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how well protected it is from epigenome
reprogramming.

The effects that methylation editing have on
thebodyingeneral should also be considered.
Forinstance, the metabolic traits thatarise in
Takahashi and colleagues’ animals can them-
selves lead to widespread epigenetic changes’
—these might contribute to the observed TGI.
And Ankrd26 is normally expressed inimma-
ture spermand in the ovaries, soitis possible
that Ankrd26 silencing itself contributes to
alterations in epigenome reprogramming.

Takahashi and colleagues’ approach to
methylation enables targeted interrogation
of genomic features that might beinvolvedin
TGI. The next stepsinclude characterizing how
the molecular landscape (epigenetic modifi-
cations, 3D chromatin organization and more)
and the underlying DNA sequence together
contribute to protecting edited genes from
the reprogramming machinery. The authors’
approach should alsobe used to study the her-
itability of epigenetic marksin disease-linked
genes. Identifying the mechanismsthatlink a
parent’saccumulation of epigenetic marks to
an offspring’s development and health could
make huge waves in our understanding of
inherited disease.
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Structural biology

Earliest molecular events
of visionrevealed

Marius Schmidt & Emina A. Stojkovi¢

Light-sensitive proteins called rhodopsinsin the vertebrate
eye initiate the cellular processes of vision. Leading-edge
crystallography experiments have revealed the molecular
mechanism by which light activates these proteins. See p.939

Most vertebrate animals depend on vision to
navigate their environment and avoid preda-
tors. Inthe vertebrate eye, light is converted
into electrical signals by a receptor protein
known as rhodopsin, which spans the mem-
branes of rod cells in the retina; the electrical
signals are then processed in the brain to gen-
erateamentalimage. The ‘master switch’ that
responds to light and activates rhodopsin is
a pigment called retinal?— an organic cofac-
tor and derivative of vitamin A. On page 939,
Gruhl et al.? report ultrafast, time-resolved
crystallography experiments that show how
this switch is flipped, finally revealing the

“Thisis thefirstdirect
visualization of
retinal isomerization
inamammalian
rhodopsin protein.”

molecular mechanism of rhodopsin activation.

Rhodopsins are found in all three domains
of life, and consist of an opsin protein cova-
lently linked to retinal. Animal rhodopsins
areaspecialized subset of G-protein-coupled
receptors (GPCRs), a large family of proteins
that mediate cell responses to external stimuli.
Defects in the gene that encodes human rho-
dopsin cause eye diseases such as retinitis
pigmentosa*and congenital stationary night
blindness®.

Thefirstamino-acid sequence forarhodop-
sinwas reportedin1982, for the bovine version
of the protein®. In 1993, the first glimpse of
the 3D structure of an animal rhodopsin was
revealed by 2D electron crystallography’, and
a high-resolution (2.8-dngstrém) structure
became available® in 2000. The structures
show that rhodopsins consist of seven trans-
membrane a-helices, with the amino termi-
nus on the outside of the cellmembrane, and
the carboxy terminus inside the cell' (Fig. 1a).
Retinal is attached to an evolutionarily
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conserved lysine amino-acid residue.

When rhodopsin is exposed to light, the
retinal cofactor absorbs a photonand usesthe
energy to isomerize from one form (known
as the 11-cisisomer) to another (the all-trans
isomer). The resulting change of molecular
configuration causes the opsin protein to
undergo a series of conformational changes.
Despite decades of attempts, no one had
directly observed thisisomerization reaction
inreal time.

Intheeye, all-transretinal is ejected from the
opsin protein and enzymatically recycled back
tothe functional 11-cisretinal; thisis then com-
bined with another rhodopsin molecule for
further use. Suchreconstitution of the retinal
is not possible in the rhodopsin crystals used
for structural studies, and the isomerization
reactionisthereforeirreversible. This hasbeen
the biggest challenge to time-resolved crys-
tallographic investigations of the reaction:
oncearhodopsincrystalhasbeen exposedto
asingle pulse of laser light, irreversible retinal
isomerization occurs and anew crystal hasto
be mounted on a goniometer (a device that
orientsthe crystalin the X-ray beam) for study,
which is experimentally impractical.

The problem has been solved® for another
type of light-activated protein using a tech-
nique called time-resolved serial femtosecond
crystallography (TR-SFX), which requires
X-ray free-electron lasers (XFELs). These
facilities produce ultra-short, highly intense
X-ray pulses, only one of which is required to
generate a diffraction pattern from a protein
microcrystal; each pulse lasts just femtosec-
onds, where1fsis10 ™ seconds. Any radiation
damage caused by the intense X-ray pulse is
negligible, because the ultrashort pulses
terminate before damage can be done to the
crystal'®,

In TR-SFX, alarge number of microcrystals
aredelivered foranalysis by aliquid jet, one by
oneandinrandom orientations, avoiding the
need for macroscopic crystals to be mounted
onagoniometer. For studies of light-sensitive
proteins, each microcrystal is first subjected
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Figure1|Switching on the light-sensitive rhodopsin protein. In the vertebrate
eye, the transmembrane protein rhodopsin initiates the cellular processes

that lead to vision. It consists of a pigment molecule (retinal) covalently bound
toanopsin protein. Gruhl et al.® report a time series of structures of bovine
rhodopsin taken before and after the retinal molecule has absorbed light.

a, This structure shows rhodopsin in the dark, before exposure of the protein

to light; ribbons represent a-helices. The structures in grey at the cell exterior
represent attached sugars; those in the cell membrane are groups that anchor
the protein to the membrane. b, The dark-state retinal (red molecule) forms

to an intense laser pulse, and then probed
by a single X-ray pulse from the XFEL. In this
way, a time-resolved crystallographic data
set can be assembled from tens of thousands
of diffraction patterns, each obtained from
adifferent microcrystal. Reversible and irre-
versiblereactions canbe studied by TR-SFX on
the same footing, because each microcrystal
isdiscarded after exposure to the single X-ray
pulse and replaced by a new, pristine one.

Gruhl et al. now report the first direct
visualization of the retinal isomerizationin a
mammalian rhodopsin, using the state-of-the-
art XFELs at SwissFEL in Villigen, Switzerland,
and at the SACLA facility in Harima Science
Garden City, Japan. The authors isolated
rhodopsin from cow retinas and crystallized
it in a viscous medium known as a lipidic
cubic phase (LCP), which strongly supports
the crystallization of membrane proteins.
The resulting LCP paste containing rhodop-
sinmicrocrystals was extruded as athinjet for
TR-SFX analysis.

One potential issue with this approach is
that the retinal might absorb more than one
photon from the optical laser pulse, thereby
becoming damaged. To alleviate this con-
cern, the authors carefully measured the
heat released after the retinal had absorbed
light fromthelaser pulse, and concluded that
the amount released is commensurate with
absorption of asingle photon.

Gruhl and colleagues took a series of
‘snapshots’ of retinal isomerization, and the
resulting structural changes of the rhodop-
sinusing XFEL pulses produced 1 picosecond
(1psis10*?seconds), 10 ps and 100 ps after
the optical photon was absorbed by retinalin
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the rhodopsin microcrystals. The snapshots
reveal that structural rearrangements of the
retinal molecule at 1 ps are compatible with
isomerization occurring through the abor-
tion of a previously proposed ‘bicycle pedal’
mechanism™. The upshot of thisis that,at1ps,
the isomerized all-trans retinal fills the same
volume as the1l-cisretinal doesin the dark, but
no longer forms the interactions (hydrogen
bonds and van der Waals interactions) with the
protein that prevent rhodopsin fromgenerat-
ingasignal (Fig.1b,c). Afterisomerization, the
protein disperses excess energy not needed
for isomerization through an evolutionarily
conserved pathway — asequence of structural
changes — that hasbeen identified”?in various
other GPCRs. The snapshots show that this
process is almost complete by 100 ps.

The light-induced structural changes
observed around the retinal are similar
to those observed in structurally related,
light-activated retinal-binding proteins from
bacteria and archaea®. The findings suggest
that retinal-binding proteins, regardless of
their evolutionary origin and types of isomeri-
zation, disengage the retinal from their central
transmembrane helix before further activa-
tion processes occur. The authors observed
other structural rearrangements occurring
elsewhere inrhodopsin, which are also simi-
lar to those seen in TR-SFX studies on related
proteins in bacteria and archaea®.

Events happening within less than 1ps
in rhodopsin should now be characterized.
Such structural changes need to be related
to conformational changes on longer, nano-
second-to-millisecond timescales, to reveal
the complete mechanism of rhodopsin’s
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interactions (dotted lines) with many amino-acid residues, and thereby prevents
the protein from generating signals to the brain. The lysine residue to which
retinal is covalently bound is also shown, with its side chain. ¢, This structure
shows retinal 1 picosecond (1 psis 102 seconds) after it has absorbed light. The
molecule hasisomerized at the bond between carbons 11and 12, causing the
conformation of the molecule to twist. This reduces the number of interactions
with surrounding residues, and triggers a series of conformational changes in the
protein (not shown) that lead to rhodopsin activation and vision. (a, Paul Scherrer
Institut; b and c adapted, respectively, from Fig. 3b and 3d of ref. 3.)

response to light. It might also be possible to
investigate the activation and enzymology of
transducin — the G protein that is bound to
and activated by rhodopsin in the cytoplasm
of rod cells — by using time-resolved crystal-
lography to study the rhodopsin-transducin
complex. These investigations will cast light
on the activation mechanisms for all GPCRs
related to rhodopsins.
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