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GENOMICS

WHERE THE G-QUADRUPLEXES ARE
A new sequencing method identifies G-quadruplexes genome wide.

Shankar Balasubramanian has been studying G-quadruplexes for a long time—15 years 
by his count—with many methodological successes along the way. He and his team at 
the University of Cambridge now show that it is possible to locate these structures, knot-
like stacks of guanine tetrads held together by hydrogen bonds, throughout the genome.

G-quadruplexes, also called G4s, are diverse structures made from one, two or even four 
unconnected DNA strands. Between the tetrads there can be long loops and bulges—
features usually associated with the more flexible RNA molecule. (RNA also forms G4s.) 
This diversity means that guanines can be separated in the linear sequence and makes 
it difficult to computationally predict where G4s form. “Once you can tolerate a lot of 
discontinuities, the universe of possibilities becomes enormous,” says Balasubramanian.

Their G4-sequencing (G4-seq) approach is based on the fact that G4s can block 
polymerases, similar to the principle behind polymerase stop assays that have been 
used to query individual structures. “The key was to find near-native conditions under 
which one would expect these structures might form, and find conditions under which 
these structures would be disfavored,” explains Balasubramanian. Physiological levels of 
potassium stabilize G-quadruplexes, but sodium or lithium at the same ionic strength 
have the opposite effect. The small molecule pyridostatin stabilized G4s even more.

To start, genomic DNA is sequenced under disfavoring conditions on an Illumina flow 
cell to determine the identity of every fragment. The synthesized strand is then peeled 
away and sequenced again under G4-favoring conditions. The polymerase begins adding 
gibberish bases when it reaches a stable G4, causing sudden discontinuities in base 
quality and sequence identity. 

In primary human B lymphocytes, G4-seq sites agreed well with computationally 
predicted G4s, but their number more than doubled to over 716,000 despite a 

NEUROSCIENCE

Algae are the best engineers of 
optogenetic inhibitors
Anion channelrhodopsins, recently discovered in cryptophyte algae, can be used as 
highly efficient optogenetic tools to inhibit neurons.

Optogenetic tools such as channel-
rhodopsin 2 (ChR2) have been widely and 
successfully used to stimulate neural activ-
ity in response to light. In contrast, inhibi-
tory tools are much less efficient at silenc-
ing neurons. John Spudich and colleagues 
at the University of Texas Medical School 
in Houston have now discovered natu-
rally occurring anion channelrhodopsins 
(ACRs) in the alga Guillardia theta that can 
act as highly potent optogenetic inhibitors 
in neurons.

Optogenetic tools come in different fla-
vors, but none is highly efficient at inhibi-
tion, which requires pumping protons or 
allowing anions such as chloride to flow 
into the cell. Spudich explains that Arch 
proton pumps and related tools transport 
only one charge per absorbed photon, resulting in limited signaling capacity. Ion transport 
can be more efficient through light-gated channels, and so chloride channels such as ChloC 
and iC1C2 were engineered from cation channelrhodopsins (CCRs) by changing gating 
and channel pore amino acid residues. However, they are not exclusively anion selective 
and have only a fraction of the conductivity of the CCRs from which they were derived. 

Ion permeability of CCRs and ACRs. CCR structure 
adapted from Kato, H.E. et al. Nature 482, 369–
374 (2012), Nature Publishing Group.
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conservative detection cutoff. A large subset consisted of noncanonical G4 structures 
that are computationally difficult to detect, and these were enriched in gene bodies. The 
researchers also confirmed some novel G4s using biophysical methods.

It is not possible to know what fraction of all possible structures G4-seq detects 
or which structures form in the cellular environment. Sites found using pyridostatin 
reflect its unique structural specificity and do not overlap exactly with those detected 
using potassium. But Balasubramanian notes that their assay identifies motifs that are 
sufficiently stable in near-physiological conditions to perturb a biochemical mechanism, 
akin to polymerase stalling at replication forks, for instance.

What do these kinks in the DNA do? “For the moment, there are opinions,” says 
Balasubramanian. Some believe that the structures are irrelevant, but that is rapidly 
becoming the minority position. It is “an empirically observed fact that [G-quadruplexes 
are] enriched in regulatory regions,” says Balasubramanian, adding that “there are a lot 
of smoking guns for a link between quadruplexes and genome instability.”

There are implications for disease: the structures are over-represented in cancers, and 
the G4-seq work identified G-quadruplexes in the cancer-related genes BRCA1, BRCA2 
and MAP3K8. Balasubramanian hypothesizes that G4s play a role in cancer by promoting 
genome instability or by creating genetic dysfunction because resolvase-type enzymes 
that normally remove G4 structures are depleted in tumors.

The researchers are working to pin down mechanisms and put G4 formation in a 
cellular context, using immunoprecipitation-based enrichment, for example. Their work 
may eventually have a practical benefit. “What I’d like to understand is whether this 
link to G-quadruplexes, cancer and all the genes that may be players in the process could 
present an opportunity for a therapeutic paradigm,” says Balasubramanian.
Tal Nawy
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Chambers, V.S. et al. High-throughput sequencing of DNA G-quadruplex structures in the human genome. 
Nat. Biotechnol. 33, 877–881 (2015).

Spudich has spent decades studying phototaxis in microorganisms, a process that 
depends on rhodopsins in many bacteria and algae. The genome of the cryptophyte alga 
G. theta contains more than 50 genes encoding microbial rhodopsins, but their similarity 
to channel rhodopsins is low. Nevertheless, Spudich’s team noticed that a few genes har-
bored signature residues at key positions. Two of these genes, which they named GtACR1 
and GtACR2, encode channels that could produce large currents when illuminated. To 
the team’s surprise, these channels turned out to be exclusively anion selective, making 
them the first described naturally occurring light-sensitive chloride channels.

GtACR1 and GtACR2 absorb green and blue light with peaks at 515 nm and 470 nm, 
respectively. They can conduct up to eightfold-larger current than that of the commonly 
used cation channelrhodopsin ChR2. When compared to the engineered chloride channels 
or the proton pump Arch, the GtACRs require less than a thousandth of the light to conduct 
the same current.

Spudich and his team demonstrated that GtACR2 is an efficient optogenetic tool for tempo-
rally precise neural inhibition. The channel expresses well in cultured hippocampal neurons 
and does not impair neural morphology. In patch-clamp experiments, GtACR2 efficiently 
suppresses spike formation and is even capable of suppressing long series of spikes in a neuron 
firing at a high frequency, depending on the duration of light exposure, whereas the engineered 
channel ChloC does not fully inhibit spiking. Spudich hypothesizes that the channel pore in 
the naturally occurring chloride channel is adapted to anion transport, whereas the engineered 
chloride channels have been minimally altered from their cation-transporting precursors.

It will be interesting to see how the GtACRs perform in vivo; efficient optogenetic inhibitors 
are urgently needed. In the long run, Spudich also envisions clinical applications for GtACRs—
for example, in treating patients with pathologies involving hyperactive neurons.

The discovery of ACRs underscores the importance of basic research. As Spudich says, 
“ACRs are one more stunning example of nature providing us a far better machine than we 
know how to engineer—a strong argument for maintaining biodiversity and for exploring it.”
Nina Vogt
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optogenetics. Science 349, 647–650 (2015).
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