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Abstract

Rhodopsins are photochemically reactive membrane proteins that covalently bind retinal chromophores. Type I
rhodopsins are found in both prokaryotes and eukaryotic microbes, whereas type II rhodopsins function as photoacti-
vated G-protein coupled receptors (GPCRs) in animal vision. Both rhodopsin families share the seven transmembrane
a-helix GPCR fold and a Schiff base linkage from a conserved lysine to retinal in helix G. Nevertheless, rhodopsins are
widely cited as a striking example of evolutionary convergence, largely because the two families lack detectable sequence
similarity and differ in many structural and mechanistic details. Convergence entails that the shared rhodopsin fold is so
especially suited to photosensitive function that proteins from separate origins were selected for this architecture twice.
Here we show, however, that the rhodopsin fold is not required for photosensitive activity. We engineered functional
bacteriorhodopsin variants with novel folds, including radical noncircular permutations of the a-helices, circular per-
mutations of an eight-helix construct, and retinal linkages relocated to other helices. These results contradict a key
prediction of convergence and thereby provide an experimental attack on one of the most intractable problems in
molecular evolution: how to establish structural homology for proteins devoid of discernible sequence similarity.
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Introduction
Type I and type II rhodopsin families share several salient
structural and functional features (Lanyi 1999; Luecke 2000;
Spudich et al. 2000; Smith 2010). All rhodopsins of known
structure adopt a seven transmembrane (7TM) a-helical fold,
the G-protein coupled receptor (GPCR) fold, which is defined
by a particular spatial arrangement and connectivity of the
a-helices (see fig. 1). This seven-helix architecture forms an
internal pocket for the retinal moiety, which is attached via a
Schiff base linkage to the e-amino group of a conserved lysine
residue in the middle of the seventh a-helix (helix G). In both
rhodopsin families, the retinal chromophore undergoes a
light-induced cis–trans isomerization across a double bond
in the polyene chain. In all rhodopsins, including both the
sensory and ion-transporting proteins, the photoinduced ret-
inal isomerization is associated with a mechanistically critical
deprotonation of the positively charged Schiff base and sub-
sequent transfer of the proton to another residue in the
retinal-binding pocket.

Despite the striking similarities between the type I and type
II rhodopsins, the two families are distinguishable by
sequence, structure, and mechanism (Spudich et al. 2000).
Sequence analysis has consistently failed to detect significant
similarities between these rhodopsin families. Furthermore,
type I rhodopsins purportedly contain a weak internal
sequence repeat between helices A–C and E–G, suggestive
of an ancient gene duplication event; type II rhodopsins
apparently lack such an internal repeat (Taylor and Agarwal
1993; Larusso et al. 2008). The two families are also taxonom-
ically distinct. Type I rhodopsins are found throughout

prokaryotes (including Actinobacteria, Bacteroidetes,
Chloroflexi, Cyanobacteria, Deinococcus-Thermus, Firmi-
cutes, Planctomycetes, Proteobacteria, and archaeal Halobac-
teria) and in a few single-celled eukaryotes (Alveolata, Fungi,
and various algae including Chlorophyta, Cryptophyta, Glau-
cophyta, Haptophyceae, and Streptophyta) (Sharma et al.
2009). Until recently, type II rhodopsins were thought to be
exclusively eumetazoan, though now they have also been
found in fungal genomes (Heintzen 2012). The spatial ar-
rangement of the seven transmembrane a-helices differs be-
tween the families (fig. 1), particularly in the packing of helix C
against helix E and in the angle of the helices relative to the
plane of the membrane. In type II rhodopsins, helices B and
E–G are distorted by severe mid-helix kinks, whereas type I
helices are relatively linear. In type I rhodopsins, the retinal is
bound in a pocket solely composed of helical residues; in type
II rhodopsins, the extracellular side of the retinal binding
pocket is formed by a small b-hairpin connecting helices D
and E. There are also mechanistic differences between the two
families. Most notably, in type I rhodopsins, the retinal photo-
isomerizes from all-trans to 13-cis, whereas in the type II
family the retinal converts from 11-cis to all-trans.

Did these two protein families diverge from an ancient
common ancestral protein or have they converged on the
same protein fold from independent origins? This question
has been a subject of controversy for over 40 years (Oesterhelt
and Stoeckenius 1971; Hargrave et al. 1983; Rao et al. 1983;
Findlay and Pappin 1986; Dohlman et al. 1987; Oesterhelt and
Tittor 1989; Henderson and Schertler 1990; Hibert et al. 1991;
Pardo et al. 1992; Taylor and Agarwal 1993; Soppa 1994;
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Metzger et al. 1996; Spudich et al. 2000; Larusso et al. 2008).
Type I and type II rhodopsins share key features that are
readily explained as historical relics inherited from an ancient
common ancestral protein, such as the GPCR protein fold
and the covalent linkage to the retinal cofactor. But based
primarily on the many conspicuous differences—especially
the nonoverlapping phylogenetic distribution, a lack of inter-
mediate proteins in sequence space, and the absence of an
internal repeat in the type II family—it is now widely claimed
that the structural and mechanistic similarities are a result of
convergence due to selection pressure under biophysical
constraints (Rao et al. 1983; Soppa 1994; Spudich et al.
2000; Conway Morris 2003; Brown 2004; Terakita 2005;
Sharma et al. 2006; Alvarez 2008; Larusso et al. 2008;
Conway Morris 2009; Nilsson 2009; Vopalensky and Kozmik
2009; Brodie 2010; Plachetzki et al. 2010; Land and Nilsson
2012).

Convergence on a complex biological structure typically
results from selection in the presence of strong physical con-
straints (Zuckerkandl and Pauling 1965; Ptitsyn and
Finkelstein 1980; Doolittle 1994; Conway Morris 2003;
McGhee 2008; Brodie 2010; Losos 2011; McGhee 2011).
Selection for a particular function in different lineages can
lead to the same structure independently if that structure is
necessary for the function under selection. To take a familiar
morphological example, flappable wings are highly con-
strained by the laws of physics, in terms of aerodynamics,
strength-to-weight ratio, surface area, and biomechanics.
Hence, selection for powered flight has enabled the conver-
gent evolution of structurally similar wings at least three times
in vertebrates (in birds, bats, and pterosaurs). In convergent
structures, shared structural similarities are vital for function.

In both type I and type II rhodopsins, the seven transmem-
brane helices adopt a particular spatial arrangement that is
necessary for chromophore binding and spectral tuning
(Yan et al. 1995; Kochendoerfer et al. 1999; Yokoyama
2008). Free in solution, the retinal chromophore has an
absorbance maximum (lmax) of 380 nm. The transmembrane
helices form a specific pocket for binding the retinal cofactor,
typically resulting in a large redshift of the retinal lmax. In
Halobacterium salinarum type I bacteriorhodopsin (Hs bR),
for example, the absorption maximum is shifted nearly
200 nm to lmax = 568 nm. Similarly, the type II bovine rho-
dopsin has a lmax = 550 nm. A key component of the retinal
binding site is the negatively charged “counterion” residue,
typically an aspartic or glutamic acid, that promotes
protonation of the lysine–retinal Schiff base. When the
Schiff base deprotonates, the protein-bound chromophore
has a lmax of ~410 nm. On the other hand, if the protein is
denatured while maintaining a protonated Schiff linkage
(e.g., during an “acid-trap” experiment), the water-exposed
retinal has a lmax of ~440 nm (Fasick et al. 1999). Even con-
servative mutations in the retinal binding pocket generally
result in large changes in activity and spectral characteristics
(usually a blueshift of the lmax) (Yokoyama 2008). Therefore,
the rhodopsin lmax is a very sensitive gauge for detecting
structural perturbations of the retinal binding site and helical
packing.

Rhodopsin’s seven transmembrane helices are connected
by loops in a specific order that is characteristic of the GPCR
fold (Murzin et al. 1995). These connecting loops are relatively
far removed from the retinal binding pocket, and various lines
of biochemical and phylogenetic evidence indicate that the
loops are largely dispensable for function. Because type I and
type II rhodopsins share the GPCR fold, they also share the
same loop connectivity among the helices. However, there are
144 possible different connectivities (and corresponding
protein folds) for these seven helices that nevertheless
could maintain their observed spatial arrangement and pre-
serve the retinal pocket. Evolutionary processes are unlikely
to converge on the same connectivity (or fold) by sheer
chance, due to the large number of possible protein
folds (Grishin 2001; Sadowski and Taylor 2010). Why then is
only one of these possible connectivities seen in nature?

According to the convergent hypothesis, both rhodopsin
families share the specific GPCR connectivity and retinal link-
age because these particular structural features are essential
for function. That is, the photosensitive, retinal-dependent
function is highly physically constrained and requires the rho-
dopsin fold. The tight coupling between rhodopsin structure
and function has allowed selection for photosensitive func-
tion to lead proteins from different origins to the rhodopsin
fold independently (Spudich et al. 2000; Larusso et al. 2008).
To test the convergent hypothesis, we therefore experimen-
tally assessed the question: Is the observed rhodopsin fold in
fact required for rhodopsin activity? Remarkably, the answer is
no—neither the observed GPCR connectivity nor the con-
served retinal linkage in helix G is necessary for bacteriorho-
dopsin photosensitive function.

FIG. 1. Type I and type II rhodopsin fold architecture. The protein chains
are colored blue to red proceeding from the N-terminus to the
C-terminus. The seven transmembrane helices are labeled alphabetically
from A to G. The covalently bound retinal chromophore is depicted as
white sticks in the center of each protein. (A) Halobacterium salinarum
bacteriorhodopsin (PDBID: 1UAZ). (B) Bovine rhodopsin (PDBID: 3C9L).
See also supplementary table S1, Supplementary Material online.
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Results

Permutations of the Helices Are Functional

Our experiments are based on derivatives of a His-tagged
bacteriorhodopsin (bR) from Haloterrigena turkmenica
(light-adapted lmax = 548 nm), which can be recombinantly
overexpressed with high yield as a functional proton pump in
the Escherichia coli membrane (Kamo et al. 2006; Hara et al.
2011). Using the Hal. turkmenica bR (Ht bR) as a template, we
designed two classes of artificial bacteriorhodopsins with
novel protein folds: 1) noncircular permutations of the
native seven a-helices and 2) circular permutations of an
eight-helix construct.

Circularly permuted proteins occur naturally, though
rarely, and permutations have been used to manipulate the
tertiary architectures of soluble proteins (Heinemann and
Hahn 1995; Lindqvist and Schneider 1997; Grishin 2001; Yu
and Lutz 2011; Bliven and Prlic 2012). However, circular per-
mutations of the 7TM GPCR fold cannot be constructed
directly, because an odd number of helices dictates that the
N- and C-termini of the fold reside on opposite sides of the
membrane. It is therefore only possible to construct noncir-
cular permutations of the seven-helix architecture (see fig. 1).
To create circularly permuted mutants, we inserted an artifi-
cial eighth helix between the C- and N-termini of the wild-
type (WT) bR based on a WALP21 transmembrane peptide
(Holt and Killian 2010). Circular permutations can then be
generated by choosing new termini in the loops between
helices, and any of the helices can be placed at the N-terminus
(fig. 2). In total, 11 different permuted constructs were eval-
uated; seven of these overexpress successfully in the E. coli
membrane. The remaining constructs either do not express
or express as inclusion bodies, and they were not pursued
further.

Overexpression of the WT Ht bR in the presence of retinal
imparts a notable bright pinkish purple hue to the bacterial
cell pellets, due to the functional reconstitution of the reti-
nylidene protein in the bacterial cell membrane (supplemen-
tary fig. S1, Supplementary Material online) (Kamo et al.
2006). Overexpression of several of our mutant proteins
also produces cell pellets with a similar pink coloring, suggest-
ing that the mutant proteins insert into the membrane in a
properly folded, retinal-conjugated form. Nascent Hs bR binds
to the signal recognition particle (SRP) and is targeted to the
translocon for membrane insertion (Dale and Krebs 1999;
Dale et al. 2000; Curnow et al. 2011). In vitro studies have
shown that recombinantly expressed Hs bR also uses an SRP-
dependent mechanism for insertion in the E. coli membrane
(Raine et al. 2003). Therefore, a pink pellet suggests that re-
ordering the helices does not significantly affect the ability of a
given permutation construct to interact with the SRP, target
to the membrane, or fold in a native-like conformation.
Constructs in which helices A, B, C, D, F, and G are located
at the N-terminus are all able to target the protein to the
membrane. Thus, multiple “signal sequences” appear capable
of initiating SRP-dependent membrane insertion in our
recombinant system.

The absorption spectrum of the purified permuted con-
structs closely recapitulates that of the WT protein (fig. 3,
546 nm< lmax< 551 nm), despite the fact that rhodopsin
absorption spectra are exquisitely sensitive to changes in
the local retinal environment in the protein interior. Acid-
trap experiments indicate that the permuted constructs co-
valently bind the retinal via a Schiff base linkage (Oesterhelt
and Stoeckenius 1971; Fasick et al. 1999) (supplementary fig.
S3, Supplementary Material online). The native-like spectra
imply that the binding pocket residues form native-like con-
tacts with the retinal and further suggest that the helices pack
with minimal structural perturbation.

We assessed proton-pumping activity of our bR constructs
using a proteoliposome assay in which bR is reconstituted in
unilamellar liposome vesicles (Oesterhelt and Stoeckenius
1971; Hackett et al. 1987). Upon illumination, WT Ht bR
transports protons from the exterior to the interior of the
liposome, consistent with the “inside–out” orientation of bR
previously observed in reconstituted systems from H. sali-
narum (Huang et al. 1980). Trypsin digestion experiments
with the Ht bR are also consistent with an inside–out protein
orientation in our vesicle assays. All the purified permutation
constructs are functionally competent in proteoliposome
proton-pumping assays, though with varying levels of activity
(fig. 3). Surprisingly, two constructs apparently show even
higher activity than the WT Ht bR.

bR Folding Information Is Encoded Locally

The permutation mutants fold correctly in the membrane
and actively pump protons, demonstrating that no particular
primary helical order is essential for the folding and function
of bR. Bacteriorhodopsin helix assembly and activity is
therefore largely governed by helical packing interactions
alone, being remarkably insensitive to both structural pertur-
bations of the inter-helical loops and to helical connectivity,
consistent with previous observations (Kahn and Engelman
1992; Kataoka et al. 1992; Marti 1998; Kim et al. 2001).
Currently, the principles of membrane protein folding are
poorly understood relative to soluble proteins. Because
radically permuted helices can nevertheless fold competently
into native-like arrangements, local sequence elements
encode bR tertiary information independently of global con-
nectivity, similar to many soluble proteins (Viguera et al.
1995).

According to the preferred model for bR folding, the
N-terminal five helices (A–E) are independently stable ele-
ments within the membrane that insert first and associate via
a two-stage mechanism (Popot and Engelman 1990; Booth
2000). Only after helices A–E have formed a stable transmem-
brane core can helices F and G then insert and pack to form
the apo bacterioopsin. Finally, the retinal spontaneously
enters the protein core and reacts to make the protonated
Schiff base linkage. However, two of our constructs, GBCDEFA
and CDEFABG, are unable to fold by this mechanism. In these
mutants, helices A and F are adjacent in sequence, and there-
fore, helix A cannot assemble into the stable folding core
without the prior or simultaneous insertion of helix F
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(see supplementary fig. S2, Supplementary Material online).
Therefore, the hypothesized bR folding mechanism may be
specific to the native helix connectivity or the mechanism
may require revision. Our GBCDEFA and CDEFABG

permutation mutants necessarily fold by a different mecha-
nism, and hence the folding pathway does not appear to
present a significant barrier to the evolution of alternative
helix connectivities and folds.

FIG. 2. Bacteriorhodopsin transmembrane helix permutation constructs. For each permutation construct, a secondary structure schematic is shown
above emphasizing differing connectivities. Below is the primary sequence structure, with transmembrane helices colored as in figure 1. Panels B–E
represent the noncircular permutations. Panels F and G represent the circular permutations with the eighth additional “WALP21” helix shown in gray.
(A) Wild-type bR, (B) GBCDEFA, (C) CDEFGBA, (D) GFABCDE, (E) CDEFABG, (F) FGWABCDE, (G) DEFGWABC, (H) BCDEFGWA. See also supple-
mentary table S2 and figure S1, Supplementary Material online.
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Schiff Base Linkage Functions in Alternate Helices

The functionally critical lysine (K216, H. salinarum residue
numbering) found in helix G, which forms a Schiff base
with the retinal chromophore, is an extraordinarily conserved
feature of all known bR homologs (excepting a small number
of fungal homologs of unknown function). Although the
lysine–retinal Schiff base itself may be essential for activity,
its specific location in primary sequence may not be; the
lysine could potentially reside in structural elements other
than helix G and still form the Schiff base without altering
the retinal conformation and function. If type I and type II
rhodopsins are convergent, the shared lysine position in helix
G is likely a functionally necessary feature of the rhodopsin
fold. Alternatively, if rhodopsins are homologous, the strict
conservation may be historical detritus inherited from an
ancient common ancestral rhodopsin protein. To distinguish
between these hypotheses, we constructed mutant bRs in
which the lysine Schiff base linkage was relocated to helices
B and C and assessed their folding and function.

Residues A53 in helix B and T89 in helix C (fig. 4) were
chosen as candidates for alternative lysine–Schiff base posi-
tions. The b-carbons of A53 and T89 are within 7 Å of the
retinal C15 carbon (compared with ~5 Å in the native K216),
roughly within reach of a lysine sidechain. We made four
different lysine swap mutants: T89K/K216T and three
versions with the lysine in helix B (A53K/K216A, A53K/
K216V, and A53K/K216I). When overexpressed in E. coli, all
mutants resulted in colored pellets ranging from peach to
dark purple, indicating successful targeting and folding to
the membrane. Acid-trap experiments confirmed a covalent
Schiff base linkage to retinal for all swap mutants. Unlike the
permutation constructs, the lmax values of the lysine swap
mutants are significantly shifted (table 1). Nevertheless, upon

illumination, the A53K/K216A lysine swap mutant is func-
tional in proteoliposome proton-pumping assays (initial rate
within 10-fold of WT bR, table 1).

Discussion
The rising number of membrane protein crystal structures
includes many surprising examples of structural similarity be-
tween proteins initially thought to be unrelated due to a lack
of sequence similarity (Theobald and Miller 2010). Like water-
soluble proteins, a membrane protein’s tertiary fold and func-
tion apparently can be encoded by a large number of vastly
different sequences—a remarkable biophysical feature of pro-
tein polymers (Gherardini et al. 2007; Omelchenko et al.
2010). Due to the implausibility of independently converging
on similar sequences, either by chance or via selection, signif-
icant sequence similarity between two proteins provides
strong support for homology (i.e., divergent evolution from
a common molecular ancestor) (Theobald 2011). On the
other hand, sequence dissimilarity is an uncompelling evi-
dence for convergence. Billions of years of accumulated
amino acid substitutions can erase any residual sequence
similarity between homologous proteins, even while preserv-
ing overall tertiary structure and function. Compared with
protein sequences, the total number of protein folds is rela-
tively small (<10,000). Evolutionary convergence to similar
folds is therefore much more plausible than converging on
similar sequences.

Given two transmembrane proteins with identical folds,
yet no sequence similarity, how then could we distinguish
convergence from homology? This fundamental question is
one of the longest standing problems in molecular evolution
(Zuckerkandl and Pauling 1965; Doolittle 1994; Murzin 1998;
Grishin 2001; Cheng et al. 2008). Discriminating between

FIG. 4. Lysine swap mutations. The bR protein is shown as viewed from
the cytoplasmic side of the membrane, looking down the helices.
Cytoplasmic inter-helical loops have been omitted for clarity. Helices
are colored as in figure 1. Pink spheres indicate the b-carbons of key
residues involved in swapping the lysine–Schiff base position. The C15 of
the retinal chromophore is shown as a white sphere. The “counterion”
D85 is shown as sticks for reference.

FIG. 3. Activity and lmax of permutation constructs. Rates are given
relative to WT Ht bR (0.076 H + per second per bR molecule). Reported
rates are the averages of 3–5 replicates, with relative standard deviation
of approximately 50%. See also supplementary figure S2, Supplementary
Material online.
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these hypotheses is notoriously difficult to address empiri-
cally, and to date, theoretical arguments have failed to satis-
factorily resolve the controversy. Rhodopsins have been at the
center of the homology–convergence controversy for nearly
half a century (Oesterhelt and Stoeckenius 1971; Hargrave
et al. 1983; Rao et al. 1983; Findlay and Pappin 1986;
Dohlman et al. 1987; Oesterhelt and Tittor 1989;
Henderson and Schertler 1990; Hibert et al. 1991; Pardo
et al. 1992; Taylor and Agarwal 1993; Soppa 1994; Metzger
et al. 1996; Spudich et al. 2000; Larusso et al. 2008).
Fortunately, convergence hypotheses predict the existence
of specific, functionally essential structural constraints, and
in principle, these constraints can be experimentally
investigated.

These results show that bacteriorhodopsin can withstand
radical remodeling of its fold and structural relocation of the
critical, highly conserved Schiff base linkage. In other work on
the type II bovine rhodopsin, we have shown that the con-
served active-site lysine can also be relocated to three other
secondary structure elements (other than helix G) while
maintaining WT-like function (Devine et al. 2013). These var-
iant architectures have never been observed in nature; each of
our seven Ht bR permutation constructs represents a novel
transmembrane fold. The apparent lack of strong structural
constraints thus challenges the widely held view that type I
and II rhodopsins are convergent evolutionary inventions,
having arrived at their signature structural features separately.
Because the naturally occurring rhodopsin fold is unnecessary
for functional competence, it is unlikely that selection would
lead unrelated proteins to this particular architecture
independently.

Other proteins display a lack of structural constraint sim-
ilar to bR, though relevant studies have been less extensive
than those reported here. To our knowledge, our constructs
are the first engineered permutations of a helical membrane
protein of known structure, and they represent the only
noncircular permutations of any membrane protein. There
are two other examples of functional permutations of helical
membrane proteins, although both cases lack high resolution
structural information (Gutknecht et al. 1998; Beutler et al.
2000). For type II rhodopsins, there are examples of split
bovine rhodopsins that function in trans (Yu et al. 1995).
We speculate, therefore, that certain helical permutations
would likely result in functional type II rhodopsins, but several
of the type II loops are important for protein–protein

interactions and could not be perturbed so readily without
detrimental functional consequences. As mentioned above,
in bovine rhodopsin, the active site lysine can reside in four
different structural elements with retention of function
(Devine et al. 2013), indicating that type II rhodopsins may
be even less constrained than type I rhodopsins with respect
to the location of the Schiff base linkage. Furthermore, many
soluble proteins can be circularly permuted with retention of
function (Yu and Lutz 2011; Bliven and Prlic 2012). However,
noncircular permutations have been successfully engineered
in only one other protein, the water-soluble green fluorescent
protein (Reeder et al. 2010). Taken together, the large and
diverse number of known functional protein permutations
indicates that it is in general unlikely for protein evolution to
converge to the same fold as a result of structural and func-
tional constraints.

Several of our mutant bR constructs exhibit proton trans-
location rates of only 10–50% of the WT Ht bR rate. One
might argue that these are in fact significant decreases in
activity indicating strong structural constraints on bR func-
tion. However, even our slowest active mutant (A53K/K216A,
11% of WT rate) should be considered fully functional for the
following reasons.

Any measurable photoactivated proton transport is re-
markable and biologically significant, considering that in
over 3 billion years evolution has found only two different
ways to harvest light and convert it to chemical energy
(Bryant and Frigaard 2006). Phototrophy is an extraordinary
biomolecular feat. Bacteriorhodopsin actively builds up a
transmembrane electrochemical potential against a gradi-
ent—an extremely thermodynamically unfavorable pro-
cess—by mechanistically coupling proton transport to the
favorable entropy changes of a star 93 million miles distant
(Brittin and Gamow 1961; Albarrán-Zavala and Angulo-
Brown 2007). There is no “background” proton-pumping ac-
tivity; a transmembrane electrochemical gradient does not
spontaneously accumulate but dissipates. For bR to pump a
proton, the chromophore must absorb a photon, enter into a
high-energy state, and then relax back to the ground state
with the dissipation of energy. During this process, the protein
must somehow couple the chromophore’s photocycle to the
translocation of a single proton through the center of the
protein and across the lipid bilayer. The precise mechanism
for how this efficient coupling is accomplished is still largely
unknown (Hirai and Subramaniam 2009; Hirai et al. 2009), but
there are many more pathways for the coupled reaction cycle
to fail than for it to work (Hill 2005). The chromophore could
absorb the wrong wavelength of light; the proper wavelength
could be absorbed by destroying the chromophore; the chro-
mophore could enter and leave the high-energy state by
simply dissipating the energy as heat or by forming a nonpro-
ductive adduct with the protein; the proton could be picked
up from the intracellular side and deposited back on the same
side, rather than translocating; or the protons could flow back
down the gradient through the very protein channel they just
traversed. Therefore, a protein construct that exhibits any
detectable light-activated proton-pumping activity is neces-
sarily a complex and unlikely molecular device.

Table 1. Proton Translocation Activity of Lysine Swap Mutants.

Mutant kmax Lysine
Linkage Helix

Relative
Initial Rate

WT 548 G 1.0

A53K/K216A 520 B 0.11

A53K/K216V 510 B ND

A53K/K216I 510 B ND

T89K/K216T 600 C ND

NOTE.—Rates are given relative to WT H. turkmenica bR. ND indicates no detectable
activity in our assays.
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Most importantly, the measured proton-pumping rates of
our mutant constructs are well within the observed range of
naturally occurring type I rhodopsins. The proton-pumping
rate of WT Ht bR is ~4-fold faster than the classic Hs bR, based
on their photocycles (3 vs. 10 ms time constants, respectively)
(Kamo et al. 2006). Because one proton is pumped per cycle,
the proton-pumping rate should scale proportionally with
the photocycle. We therefore estimate that our slowest
mutant (the active site lysine swap construct A53K/K216A,
11% of WT pumping rate) has a ~30 ms photocycle. This
value is on par with the pumping rates of the widespread
aquatic and marine green proteorhodopsins, which contrib-
ute significantly to the energy needs of their microbes and are
considered to be highly efficient proton pumps (Beja et al.
2000, 2001; Fuhrman et al. 2008; Gomez-Consarnau et al.
2010). Furthermore, deep water blue proteorhodopsins are
about 10- to 50-fold slower than Hs bR (i.e., a time constant of
150–600 ms). An even slower photocycle (hundreds of
milliseconds) is found in sensory type I rhodopsins, which
function in phototaxis to avoid UV damage, in photoregula-
tion of metabolism, and as possible daytime sensors or water
depth gauges (Fuhrman et al. 2008).

Unlike the permutation constructs, the lmax of the A53K/
K216A lysine swap mutant is blueshifted by about 30 nm,
indicating a significant perturbation of the retinal binding
site. What is the reason for this shift in the absorbance max-
imum? Although a small fraction of the A53K/K216A mutant
may be unfolded, several lines of evidence indicate that the
protein is mostly folded and that the observed blueshift is due
to perturbations in the folded protein fraction. Free retinal
has a maximum absorption of 380 nm. It takes a very specific
electrostatic molecular environment to redshift the retinal
absorbance to 550 nm (Vasileiou et al. 2007; Yokoyama
2008; Wang et al. 2012). When the WT protein is unfolded
(for instance, by SDS denaturation), the retinal is exposed to
water, hydrolyzes, and has a lmax of ~380 nm (supplementary
fig. S3, Supplementary Material online). It is possible to acid-
trap the Schiff base linkage at low pH by protonating it during
denaturation. This prevents hydrolysis and keeps the water-
exposed retinal covalently bound to the denatured protein.
When acid-trapped, the protonated retinal has a lmax of
~440 nm (supplementary fig. S3, Supplementary Material on-
line). The A53K/K216A lysine swap mutant behaves similarly
to WT in denaturation and acid-trapping experiments. With
the A53K/K216A construct, the 520 nm state unfolds to the
380 nm state at neutral pH, and at pH 2 it unfolds to the acid-
trapped 440 nm. All three states have distinct, easily distin-
guishable spectra and characteristic lmax values. The large
redshift from 380 to 520 nm in the non-denatured A53K/
K216A construct indicates that the retinal must reside in a
specific, intact binding pocket. Taking all the data into ac-
count, we conclude that the A53K/K216A construct is a well-
folded protein with a blueshifted absorbance maximum. In
this construct, the Schiff base linkage has been relocated to an
adjacent helix. Hence, the blueshift is likely due to minor
electrostatic perturbations resulting from alteration of the
conformation of the protonated Schiff base relative to the
counterion.

All of our constructs have apparently altered pumping
rates, relative to WT, suggesting that their respective photo-
cycles are also perturbed. We currently have no experimental
data directly addressing the photocycles of our mutant con-
structs, so we are reluctant to speculate extensively on the
matter. However, all the permutation mutants have a lmax

identical to WT (within experimental error), and they all have
apparent pumping rates greater than 30% of WT. Hence, we
predict that the photocycle has not changed dramatically in
these constructs; most likely, the photocycle time constant is
also within 30% of WT. The A53K/K216A construct is perhaps
more interesting, with its blueshifted lmax and slower rate.
We suspect that A53K/K216A may have larger changes in the
photocycle than the rest, primarily because in this mutant the
critical Schiff base linkage has been perturbed, which may
affect the photocycle M intermediates. We are currently in
the process of characterizing the mutant photocycles using
laser flash photolysis. In any case, from an evolutionary per-
spective, it does not matter whether different rhodopsins
have different photocycles, as long as each protein pumps
protons across the membrane at a rate beneficial to the
organism.

Our biochemical characterization of the restructured bRs
does not directly address other selective pressures that likely
exist on bR in nature, such as thermodynamic stability, folding
kinetics, and protein degradation. We emphasize, however,
that our redesigned bRs were engineered very crudely and no
effort was made at optimization. It is highly likely that com-
pensatory mutations could be found, which restore the ac-
tivity of our mutant constructs to that of the WT. In contrast,
natural rhodopsins have been crafted by selection for millions
of years in individual species (a point that applies to both
convergent and divergent hypotheses). Any potential com-
pensatory mutations would be accessible to convergent evo-
lution if the rhodopsins were not homologous. Selective
factors vary among species and environments and likely can
be accommodated by only a few mutations in each variant bR
architecture. For example, our lysine swap mutant A53K/
K216A has a significantly blueshifted lmax (520 nm). This ab-
sorbance maximum is similar to the vast majority of bR ho-
mologs in the biosphere, which are aquatic proteorhodopsins
having a lmax in the blue/green region (490–530 nm)
(Fuhrman et al. 2008). Although a lmax of 520 nm may be
suboptimal in certain environments and species, minor resi-
due substitutions have large consequences for tuning the bR
absorbance spectrum. It is relatively easy to modify, say, the
chromophore lmax or the stability of a protein; it is consid-
erably more difficult to find a protein architecture that can
transform the energy from a green photon into a transmem-
brane electrochemical gradient. For testing the convergent
evolution of the rhodopsin fold, the pertinent concern is
whether our unoptimized alternative architectures have any
experimentally detectable photosensitive function. Our naı̈ve
attempts at re-engineering the type I rhodopsin architecture
easily found functional variants while apparently nature has
not—a fact that highlights the implausibility of convergent
evolution to the same rhodopsin fold.
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We have radically perturbed extraordinarily conserved
elements of bR with minimal functional consequence.
When inspecting a sequence alignment of bRs, one of the
most striking features is the conserved lysine in helix G.
Extreme sequence conservation is generally interpreted as
indicating functional necessity. However, the structure–
function relationship is highly degenerate; many sequences/
structures are capable of performing the same biochemical
function. In terms of the protein fitness landscape metaphor,
our results suggest that the natural bR is effectively confined
to a local fitness maximum. There are apparently other local
maxima with the Schiff base lysine in helix B, but crossing
fitness valleys is problematic for gradual divergent evolu-
tion—though in principle this is not a barrier to convergent
evolution. Moving from one of these maxima to another
would involve two improbable and precise mutations at spe-
cific positions. In any particular species, the novel mutant
protein would likely have a significant selective disadvantage
relative to the native protein. The rhodopsin architecture
thus appears to be phylogenetically constrained, rather than
physically constrained (McGhee 2008).

One of the most cogent pieces of evidence for the conver-
gent evolution of rhodopsins involves their distinct taxo-
nomic distribution. Until recently, it was thought that type
I rhodopsins were exclusively prokaryotic, whereas type II
rhodopsin GPCRs were restricted to eumetazoans. GPCRs
appear to have originated over 1.4 billion years ago and are
now found throughout eukaryotes, including plants, animals,
fungi, and alveolates—an observation that suggests the GPCR
architecture evolved first and later gave rise to a retinylidene
type II rhodopsin in the eumetazoan ancestor, independently
of prokaryotic rhodopsins. However, type II rhodopsins have
now been found in microbial eukaryotes (the basal fungi
Blastocladiomycota and Chytridiomycota), and phylogenetic
analysis strongly indicates that rhodopsin GPCRs first evolved
from a non-retinylidene cAMP receptor GPCR near the origin
of opisthokonts (Krishnan et al. 2012). Furthermore, type I
rhodopsins have likewise been identified in numerous eukary-
otic microbes, including Viridiplantae (algae), Alveolata, and
Fungi (Heintzen 2012). Horizontal gene transfer among and
between eukaryotes and prokaryotes is an important mech-
anism of microbial evolution, with numerous examples
known, including extensive genetic transfer from fungi to
prokaryotes (Koonin et al. 2001; Keeling and Palmer 2008;
Fitzpatrick 2012).

By themselves, our results only directly address the ques-
tion of rhodopsin homology versus convergence. However, if
type II rhodopsins (and other class A GPCRs) evolved from
non-retinylidene cAMP receptors (Feuda et al. 2012; Krishnan
et al. 2012), then our findings imply that type I rhodopsins
evolved from type II rhodopsins. Taking all the aforemen-
tioned factors into account, we propose the following
speculative evolutionary hypothesis for the origin of rhodop-
sins (fig. 5). The first type II rhodopsin arose in an early
opisthokont from a descendant of eukaryotic cAMP GPCRs.
Roughly 1–2 billion years ago, type I rhodopsins then evolved
from this opisthokont type II rhodopsin and underwent
relatively rapid sequence changes resulting from loss of

G-protein interactions and gain of novel proton-pumping
or sensory function. The nascent type I rhodopsin was sub-
sequently horizontally transferred from a single-celled
opisthokont throughout prokaryotes. Consistent with this
scheme, moderate rates of sequence evolution, as inferred
from type II rhodopsins, can account for the observed se-
quence divergence between modern type I and type II rho-
dopsins (Ihara et al. 1999).

Materials and Methods

Design of Permuted bR Constructs

Homology models, multiple sequence alignment, and struc-
tures of the canonical Hs bR were used to identify residues
constituting each a-helix. Helices were shuffled within the
primary sequence, maintaining native loops where appropri-
ate. Constructs requiring loops with greater distances than
WT were spanned with repeating SSG motifs (see supplemen-
tary information, Supplementary Material online, for protein
sequences). In this article, we use H. salinarum residue num-
bering for the Hal. turkmenica residues. Hs bR residues A53,
D85, T89, and K216 correspond to Ht bR residues A61, D93,
T97, and K225, respectively.

Expression and Purification

Genes for bR permutations were synthesized by GenScript
(Piscataway, NJ) in pET-21c vectors (except the WT and
GBCDEFA, which were subcloned into pET-21b). BL21(DE3)
pLys cells were transformed with these vectors, and cells were

FIG. 5. Proposed evolutionary relationships of GPCRs and rhodopsins.
The relationships shown for GPCR are based on previous work by others
(Feuda et al. 2012; Krishnan et al. 2012). Node a represents the diver-
gence between glutamate and cAMP GPCRs, node b represents the
divergence of class A from cAMP GPCRs, and node c represents our
proposed position for the common ancestor of rhodopsins. The place-
ment of node c allows for the most parsimonious acquisition of pho-
tosensitive function and retinal binding, avoiding convergent loss or gain
of these features.
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grown to an OD600 between 0.3 and 0.6 and induced by
adding 1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG)
and 10mM all-trans retinal. Cells were harvested after 1–3 h
by centrifugation.

The cell pellet was resuspended in buffer (50 mM Tris-Cl,
pH 8.0, 5 mM MgCl2) after centrifugation. Benzonase (EMD
Millipore) was added and the suspension was sonicated, and
the membrane fraction was isolated by centrifugation. The
membrane pellet was resuspended in buffer (300 mM NaCl,
50 mM MES, pH 6.5). Dodecyl maltoside (DDM) was added to
1.0% w/v. The sample was incubated with gentle shaking for
an hour or more at room temperature. It was then purified
using a cobalt affinity column and eluted with 300 mM NaCl,
300 mM imidazole, 50 mM MES, pH 6.5 containing 0.1%
DDM. The detergent solubilized protein was further purified
by sizing column gel filtration into 150 mM NaCl, 20 mM
Tris–HCl, pH 7.5 with 0.1% DDM. Samples were concentrated
to ~10 mg/ml, flash-frozen in liquid nitrogen, and stored at
�80 �C. The absorbance spectra of these concentrated sam-
ples were recorded from 2ml samples using a Nanodrop
1000-C.

Liposome Reconstitution and Proton-Pumping
Measurements

Purified protein was reconstituted into soybean liposomes.
For proton-pumping liposome assays, samples were illumi-
nated to initiate proton pumping and monitored by a digi-
tally connected pH meter.

Soybean lipids were reconstituted at 2% w/v into 50 mM
KCl, 100 mM KPi, pH 7.0 with 14 mM octyl glucoside. Protein
was added at a range between 10 and 40mg protein/mg lipid.
Liposomes were formed by dialysis; the first two incubations
contained 50 mM KCl, 100 mM KPi, pH 7.0, whereas the third
contained 1.9 M KCl, 100 mM KPi, pH 7.0. All dialysis changes
proceeded 8 h to overnight. Protein samples were removed
and the volume change recorded. Samples were flash-frozen
in liquid nitrogen and stored at �80 �C.

For proton-pumping experiments, the reconstituted sam-
ples were removed and subjected to three freeze–thaw cycles
in liquid nitrogen. They were then passed through a 0.4mm
filter 21 times, using the Liposofast device from Avestin
(Ottawa, ON, Canada). Liposomes were then passed over a
column containing Sephadex G50 beads suspended in 2 M
KCl. Liposome samples were added to make ~2.0mM protein
in 2 ml of 2 M KCl. Valinomycin dissolved in dimethyl sulf-
oxide was added to a final concentration of 2mg/ml. The
sample was then illuminated under saturating conditions
with a 300 W halogen lamp, and the pH change was recorded
as relative millivolts using an IonAlyzer analog pH meter with
signal digitized with a DataQ (Akron, OH) digitizer. At the end
of each experiment, 2mg/ml of carbonyl cyanide-4-(trifluor-
omethoxy)phenylhydrazone (FCCP) was added to diffuse the
liposome pH gradient. The system was finally calibrated with
1, 2, and 5ml of 10 mM HCl. Rates were determined from the
initial slope as pH increases with time. The high variability in
the rates we observe (approximately ±50% relative standard

deviation) is typical of these types of vesicle reconstitution
pumping experiments (Hackett et al. 1987).

Supplementary Material
Supplementary figures S1–S3 and tables S1and S2 are avail-
able at Molecular Biology and Evolution online (http://www.
mbe.oxfordjournals.org/).

Acknowledgments

The authors thank Chris Miller and Daniel Oprian for critical
commentary. This work was supported by the National
Institutes of Health (grant numbers 1R01GM094468 and
1R01GM096053).

References
Albarrán-Zavala E, Angulo-Brown F. 2007. A simple thermodynamic

analysis of photosynthesis. Entropy 9:152–168.
Alvarez CE. 2008. On the origins of arrestin and rhodopsin. BMC Evol

Biol. 8:222.
Beja O, Aravind L, Koonin EV, et al. (co-authors). 2000. Bacterial rho-

dopsin: Evidence for a new type of phototrophy in the sea. Science
289:1902–1906.

Beja O, Spudich EN, Spudich JL, Leclerc M, DeLong EF. 2001.
Proteorhodopsin phototrophy in the ocean. Nature 411:786–789.

Beutler R, Ruggiero F, Erni B. 2000. Folding and activity of circularly
permuted forms of a polytopic membrane protein. Proc Natl
Acad Sci U S A. 97:1477–1482.

Bliven S, Prlic A. 2012. Circular permutation in proteins. PLoS Comput
Biol. 8:e1002445.

Booth P. 2000. Unravelling the folding of bacteriorhodopsin. Biochim
Biophys Acta. 1460:4–14.

Brittin W, Gamow G. 1961. Negative entropy and photosynthesis. Proc
Natl Acad Sci U S A. 47:724–727.

Brodie ED 3rd. 2010. Convergent evolution: pick your poison carefully.
Curr Biol. 20:R152–R154.

Brown LS. 2004. Fungal rhodopsins and opsin-related proteins: eukary-
otic homologues of bacteriorhodopsin with unknown functions.
Photochem Photobiol Sci. 3:555–565.

Bryant DA, Frigaard NU. 2006. Prokaryotic photosynthesis and photo-
trophy illuminated. Trends Microbiol. 14:488–496.

Cheng H, Kim BH, Grishin NV. 2008. MALISAM: a database of structur-
ally analogous motifs in proteins. Nucleic Acids Res. 36:D211–D217.

Conway Morris S. 2003. Life’s solution: inevitable humans in a lonely
universe. Cambridge; New York: Cambridge University Press.

Conway Morris S. 2009. The predictability of evolution: glimpses into a
post-Darwinian world. Naturwissenschaften 96:1313–1337.

Curnow P, Di Bartolo ND, Moreton KM, Ajoje OO, Saggese NP, Booth PJ.
2011. Stable folding core in the folding transition state of an alpha-
helical integral membrane protein. Proc Natl Acad Sci U S A. 108:
14133–14138.

Dale H, Angevine CM, Krebs MP. 2000. Ordered membrane insertion of
an archaeal opsin in vivo. Proc Natl Acad Sci U S A. 97:7847–7852.

Dale H, Krebs MP. 1999. Membrane insertion kinetics of a protein
domain in vivo. The bacterioopsin N terminus inserts co-transla-
tionally. J Biol Chem. 274:22693–22698.

Devine EL, Oprian DD, Theobald DL. 2013. Relocating the active-site
lysine in rhodopsin and implications for evolution of retinylidene
proteins. Proc Natl Acad Sci U S A. 110:13351–13355.

Dohlman HG, Caron MG, Lefkowitz RJ. 1987. A family of receptors
coupled to guanine nucleotide regulatory proteins. Biochemistry
26:2657–2664.

Doolittle RF. 1994. Convergent evolution: the need to be explicit. Trends
Biochem Sci. 19:15–18.

Fasick JI, Lee N, Oprian DD. 1999. Spectral tuning in the human blue
cone pigment. Biochemistry 38:11593–11596.

93

Divergent Evolution of Rhodopsins . doi:10.1093/molbev/mst171 MBE

 to 
ours
(
)
-
-
as
:  
 (OG)
il
ours
-
-
+/- 
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst171/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst171/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst171/-/DC1
http://www.mbe.oxfordjournals.org/
http://www.mbe.oxfordjournals.org/


Feuda R, Hamilton SC, McInerney JO, Pisani D. 2012. Metazoan opsin
evolution reveals a simple route to animal vision. Proc Natl Acad Sci
U S A. 109:18868–18872.

Findlay JB, Pappin DJ. 1986. The opsin family of proteins. Biochem J. 238:
625–642.

Fitzpatrick DA. 2012. Horizontal gene transfer in fungi. FEMS Microbiol
Lett. 329:1–8.

Fuhrman JA, Schwalbach MS, Stingl U. 2008. Proteorhodopsins: an array
of physiological roles? Nat Rev Microbiol. 6:488–494.

Gherardini PF, Wass MN, Helmer-Citterich M, Sternberg MJ. 2007.
Convergent evolution of enzyme active sites is not a rare phenom-
enon. J Mol Biol. 372:817–845.

Gomez-Consarnau L, Akram N, Lindell K, Pedersen A, Neutze R, Milton
DL, Gonzalez JM, Pinhassi J. 2010. Proteorhodopsin phototrophy
promotes survival of marine bacteria during starvation. PLoS Biol.
8:e1000358.

Grishin N. 2001. Fold change in evolution of protein structures. J Struct
Biol. 134:167–185.

Gutknecht R, Manni M, Mao Q, Erni B. 1998. The glucose transporter of
Escherichia coli with circularly permuted domains is active in vivo
and in vitro. J Biol Chem. 273:25745–25750.

Hackett NR, Stern LJ, Chao BH, Kronis KA, Khorana HG. 1987. Structure-
function studies on bacteriorhodopsin. V. Effects of amino acid
substitutions in the putative helix F. J Biol Chem. 262:9277–9284.

Hara KY, Suzuki R, Suzuki T, Yoshida M, Kino K. 2011. ATP photosyn-
thetic vesicles for light-driven bioprocesses. Biotechnol Lett. 33:
1133–1138.

Hargrave PA, McDowell JH, Curtis DR, Wang JK, Juszczak E, Fong SL, Rao
JK, Argos P. 1983. The structure of bovine rhodopsin. Biophys Struct
Mech. 9:235–244.

Heinemann U, Hahn M. 1995. Circular permutations of protein
sequence: not so rare? Trends Biochem Sci. 20:349–350.

Heintzen C. 2012. Plant and fungal photopigments. WIREs Membr
Transp Signal. 1:411–432.

Henderson R, Schertler GF. 1990. The structure of bacteriorhodopsin
and its relevance to the visual opsins and other seven-helix G-pro-
tein coupled receptors. Philos Trans R Soc Lond B Biol Sci. 326:
379–389.

Hibert MF, Trumpp-Kallmeyer S, Bruinvels A, Hoflack J. 1991. Three-
dimensional models of neurotransmitter G-binding protein-coupled
receptors. Mol Pharmacol. 40:8–15.

Hill TL. 2005. Free energy transduction and biochemical cycle kinetics.
Mineola (NY): Dover Publications.

Hirai T, Subramaniam S. 2009. Protein conformational changes in the
bacteriorhodopsin photocycle: comparison of findings from elec-
tron and X-ray crystallographic analyses. PLoS One 4:e5769.

Hirai T, Subramaniam S, Lanyi JK. 2009. Structural snapshots of confor-
mational changes in a seven-helix membrane protein: lessons from
bacteriorhodopsin. Curr Opin Struct Biol. 19:433–439.

Holt A, Killian JA. 2010. Orientation and dynamics of transmembrane
peptides: the power of simple models. Eur Biophys J. 39:609–621.

Huang KS, Bayley H, Khorana HG. 1980. Delipidation of bacteriorhodop-
sin and reconstitution with exogenous phospholipid. Proc Natl Acad
Sci U S A. 77:323.

Ihara K, Umemura T, Katagiri I, Kitajima-Ihara T, Sugiyama Y, Kimura Y,
Mukohata Y. 1999. Evolution of the archaeal rhodopsins: evolution
rate changes by gene duplication and functional differentiation.
J Mol Biol. 285:163–174.

Kahn TW, Engelman DM. 1992. Bacteriorhodopsin can be refolded from
two independently stable transmembrane helices and the comple-
mentary five-helix fragment. Biochemistry 31:6144–6151.

Kamo N, Hashiba T, Kikukawa T, Araiso T, Ihara K, Nara T. 2006. A light-
driven proton pump from Haloterrigena turkmenica: functional
expression in Escherichia coli membrane and coupling with a H +
co-transporter. Biochem Biophys Res Commun. 341:285–290.

Kataoka M, Kahn TW, Tsujiuchi Y, Engelman DM, Tokunaga F. 1992.
Bacteriorhodopsin reconstituted from two individual helices and
the complementary five-helix fragment is photoactive. Photochem
Photobiol. 56:895–901.

Keeling PJ, Palmer JD. 2008. Horizontal gene transfer in eukaryotic evo-
lution. Nat Rev Genet. 9:605–618.

Kim J, Booth P, Allen S, Khorana H. 2001. Structure and function in
bacteriorhodopsin: the role of the interhelical loops in the folding
and stability of bacteriorhodopsin. J Mol Biol. 308:409–422.

Kochendoerfer GG, Lin SW, Sakmar TP, Mathies RA. 1999. How color
visual pigments are tuned. Trends Biochem Sci. 24:300–305.

Koonin EV, Makarova KS, Aravind L. 2001. Horizontal gene transfer in
prokaryotes: quantification and classification. Annu Rev Microbiol.
55:709–742.

Krishnan A, Almen MS, Fredriksson R, Schioth HB. 2012. The origin of
GPCRs: identification of mammalian like Rhodopsin, Adhesion,
Glutamate and Frizzled GPCRs in fungi. PLoS One 7:e29817.

Land MF, Nilsson D-E. 2012. Animal eyes. Oxford; New York: Oxford
University Press.

Lanyi JK. 1999. Progress toward an explicit mechanistic model for the
light-driven pump, bacteriorhodopsin. FEBS Lett. 464:103–107.

Larusso N, Ruttenberg B, Singh A, Oakley T. 2008. Type II opsins:
evolutionary origin by internal domain duplication? J Mol Evol. 66:
417–423.

Lindqvist Y, Schneider G. 1997. Circular permutations of natural
protein sequences: structural evidence. Curr Opin Struct Biol. 7:
422–427.

Losos JB. 2011. Convergence, adaptation, and constraint. Evolution 65:
1827–1840.

Luecke H. 2000. Atomic resolution structures of bacteriorhodopsin
photocycle intermediates: the role of discrete water molecules in
the function of this light-driven ion pump. Biochim Biophys Acta.
1460:133–156.

Marti T. 1998. Refolding of bacteriorhodopsin from expressed polypep-
tide fragments. J Biol Chem. 273:9312–9322.

McGhee GR. 2008. Convergent evolution: a periodic table of life? In:
Conway Morris S, editor. The deep structure of biology: is conver-
gence sufficiently ubiquitous to give a directional signal?. West
Conshohocken (PA): Templeton Foundation Press. p. 17–31.

McGhee GR. 2011. Convergent evolution: limited forms most beautiful.
Cambridge (MA): MIT Press.

Metzger TG, Paterlini MG, Portoghese PS, Ferguson DM. 1996. An anal-
ysis of the conserved residues between halobacterial retinal proteins
and G-protein coupled receptors: implications for GPCR modeling.
J Chem Inf Comput Sci. 36:857–861.

Murzin AG. 1998. How far divergent evolution goes in proteins. Curr
Opin Struct Biol. 8:380–387.

Murzin AG, Brenner SE, Hubbard T, Chothia C. 1995. SCOP: a structural
classification of proteins database for the investigation of sequences
and structures. J Mol Biol. 247:536–540.

Nilsson DE. 2009. The evolution of eyes and visually guided behaviour.
Philos Trans R Soc Lond B Biol Sci. 364:2833–2847.

Oesterhelt D, Stoeckenius W. 1971. Rhodopsin-like protein from the
purple membrane of Halobacterium halobium. Nat New Biol. 233:
149–152.

Oesterhelt D, Tittor J. 1989. Two pumps, one principle: light-driven ion
transport in halobacteria. Trends Biochem Sci. 14:57–61.

Omelchenko MV, Galperin MY, Wolf YI, Koonin EV. 2010. Non-homol-
ogous isofunctional enzymes: a systematic analysis of alternative
solutions in enzyme evolution. Biol Direct. 5:31.

Pardo L, Ballesteros JA, Osman R, Weinstein H. 1992. On the use of the
transmembrane domain of bacteriorhodopsin as a template for
modeling the three-dimensional structure of guanine nucleotide-
binding regulatory protein-coupled receptors. Proc Natl Acad Sci
U S A. 89:4009–4012.

Plachetzki DC, Fong CR, Oakley TH. 2010. The evolution of phototrans-
duction from an ancestral cyclic nucleotide gated pathway. Proc Biol
Sci. 277:1963–1969.

Popot JL, Engelman DM. 1990. Membrane protein folding and oligo-
merization: the two-stage model. Biochemistry 29:4031–4037.

Ptitsyn OB, Finkelstein AV. 1980. Similarities of protein topologies:
evolutionary divergence, functional convergence or principles of
folding? Q Rev Biophys. 13:339–386.

94

Mackin et al. . doi:10.1093/molbev/mst171 MBE



Raine A, Ullers R, Pavlov M, Luirink J, Wikberg JE, Ehrenberg M. 2003.
Targeting and insertion of heterologous membrane proteins in
E. coli. Biochimie 85:659–668.

Rao JKM, Hargrave PA, Argos P. 1983. Will the seven-helix bundle be a
common structure for integral membrane-proteins? FEBS Lett. 156:
165–169.

Reeder PJ, Huang YM, Dordick JS, Bystroff C. 2010. A rewired green
fluorescent protein: folding and function in a nonsequential, non-
circular GFP permutant. Biochemistry 49:10773–10779.

Sadowski MI, Taylor WR. 2010. Protein structures, folds and fold spaces.
J Phys Condens Matter. 22:033103.

Sharma AK, Sommerfeld K, Bullerjahn GS, Matteson AR, Wilhelm SW,
Jezbera J, Brandt U, Doolittle WF, Hahn MW. 2009. Actinorhodopsin
genes discovered in diverse freshwater habitats and among
cultivated freshwater Actinobacteria. ISME J. 3:726–737.

Sharma AK, Spudich JL, Doolittle WF. 2006. Microbial rhodopsins: func-
tional versatility and genetic mobility. Trends Microbiol. 14:463–469.

Smith SO. 2010. Structure and activation of the visual pigment rhodop-
sin. Annu Rev Biophys. 39:309–328.

Soppa J. 1994. Two hypotheses—one answer. Sequence comparison
does not support an evolutionary link between halobacterial retinal
proteins including bacteriorhodopsin and eukaryotic G-protein-
coupled receptors. FEBS Lett. 342:7–11.

Spudich JL, Yang CS, Jung KH, Spudich EN. 2000. Retinylidene proteins:
structures and functions from archaea to humans. Annu Rev Cell
Dev Biol. 16:365–392.

Taylor EW, Agarwal A. 1993. Sequence homology between bacteriorho-
dopsin and G-protein coupled receptors: exon shuffling or evolution
by duplication? FEBS Lett. 325:161–166.

Terakita A. 2005. The opsins. Genome Biol. 6:213.
Theobald DL. 2011. On universal common ancestry, sequence similarity,

and phylogenetic structure: the sins of P-values and the virtues of
Bayesian evidence. Biol Direct. 6:60.

Theobald DL, Miller C. 2010. Membrane transport proteins: surprises in
structural sameness. Nat Struct Mol Biol. 17:2–3.

Vasileiou C, Vaezeslami S, Crist RM, Rabago-Smith M, Geiger JH, Borhan
B. 2007. Protein design: reengineering cellular retinoic acid binding
protein II into a rhodopsin protein mimic. J Am Chem Soc. 129:
6140–6148.

Viguera AR, Blanco FJ, Serrano L. 1995. The order of secondary structure
elements does not determine the structure of a protein but does
affect its folding kinetics. J Mol Biol. 247:670–681.

Vopalensky P, Kozmik Z. 2009. Eye evolution: common use and inde-
pendent recruitment of genetic components. Philos Trans R Soc
Lond B Biol Sci. 364:2819–2832.

Wang W, Nossoni Z, Berbasova T, Watson CT, Yapici I, Lee KS,
Vasileiou C, Geiger JH, Borhan B. 2012. Tuning the electronic
absorption of protein-embedded all-trans-retinal. Science 338:
1340–1343.

Yan B, Spudich JL, Mazur P, Vunnam S, Derguini F, Nakanishi K.
1995. Spectral tuning in bacteriorhodopsin in the absence of
counterion and coplanarization effects. J Biol Chem. 270:
29668–29670.

Yokoyama S. 2008. Evolution of dim-light and color vision pigments.
Annu Rev Genomics Hum Genet. 9:259–282.

Yu H, Kono M, McKee TD, Oprian DD. 1995. A general method for
mapping tertiary contacts between amino acid residues in mem-
brane-embedded proteins. Biochemistry 34:14963–14969.

Yu Y, Lutz S. 2011. Circular permutation: a different way to
engineer enzyme structure and function. Trends Biotechnol. 29:
18–25.

Zuckerkandl E, Pauling L. 1965. Evolutionary divergence and conver-
gence in proteins. In: Bryson V, Vogel HJ, editors. Evolving genes
and proteins; a symposium held at the Institute of Microbiology of
Rutgers, with support from the National Science Foundation. New
York: Academic Press. p. 97–166.

95

Divergent Evolution of Rhodopsins . doi:10.1093/molbev/mst171 MBE


