
In the absence of a red-sensitive 
visual pigment, some deep-sea 
fish use a chlorophyll derivative 
in their green-sensitive rod cells in 
order to see deep-red light1–3. Here 
we show that living rods extracted 
from a salamander can also accu-
mulate an exogenous chlorophyll 
derivative, chlorin e6, that renders 
them as sensitive to red light as 
they are to green. This vision 
enhancement by an unbleachable 
chlorophyll derivative might there-
fore be a general phenomenon in 
vertebrate photo reception.
The outer segments of rod cells 
are rich in rhodopsin: this visual 
pigment consists of retinal, a form 
of vitamin A that isomerizes when 
it absorbs light, and opsin, a pro-
tein that changes shape in response 
to retinal isomerization, which 
triggers a signal. 
We measured the absorbance 
spectra of individual rods from tiger 
salamanders (Ambystoma tigrinum) 
by microspectrophoto metry (for 
methods, see supplementary infor-
mation). Absorbance peaked at 
wavelengths of 520 nm and 278 nm, 
owing to the retinal chromophore 
and the opsin, respectively. 
When rods were preincubated 
with chlorin (Fig. 1a), we found 
that chlorin targeted the rhodopsin-laden outer 
segments of the rods; it increased absorbance at 
278 nm, and added peaks at 402 nm and 668 nm 
(Fig. 1b). The peak at 520 nm was unchanged, so 
if chlorin did bind to rhodopsin, it did so with-
out influencing the retinal chromophore or the 
binding pocket that spectrally tunes rhodopsin. 
The slight increase in absorbance of 278-nm 
light indicates that chlorin may be perturbing 
aromatic residues on the surface of rhodopsin.
We selected cells with the highest chlorin con-
tent (chlorin:rhodopsin ratio was 0.770.22, 
mean s.e.m.; n 3) to examine chlorin’s effect 
on rhodopsin’s sensitivity to light, measured 
by its bleaching rate. The bleaching rate was 
unchanged at 560 nm, a wavelength absorbed 
well by rhodopsin but poorly by chlorin. How-
ever, it was accelerated 180-fold at 668 nm, 
where chlorin absorbs strongly but rhodopsin 
absorbance is negligible (Fig. 1c).
This bleaching enhancement was tens to 

hundreds of times greater than the effect of 
chloro phyll derivatives on dragon fish (Mala-
costeus niger)2,3 and bovine4 rhodopsins. This 
shows that chlorophyll-sensitized vision is 
feasible. Adding 9-cis-retinal regenerated a 
light-sensitive pigment, irrespective of the 
bleaching conditions that had been used, 
indicating that chlorin-mediated rhodopsin 
bleaching was not due to a permanent, photo-
induced degradation of opsin (for details, see 
supplementary information).
In electrical recordings of rods exposed to 
chlorin, responses to dim flashes were similar 
in form at all wavelengths (Fig. 1d; inset shows 
response to two wavelengths). This indicates 
that photons absorbed by chlorin or by the 
retinal chromophore directly induce the same 
active state in rhodopsin. Chlorin treatment 
increased rod sensitivity to red light (at 661 and 
672 nm) by 15-fold (Fig. 1d). This enhancement 
was less than the 180-fold increase in bleach-

ing rate found earlier, because the 
cells used for recordings were ran-
domly chosen and contained about 
20 times less chlorin (chlorin:rho-
dopsin ratio, 0.05 0.01, mode of 
61 rods s.e.m; n 15). Neverthe-
less, in both microspectrophoto-
metric and electrophysiological 
experiments, chlorin-assisted 
bleaching was almost as efficient 
as direct photoisomerization of the 
native chromophore (Fig. 1, and see 
supplementary information).
The mechanism behind the 
highly efficient energy transfer from 
chlorin to the retinal chromophore 
is unclear at this point. However, our 
results on an amphibian, together 
with findings from dragon fish1–3, 
bovine4, insect5 and prokaryotic6 
rhodopsins, highlight a potential for 
spectral enhancement by accessory 
chromophores in all opsin-based 
photoreception systems. 
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Figure 1 | Chlorin-enhanced response to red light.  a, Structure of the 
tetrapyrrole chlorin e6. b, Averaged absorption from chlorin-treated (red 
trace; n 5) and control (blue trace; n 5) rods. The spectrum of treated 
rods is normalized to the 278-nm peak, and for untreated rods is scaled 
to match the 520-nm peak for treated rods. c, Rhodopsin bleaching from 
untreated rods (filled symbols; mean s.e.m.), aligned to a template fit7 to 
the spectral sensitivity of seven untreated rods (blue trace). The bleaching 
rate of rods with high chlorin content (open symbols) is enhanced at 
668 nm but not at 560 nm; the rate mirrors the average absorption of 
such rods (dashed trace), showing that quanta absorbed by chlorin and 
by rhodopsin are equally effective at bleaching rhodopsin (for details, see 
supplementary information). d, Spectral sensitivity (circles; n 3) increases 
at 661 and 672 nm in chlorin-treated rods and matches the normalized 
absorption of a set of rods treated with chlorin and measured microspectro-
photometrically (red trace); blue trace is from c. Inset, response (in 
picoamperes, pA) of a chlorin-treated rod to dim flashes at 540 nm (blue; 
6.4 101 photons μm–2) and at 672 nm (red; 22.3 photons μm2).

Corrigendum
Developmental technology: Dogs cloned from 
adult somatic cells
Byeong Chun Lee et al. Nature 436, 641 (2005)

The name of the seventh author on this 
communication was misspelled. His 
correct name is M. Shamim Hossein.

An accessory chromophore in red vision
The rods in salamanders’ retinas can co-opt a molecule derived from chlorophyll to detect red light.
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