of the bacterial genome) (Stern and
Sorek, 2011). However, Rauch et al.
(2017) hypothesize that bacterial lysogens
(strains containing an integrated pro-
phage) might contain anti-CRISPRs that
block the autoimmune reaction (Figure 1).
To find these inhibitors, they search cas9-
containing genomes for co-existence of a
spacer and a complimentary target. This
analysis leads to the discovery of four
unique anti-CRISPRs that inhibit the type
II-A CRISPR-Cas9 systems (i.e., acrIIA1,
acrIIA2, acrIIA3, and acrIIA4). Like Pawluk
et al. (2016a), Rauch and colleagues do
not miss the opportunity to demonstrate
how these anti-CRISPRs might be useful
for controlling Cas9 activity. They show
that two of these proteins can be used
to block crRNA-guided DNA binding in
bacterial cells and that these same AcrIIA
proteins also block Cas9-mediated target
DNA cleavage in human cells, including
Cas9 from Streptococcus pyogenes
(SpyCas9), which is currently the most
widely used Cas9 for genome editing.

Together, these two papers build on a
foundation of work that has repeatedly
shown that the interfaces of genetic con-
flict are hotspots for biological and
biotechnological innovation. InVanValen’s
original paper outlining his conception of
the Red Queen Hypothesis, he notes that
his biological observations are directly
analogous to Newton’s third law of motion
(reminder: ‘‘For every action, there is al-
ways an equal and opposite reaction’’).
Bacteria have evolved sophisticated
CRISPR-based immune systems in re-
sponses to phage predation, and phages
evolved anti-CRISPRs that neutralize
these immune systems. But this tit-for-tat
will not stalemate at a standoff between
CRISRPs and anti-CRSIPRs, so keep an
eye out for the anti-anti-CRISPR.
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Shining a Light on Phase Separation in the Cell
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Phase separation of proteins is recognized as an important aspect of cellular organization and
disease mechanisms. Shin et al. introduce a novel optogenetic tool, which enables different
phase-space regimes inside living cells to be assessed and the transition paths between them to
be studied with unprecedented spatiotemporal control.

That proteins can change phases comes
as no surprise to biochemists who dread
the nightmare of protein precipitation nor
to crystallographers who depend on
controlled protein aggregation into a crys-
talline state for their studies. Yet, phase
separation of proteins is a relatively new
concept in cell biology and is encountered

under a variety of guises depending on
context. For example, two P granules,
membraneless cellular bodies that exhibit
many characteristics of a distinct liquid
phase within a cell cytoplasm (Brang-
wynne et al., 2009), can coalesce into a
single larger one. More generally, phase
separation—a property of fluids that any

of us can observe as droplet formation
after mixing oil and vinegar—is now
recognized as an effective compartmen-
talization strategy for the cell as it facili-
tates localized high concentrations of
specific proteins and factors, including
RNAs. At the same time, the dynamic
nature of these membraneless droplets
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maintains a continuous exchange of
molecules with the surrounding cellular
milieu. Quantitative studies of these pro-
cesses within cells have been limited,
but in this issue of Cell, Shin et al. (2017)
introduce a novel optogenetic tool that
allows unprecedented spatiotemporal
control of phase transitions inside
living cells.

Several studies in recent years have
contributed to our understanding of the
factors involved in the formation and
maintenance of these discrete, mem-
braneless ‘‘reaction centers,’’ which
include tuning of protein concentration,
binding strength, the number of interac-
tions that can be formed (multivalency),
salt conditions, crowding, and tempera-
ture (for a review, see Hyman et al.,
2014). However, due to the emerging na-
ture of those discoveries, our understand-
ing of how phase separation of large bio-
molecules like protein and RNA makes
integral functional contributions to living
cells is undermined by a lack of tools
that can simplify this complex system
and enable specific in vivo processes to
be probed, controlled, and tested.

The approach presented by Shin et al.
(2017), termed optoDroplet, is based on
fusing a phase-separating protein of inter-
est with the photolyase homology region
of Arabidopsis thaliana cryptochrome 2
(CRY2), which self-associates upon illu-
mination with blue light. The light dose
offers a powerful way to control the

strength of protein self-association and
thus to trigger phase separation (see
Figure 1). The authors demonstrated their
optogenetic approach on aggregation-
prone (phase separation prone) domains
from three proteins—FUS, HNRNPA1,
and DDX4—studied as protein fusions
with CRY2 and GFP. GFP serves here as
a convenient readout of protein concen-
tration. Modulating the light dose, the au-
thors mapped the conditions under which
liquid to liquid phase separation, i.e.,
droplet formation, can occur. Notably,
they discovered sharp boundaries where
switch-like behavior demarking phase
separation was observed, in agreement
with previous studies (Molliex et al.,
2015; Nott et al., 2015).
However, recent studies have high-

lighted that phase separation is not a
black and white scenario. A liquid-to-
solid phase transition yielding more
fibrillar, amyloid-like aggregates, poten-
tially linked to aging of the droplets, can
cause loss of the dynamics seen within
the liquid phase (Lin et al., 2015; Patel
et al., 2015). The optoDroplet system
can also induce phase-separated states
with arrested dynamics in live cells. Use
of high illumination power drove phase
separation far beyond the liquid phase
separation boundary, resulting initially
in gel-like aggregates with irregular
morphology that could dissolve over
time. The subsequent observation that
multiple cycles of gel assembly triggered

the irreversible formation of aggregates
led the authors to suggest that the gel
state and not the liquid state promotes
the formation of static aggregate struc-
tures. This intriguing suggestion therefore
has implications for our current under-
standing of the development of patho-
genic phenotypes linked to amyloid
appearance such as Alzheimer’s and
amyotrophic lateral sclerosis.
A challenge of phase separation is that

it extends the number of supramolecular
states—the phase space—that we need
to consider when thinking about cell bio-
logical mechanisms and distinguishing
artifacts from physiological states. As
the optoDroplet approach allows precise
tuning of key parameters affecting phase
separation, the authors were also able to
develop models to assess the entire con-
centration and light dependent phase
space (a 2D phase diagram) and use it
to predict in vivo behavior of proteins
that were then validated. While it is a
long way to go from the custom-designed
optoDroplet protein system to the full
complexity of the cell, the quantitative
description of the phase space is exciting.
Such approaches will increase our ability
to compare studies done under diverse
conditions by different labs and might
help to reconcile seemingly conflicting
results in the literature.
Since establishedoptogeneticmethods

offer a plethora of genetically encoded
tools, extending the technique to enable

Figure 1. Making Phase Transitions Tunable
In this study, Shin et al. (2017) show how light can be used to tune phase separation processes in the cell (e.g., from a liquid state to a solid state etc.). A light-
activated tool that responds to different levels of illumination enables investigation of a range of outputs, such as physiological and pathogenic cellular states. This
permitsmodulation of one parameter out ofmany that are important for phase separation. Cells are shownwith examples of different phase separation processes
ongoing.
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multicolor control would be a feasible
development to broaden our ability to
probe multicomponent systems, such as
those recently discovered for nucleoli
and stress granules. These cellular bodies
appear to be composed of phase-sepa-
rated structures formed from a static
gel-like core surrounded by a dynamic
liquid phase (Feric et al., 2016; Jain
et al., 2016).
However, even the most sophisticated

light-based control mechanisms will only
be able to resolve parts of the mysteries
around phase separation. It is intriguing
that many liquid-liquid phase separating
proteins contain intrinsically disordered
domains (IDD), which lack stable structure
in their native state, as well RNA binding
domains (RBB). In fact, the underlying
design principle of the fusion construct
presented by Shin et al. (2017) was to
swap the RBB domain with CRY2 and
fuse this to the IDD domain of FUS,
HNRNPA1, and DDX4. Future studies
combining the optoDroplet method with
systematic mutagenesis could enable a
better understanding of the functional
relevance of sequence composition and

complexity of the IDD. However, the very
design of the optoDroplet tool precludes
asking at the same time what role the
properties of RNA play. As RNA mixtures
are frequently added to in vitro phase
separation experiments and are abundant
in many of the cellular bodies studied
for phase separation, questions about
whether it is an important but inert
bystander or what specific aspects of
RNA structure or chemistry are critical
for functional phase separated droplets
still remain to be investigated. Right
now, our tools to control and study RNA
function are underdeveloped compared
to proteins.
With the innovative concept introduced

here, the authors have ushered in a
new generation of in vivo, quantitative,
phase separation studies, which will
hopefully shed light on the physio-
logical and pathogenic aspects of such
processes.
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Extracellular membrane vesicles from bacteria are now shown to transfer phage receptors from
susceptible to resistant cells, thus making them transiently sensitive to phage infection (Tzipilevich
et al.).

Viruses that infect bacteria, or phages,
play key roles in microbial ecology and
apply constant evolutionary pressure on
bacterial communities. Phage infection
begins with the attachment (adsorption)
of the virus to its cognate receptor—an
extracellular molecule on the bacterial
cell envelope. This adsorption is followed
by injection of the viral genetic material
into the bacteria, expression of phage
genes and phage DNA replication, and

eventually, virion assembly and cell lysis.
The presence of the phage receptor on
the bacterial cell is essential for phage
attachment, and without it, no infection
can take place. Indeed, lab evolution ex-
periments and metagenomic studies of
natural populations have demonstrated
that development of bacterial resistance
to phage is very frequently achieved by a
mutation in the phage receptor, prevent-
ing phage adsorption and prohibiting

infection (Avrani et al., 2011; Mizuno
et al., 2014). In this issue of Cell, Tzipile-
vich et al. (2017) report that bacteria lack-
ing phage receptors can become tran-
siently sensitive to phage and get
infected. This is mediated by membrane
vesicles, released from phage-sensitive
cells, which carry the phage receptor
and transfer it to the resistant cells.

The study of Tzipilevich et al. (2017)
begins with the observation that, when
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